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ABSTRACT

The objective of this study was to gain insightoirthe friction, aluminum
adhesion, and wear mechanisms of diamond-like cafp&.C) coatings, and to provide
guidelines for coating design and development. Ma@ms that control the tribological
behaviour of DLC coatings and the effects of dopafe. hydrogen (H-DLC), and
tungsten (W-DLC)) against aluminum alloys were stgated under various

environments and test temperatures.

The effects of temperature and an oxygen-rich envirent on dopant-free DLC,
H- DLC, and W- DLC were investigated. Experimenaalalyses of dopant-free DLC
showed that, when it was tested in an atmosphamsisting of 50% oxygen and 45%
moisture, a high COF of 0.6 observed during theningrin against aluminum was
eliminated compared to environment without moistufd elevated temperatures,
presence of hydrogen reduced the COF of H-DLC ,(¢ag0.06 at 200 °C). W-DLC
coatings provided a low COF of 0.18 and minimizedranum adhesion at temperatures
ranging between 400 °C and 500 °C, which was at&thto the formation of a tungsten
oxide film. Additionally, DLC coatings were found generate a low COF at subzero

temperatures (-196 °C), with W-DLC and H-DLC getiagga COF of 0.18.

The work of adhesion (W) was determined using a nano-indentation pull-off
force method. In this way, insight was gained itite nature of atomic interactions
contributing to tribological mechanisms at elevataperatures. The results showed that

the adhesion of the diamond tip against all foungas tested (H-DLC, dopant-free



DLC, W-DLC, and aluminum) decreased with tempemtukt 25 °C, no aluminum
adhesion was observed on the diamond tip, due tp&3divation of the diamond surface
in agreement with the low COF of 0.12 for the ddgfae@e DLC coating. The elimination
of meniscus forces due to adsorbed water moleculdbe sample surface was identified
as an important factor contributing to the adhesibroom temperature. The results also
confirmed that the hydrogen in the H-DLC mitigatederatomic interactions at the
surface and reduced M/to as low as 0.01 Jfrat 200 °C. At 25°C, there was no
aluminum adhesion observed on the diamond tip,tdu@H passivation of the diamond

surface in agreement with the low COF of 0.12 fer dopant-free DLC coating.

Vi
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CHAPTER 1
REVIEW OF RELEVANT LITERATURE

1.1 Introduction

Diamond-like carbon (DLC) coatings have great ptéenas a low friction
(coefficient of friction (COF) < 0.1), while maintang high wear resistance [1]. These
properties are of benefits to many tribologicaltegss, specially found in automobile.
However, these novel tribological properties areinfb to be specific to certain
environments and additives in the coating (i.e.rtd &). Thus there is a need to fully
understand their mechanisms at various environmeetpecially at elevated
temperatures, subzero temperatures and oxygereneimonments to be able to apply
DLC in the proper application and fully utilize théull potential. Consequently the aim
of this dissertation is to gain insight into thestion, adhesion, and wear mechanisms of

DLC coatings, and to provide guidelines for coatiegign and development.

The friction and wear of materials result from twmving components of the
same or different materials in contact with eachent Tribological systems are
encountered on a daily basis in activities as snmgd sharpening a kitchen knife and
shaving to more complex systems such as minerdyiind metal forming, cutting and
machining. Because of its wide scope and signitiedior our daily actions, the study of
friction and weatr, or tribology, became a scieatdiscipline in 1967 [2]. For instance, in
an internal combustion engine only 12% of the powersed to drive the car, 73% is lost
to cooling/exhaust and pumping, and 15% is lognexhanical losses [3]. The 15% of

mechanical losses are attributed to various tripold systems (i.e., piston ring/bore,



tappet/rocker arm, bearings, gears, camshafts mamdk shafts), as shown in Figutel.
Tribological systems also greatly influence effiag and gas mileage because they can

be a cost burden and cause unpredictable envirdahedfects of CO and C{Qemissions

[4].

¢RICTION LOSS

ASSEMBLY, 45%

Figurel-1: Mechanical losses in internal combustion ead).

For many years, case hardening treatments, sucérlsrizing and nitriding, have
been introduced to steels commonly used for taadstabo-surfaces to increase the wear
resistance [5]. The friction has been remediednityoducing oils to eliminate metal-to-
metal contact. In lubricated tribological systenitiree friction regimes exist:
hydrodynamic, elasto-hydrodynamic and boundary it¢altion regimes [6]. In
hydrodynamic and elasto-hydrodynamic lubricatiogimees, the lubricant carries most of
the applied load, creating an easily sheared methanseparates the sliding surfaces. In

the boundary regime, high loads and low speeddtrigsthe formation of a very thin



lubricating film on the mating surfaces. Conseglyerat considerable amount of contact
occurs between the adjacent asperities, leadingigber COF relative to the values

produced by the hydrodynamic and elasto-hydrodyodmbirication regimes [7].

However, in the past decade, wear resistant arfidubeicious coatings, such as
diamond-like carbon (DLC), have been introducedh® working surface to enhance
tribological performance and eliminate the variofriction and wear regimes
(hydrodynamic, elasto-hydrodynamic and boundaryrid¢altion regimes) commonly
observed in lubricated systems. Tribological cagimre commonly introduced to the
surface using physical vapor deposition (PVD), cicainvapor deposition (CVD) and

thermal spray [8]-[10].

This dissertation focuses on the tribological mewras of DLC coatings at
various environments (oxygen rich, elevated tentpesa, and sub-zero temperatures).
DLC coatings have been known since the late 1980shkir low COF and high wear
resistance in inert environments because of theepie of hydrogen [11]. Hydrogen was
found to eliminate interatomic interactions at #ilgling interface by terminating the
carbon dangling bonds [12], [13]. However, the efeof oxygen and temperature on
DLC are not fully understood. The aim of this drtaton is to investigate low friction
mechanisms in order to provide guidelines on howtilze dopants, such as H and W, to

mitigate aluminum adhesion and achieve low COFwide range of environments.



1.2 Tribology

Tribology is a very complex process with differagpes of friction and wear
mechanisms at various scales, as schematicallyenqess in Figurel-2. Thus, it is
beneficial to study and analyze the mechanicalcieanical changes at macro, micro and
nano scales to understand fully the tribologicakchamism of coatings. At the macro
scale (Figurel-2 a), properties such as coating and substratiéss, coating thickness
and surface roughness greatly influence the trdiodd mechanism. For instance, softer
coatings are applied to hard substrates to achisvériction and increase conformability
[14], [15]. This is common in tribo-electrical caats, such as conductive bushings for
moving components. In contrast relatively hardeatiocgs are applied to softer substrates

to increase their life span by providing wear pctte and supporting the applied load.

The micro scale (Figuré-2 b) focuses on single-asperity deformation amdhaow
each asperity is sheared and fractured by slidirgcture and defragmentation of
asperities form wear particles that can lead tess#\scenarios. These wear particles can
react with the mating surface, forming an abrashred body that is detrimental to the
wear and life span of the part. Depending on tib®{chemical reaction and the nature of

the material, it can also form a protective weaistant third body [14], [15].

However, it is more challenging to get a full grasp understanding of the nano
mechanisms that occur during sliding (Figure c). However, recent advances in
molecular dynamic simulation and atomistic expentaginvestigations using the atomic
force microscope (AFM) and focused ion beam (FIBavén achieved major

breakthroughs. For instance, based on hydrogeninared diamond simulations, we



have a much better understanding of the effectsydfogen on DLC coatings, showing
that the hydrogen-terminated surface reduces drictby minimizing interatomic

interactions at the sliding interface [16].

(a) Coating

Cylinder

Figurel-2: Schematics of tribological contacts at (a) reanechanical, (b) micro-

mechanical, and (c) nano-mechanical/atomic level.

1.3 Friction and adhesion

When two solids are in contact, the contact aretescribed as the sum of contact
spots or metallic junctions at the asperities cdumsesurface roughness. During sliding, a
shear force has to be applied to overcome thednidorce, which is attributed to either
mechanical interlocking or the adhesive force betw¢he two surfaces caused by
interatomic attractions. The surfaces “stick” tdgetat these junctions until the shear

force or a pull breaks the junctions and causespal rslip”. This process is repeated



during sliding and is commonly referred to as thieksslip phenomenon [17]. The
sticking portion can be caused by mechanical sarfaetighness or various types of
chemical bonds and interface interactions that wegur at the sliding interface. This
phenomenon is commonly observed in aluminum fornaing machining applications, as

aluminum tends to adhere to metallic and carbidtases.

The adhesion forces at the asperity junctions @astbdied using the concept of
surface-free energy. A cleaved crystalline planeaisighly energetic surface with
multiple, highly energetic active bonds: “danglingnds”. This free surface energy leads
to interactions with other surfaces and hence turigs to the friction and wear of
sliding materials [18]. To quantify this energye twork of adhesion{.q) was defined as
the energy required to break interfacial bonding areate a new surface. It can be

calculated by the Dupré equation [19]:

Waa =8Y = V1 + V2 — V12 Equation 1

where Ay is the reduction in surface energy of the systemuymit area and is
usually described in mJfnfl mJ/nf = 1 erg/cri = 1 dyn/cm = 1 mN/m)y,andy, are
the free surface energies per unit area in air,ygse the interfacial surface energy per

unit area between surface 1 and surface 2 [20].

The sessile drop technique is one of the most camamd easiest ways of

determining surface energy. The technique utilz&quid droplet on the surface, and the



droplet angle depends on the force of attractionepulsion between the solid and the

liquid. The surface energyy,) is defined by Young’s equation [19]:

Ysv =Vsi+ Vv cosp Equation 2

whereyg; is the surface energy of the solid (S) liquid {h)erface ory,, Iin
Equation 1-1. It is understood that Asdecreasesys, increases. Thus, W can be

obtained by the combination of Equations 1-1 ard 1-

Waa =2y = Ysy + Y — Vs = Yw(1 + cosf) Equation 3

Yrv

Liquid B
<
Ysi Ysv

Solid

Figurel1-3: Contact anglg for liquid droplet applied to the surface

W,y can be measured at the nano or atomic scale ubkmgatomic force
microscope (AFM), which can mimic a single aspeaitihesion [21]. AFM measures the
pull-off force through the force distance curvetloé¢ static AFM tip on the surface, as
shown below in Figurd-4. In regime (i) the AFM tip and the sample aae dpart and
experience no external forces. As the tip appraa¢the sample surface, in regime (ii),

the tip experiences an attractive negative foraatds the sample. The force increases as



the tip approaches the surface, causing the tignap on the surface. In regime (iv)
during unloading, the tip experiences a repulsioecd caused by the electrostatic
repulsive forces that develop between surfaces.egidh between the AFM tip and
sample maintains the contact as the tip separates the sample, as shown in regime
(v). The pull-off force is then defined as the nmxm negative force right before the tip
leaves the surface or the maximum force that hdsetexerted to separate the tip from

the surface, as shown in regime (iv) [22].

A
=
E =
o TR
(i) (iv)
0 >
§ Displacement
=
=
=
o
E
<
le d

Figurel-4: Schematic diagram of force distance curveinbthby AFM adapted from

[22].

Prior to the sophisticated AFM, MaFarlane and Tal2@] estimated adhesion
through the force required to shear the junctiamscontact. They assumed a two-

dimensional metallic junction with an interfaciaka A with normal load W and normal



pressure P = W/A. During sliding, the tangentiabs¢ S was assumed to shear the

interface. By applying the von Mises criterion ddglicity,

P% + 382 = Y? Equation 4

where Y is the elastic limit of the material. Thulsthe metal were plastically
deformed because of the normal load, very littlegéntial stress would be required to
break the metallic junction and initiate the tartggnmotion or sliding. Thus, the
adhesion can be estimated from the tensile stresfgtie junctions, and the friction is the

measure of the material’'s shear strength.

MaFarlane and Tabor [24] also used a pendulum #sare the adhesion between
a spherical bead and a flat vertical plate. Thedbaad the plate were brought into
contact, and then the plate was moved back urgédpirated. The apparatus successfully
measured the adhesion between the glass surfattesheipresence of water, glycerine,
decane and octane between the glass surfacepwas shTablel-1. Water was found to
have the highest Wat 67.3 mJ/hand octane (§:5) had the lowest W at 19.9 mJ/rh

on glass.



Tablel-1: Work of adhesion between glass surfaces iptbgence of the water,

glycerine, decane and octane [24]

Liquid Work of adhesion (mJ/m?)
Water 67.3
Glycerine 59.0
Decane 22.4
Octane 19.9

Forces caused by liquid films are commonly refeiee@s meniscus forces. The
surface tension of the liquid results in a pressiifierence. Concave meniscus liquids
indicate that the pressure inside the liquid isdothan that outside the liquid [25], thus

causing a meniscus bridge connecting two surfaceentact, as shown in Figutes.

Meniscus

Figurel-5: Meniscus bridge due to presence of liquidhatihterface [25].

These meniscus forces were found to contributehéoatdhesion force between
solid surfaces. Xiao and Qian [26] investigated ¢ffects of humidity on the adhesion

between Si@and SiN4, AFM with a tip radius of 200 nm. The adhesion &ror pull-off
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force, was observed to maintain a value of 35 nkoupb% RH. The adhesion force then
increased to 75 nN as the relative humidity ineedato 75% RH. As the relative
humidity continued to increase, the adhesion faleereased again to 30 nN. This
indicated that adhesion force is greatly influenbgdhe surrounding atmosphere and the
amount of moisture present. In a study of AFM miflforce, Sirghi et al. [27] showed
that during surface separation, water bridgescdstrentil a critical distance is reached
separating the two surfaces. Analysis predicted tthe breakup distance of the water
bridge is almost equal to the cube root of the m@wf the water bridge. Another AFM
study of adhesion between silica and AFM tip asirection of temperature [28] found
that at room temperatures water is always presetwden silica surfaces. Heating the
system to 100C and 160°C was found to result in a decrease in the pullfafte, as
shown in Figurel-6. The pull off force was observed to reach @20% reduction.
When the sample was kept in a dry nitrogen atmasphiee surface maintained its low
adhesion properties with a consistent pull-off éof 0.4 during cooling and reheating at
temperatures ranging between 25 and 160°C. This decrease was attributed to the

evaporation of water and elimination of meniscuséds.
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Figurel1-6: Pull-off force as a function of temperaturévieen AFM diamond tip and

silica substrate #) Heating of the initial surfac®) cooling after the initial heating}

reheating of the surface.

In summary, adhesion is found at the interface betwsolid-solid contacts, which
influences static friction. Thus, the relationshigitween adhesion and friction can yield
insight into how to reduce if not eliminate higlcfion in tribological systems. This can
be achieved by quantifying adhesion by means ofsorgsg the work of separation to

identify how much it contributes to friction.
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1.4 Solid lubricants

Many tribo-systems require higher performance, Wwiicmany cases is limited by
the tribological properties of conventional matksiasuch as steels. However, the
introduction of surface coatings has opened up nparsgibilities. The substrates can be
designed for structural rigidity, and the coatingncprovide low friction and wear
resistance at the sliding interface. Another obsiadvantage is their ability to function
in environments, such as a vacuum, and in foodgssing applications that may cause
contamination [2]. Various surface coatings exhithie low friction and low wear
properties commonly referred to as solid lubricastech as Graphite, MeSWS;, and

diamond-like carbon (DLC) coatings.

1.4.1 Graphite

Graphite is one of the most well-known solid lubants. It is commonly used in
pencils because of its low COF, which ranges frof¥ Go 0.14 [29]. Natural graphite
consists of a hexagonal, closely packed structutle an “aba” stacking sequence that
has a 5-15% rhombohedral structure with an “abatkshg sequence, as illustrated in
Figure 1-8 [30]. The rhombohedral structure was obserwed BM in highly oriented
pyrolytic graphite (HOPG) in the area between twatipl dislocations. The low friction
of graphite is attributed to its lamellar structunenich was reported in 1928 by Bragg,
using X-ray diffraction [31] (Figurel-7). This lamellar structure has weakly bonded
basal planes that have very low resistance to nmécddashear [32]. The lamellar
structure consists of layers of hexagonal ringscafbon, which are referred to as
graphene. First-principle density functional thedys shown that the graphene layers

have 3.1 A to 3.2 A spacing, and their interatomferactions range from 60 meV to 72

13



meV which is consistent with van der Waals typentéractions [33]. In 1960, Rowe
[34] suggested that vapours enter between the daiyethe structure, increasing the
interlayer spacing between the graphite basal plaare reducing friction. However,
subsequent studies showed no evidence of interkpaing between the graphite basal
planes, but they confirmed that water vapor is edeid achieve low friction [35], [36].
This was also confirmed by Savage who observedgtfagithite wore into fine dust with a
high COF of 0.8 in vacuum [37]. The poor tribolagidehaviour in vacuum was
attributed to the lack of surface passivants, sashhydrogen or adsorbed water
molecules, which dissociated to H+ and OH- ionsclvlierminate active dangling carbon
bonds between the graphene layers as they shaarntinimizing C-C interactions and
reducing COF [37]-[39]. The tribological behaviairgraphite [32] at high temperatures
showed a COF of 0.5 at 400 °C - 500 °C. The higlr @Delevated temperatures was

attributed to the removal of adsorbed water andarapxidation [40], [41].

Van der Waals Bonds Covalent Bonds
0.31-0.32 nm o ok 5 ) 0.14 nm

Figurel-7: schematic of Graphite lamellar structure
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Figurel1-8: Schematic of graphite (a) basal plane stackagyence of hexagonal and

rhombohedral structures (b) projection of the batate on the ¢ plane [30].

1.4.2 Molybdenum and tungsten disulfides

Metal dichalcogenides (MeSWS;) and BN form a lamellar structure and
generate low friction. Metal dichalcogenides hake same structure as graphite and
possess good tribological properties because ofdlaively large interplaner spacing
and weak van der Waals interactions between thedg¥2]. As shown in Figure-9, the
metal elements surrounded by dashed lines formllams&ructures when bonded with
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sulfur or selenium. However only sulfides and siles of molybdenum and tungsten
have favorable tribological properties (elementsainded by solid lines in Figurke9)
with low shear strength ranging from 1-2 MPa [48].metal dichalcogenides, their
structures consist of six nonbonding electrons fhlah band and are confined in the
structure. The electrons create a positive changth® surface, thus promoting easy shear

through electrostatic repulsion [42].

e |
K Cu Sc I'I'l ' LGr Mn Fe

-

Rb Sr Y | Zr Nb Mol Te Ru
I ———

Cs Ba La | Hf Ta | W | Re 10s
L L1 _l

I 2 3 4 5 6 T 8

GROUP NUMBER
Figurel-9: Metals that form lamellar structures [44].

MoS; exhibits a super-low COF below 0.01 in vacuumuFed.-11 illustrates the
super-lubricity nature of MaSin high vacuum (HV = 10 uPa), pure dry nitrogen (d
nitrogen) and ultra-high vacuum (UHV = 0.1 uPa)eThsults showed that oxygen and
moisture are detrimental to the super-low frictimhaviour of Mo%[45]. The super-low
friction mechanism was attributed to the S-Mo-Sesbevith van der Waals interactions

between the sheets, as shown in Fidguld® [46].
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Figurel-10: Schematic diagram of Mgyered structure [46].

The low COF of 0.14 is also observed in ambientaad similar to graphite, as
the temperature increased the COF reached 0.0 7], [48]. The increase in COF
is attributed to the loss of volatiles through @tidn of the sulphide and formation of

MoS, Ok [49]. Studies also have shown that the additioidb MoS, (MoST) reduces

oxygen and moisture sensitivity and generates a 6f003-0.05 against Al and 0.04-

0.09 against stainless steel [50]. The additioialso increases thermal stability up to

450 °C [51].
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Figurel-11: Coefficient of friction as a function of gl cycles of Mogagainst steel in

HV, UHV and d-nitrogen [45].

WS, exhibits a super-low COF similar to that of Mol vacuum and low
temperatures, as shown in Figutel2. However, WS was observed to be more
thermally stable and resistant to oxidation (atdsfuto 100 °C) than MgSwvas [3]. The
slow rate of oxidation of WScan be explained by the formation of tungstenxidie

(WQg3), which is also known to provide a lower COF tih&40Os.
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Figurel-12: Coefficient of friction of Wsliding against 52100 Steel at various

temperatures [45].

1.4.3 Diamond-like carbon

Diamond-like carbon (DLC) is part of the carbon figmand is classified as
amorphous carbon. In the carbon family, the twormphases are graphite {sp
hybridization) and diamond ($phybridization) (Figurel-13). There are also nano-
crystaline graphite (nc-G), amorphous carbon (a&aj tetrahedral amorphous carbon

(ta-C), which are presented in Figuréd 4.
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Figure1-13: Schematic of $@nd sphybridization [52].
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Figurel-14: Schematic of common carbon structures [52].

Within the carbon family are amorphous carbon sunilies that include different
types of DLCs. In the DLC family are two of the rhaemmon types of DLC, tetrahedral
amorphous carbon (ta-C), which consists mainlyhef<f bonded carbon network, and
amorphous carbon (a-C), with’sgtructured network. Within these two families dfCs
are two commonly studied types of DLC: hydrogendbddC (ta-C:H and a-C:H) and
dopant-free DLC (ta-C and a-C). A schematic of tdrmary phase diagram of the DLC

families and their types is presented in FigLHES.
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Figurel-15: Schematic phase diagram of DLC a[52].

Amorphous
Carbon Coatings

Figurel-16: Seven categories of amorphous carbon coati-C (hydroge-free
amorphous carbon),-C (tetrahedr-bonded hydroge-free amorphous carbon-C:Me
(metaldoped hydroge-freeamorphous carbon (Me = W, Ti))-C:H (hydroge-
containing amorphous carbon)-C:H (tetrahedrebonded hydroge-containing
amorphous carbon)-C:H:Me (mets-doped hydroge-containing amorphous carb
(Me = W, Ti)), a-C:H:X (modified hydroge-containingamorphous carbon (X =: 0O,

N, F,B)).
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DLC is a metastable non-crystalline amorphous caithat consists of partially
sp- and sp-bonded carbon. The deposition of DLC consists rofaacelerated C ion
toward the substrate with energy ranging from 50-B¥. The spbonded carbons are
formed by low energy ions that adhere to the serfa8]. The spfraction is caused by
highly energetic ions penetrating the surface; harehe excess energy dissipates in the
form of heat, which relaxes the structure. Thusinogl densification, or the formation of

sp> occurs at ion energy with maximum penetration mimimum relaxation [53].

Although Schmellenmeier [2] developed diamond-ldeebon coatings in 1953,
the first comprehensive study was reported by Aisem and Chabot [3] in 1971. In the
1980s, systematic studies and research were cawloct DLC for production and in-
depth chemical characterization [1]. Mechanical &itmblogical characterization of DLC
began in the 1990s. It was not until the late 198@s DLC films were used extensively

in razor blades and the fuel injector systems e$eliengines.

1.4.3.1Industrial production and application
All the amorphous carbon coatings, i.e., DLC caggishown in Figurd-16 can

be applied using physical vapour deposition (PV2lagsma assisted chemical vapour

deposition (PACVD), or a combination of both tecjues.

The main categories of PVD processing are vacuumpaation, sputter
deposition, and ion plating, as showrFigure1-17. In these processes, the target/source
material is evaporated and deposited on the stbsitaates ranging between 0.5 and 5
um/h. In the evaporation process, coatings are dteoby the condensation of vapour

on the substrate. A cathodic arc or electron be&D Ban be used to deposit DLC.
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However, these techniques require high temperatarevaporate the carbon. Thus, it
can be challenging to prevent high substrate teatpess and droplets or macro-particles
that can deteriorate the carbon coating. Conselyyemagnetron sputtering is more
favorable, since it utilizes the discharge of argtow, in which the plasma is generated
in front of the target/source material and ionizedon collides with the target at 100-
1000 eV, ejecting atoms from the target. The efeet®ms then accelerate towards the
substrate with a kinetic energy ranging from 1@@ceV, which is much higher than that
of the evaporated atoms (0.2-0.3 eV), forming angter adhesion to the surface. In ion

plating, the plasma is formed in front of the stdust [8].

In any of these techniques, the coating recipeoaticg stages are as follows: the
first stage is to pump down and evacuate the chambess than 10 mPa (10orr) of
any contaminates. This stage is followed by heatingliminate water vapour and any
adsorbed species on the chamber walls. It is teeangial to clean the substrate via ion
bombardment and or arc-enhanced glow discharge B3BG ensure good interfacial

adhesion between the substrate and the coating [54]
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deposition in a plasma environment, (1d) sputt@odgion in a vacuum, (1e) ion plating
in a plasma environment with a thermal evaporasaurce, (1f) ion plating with a

sputtering source, (1g) ion plating with an arcorggation source and, (1h) lon Beam

Assisted Deposition (IBAD) with a thermal evapopatsource and ion bombardment

from an ion gun [8].

The cleaning stage is followed by the depositioaminterlayer, which is a mono
or gradient layer typically of Cr, Ti, CrN or TiAldommonly applied prior to the DLC
coating to enhance adhesion [55]. Next, the DLQingastage uses the PVD or PACVD

techniques described above with a negative biasiealpfo the substrate. The coating
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chemistry and structure is greatly influenced kg phessure, ion energy and temperature.

For instance, sp3 bonded carbon favors low pressané high ion energy.

Coating structure was investigated by Thornton9@71[56], who outlined four
different zone structures that resulted from aligrihe substrate temperature and the
argon pressure, as illustrated in Figutel8. The first zone is observed at low
temperatures (T <0.3) to consist of a loosely bonded columnarcstme with domed
tops caused by low adatom mobility. Zone 2 occurb/&, <0.5 with straight columnar
stricture and smooth topography, which is attridui@ surface diffusion. In Zone 3, the
substrate temperature is more than half the substnalting temperature (T/Tm <0.5),
with equiaxed grains caused by bulk diffusion. Fnathe fourth zone was found to
occur somewhere between zones 1 and 2. The foart B8 commonly referred to as
zone T, which consists of dense fibrous grains Woth internal stress, making it the
ideal structure for surface coatings deposited VAWD. In order to achieve these
structures, the heating temperature can easilpdeased, which, however, can consume
time and energy. Thus, the temperature is commamiyeased by increasing ion
bombardment by increasing the ion current or satestrias. Nevertheless, the ion current
is more favorable because increasing bias can endoating defects such as loosely
bonded nodulars. These nodulars are caused by mitplets from the targets, which
can be entrapped via a filter. The filter consafta bent path for the ionized evaporated
material, which is directed towards the substrata lmagnetic field. However, it is not

commonly used in production because it significargduces the deposition rate.
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Figurel1-18: Coating structure as a function of tempegsaturd Argon pressure [56]

Finally, the cooling stage in vacuum prevents iogabr substrate oxidation,

which is commonly achieved by circulating cold wateough the chamber walls.

1.4.3.2Application

The attractive tribological behaviour of DLC coancaught the attention of
many industries, such as the tool industry, autoreoindustry, aerospace industry,
moulding industry and medical industry. In the taodustry, DLC coatings represent
70% of the total amount of coated tools in the ragrkuch as CD moulds, accounting for
almost 1400 million Euros. This trend has beeneasing since 1980. DLC has also been
used in diesel injection; it was observed to inseemjection pressure from 1400 to 2000

bar [57]. Japan initially applied CrN in the 199@ad North America applied TiN in the
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same period. However, since 1995, multilayered Dgggcifically a-C:H:W, has been

applied to diesel injection, as shown in Tabl2 below.

Tablel1-2: DLC introduction to diesel injection systerb8]

Europe Patent 1983

initially a-C:H:W Application development 1993

Now a-C:H:W/a-C:H Large-volume application 1995 onwards

or CrN/a-C:H Market penetration > 50% ~1998

Japan Basic development Late 1970s

Initially CrN Application development 1990-1995
Large-volume application 1995 onwards
Market penetration >50%

North America Basic development Late 1970s

Initially TiN Application development 1990-1995

Now a-C:H:W/a-C:H Large-volume application 1995 onwards

Market penetration > 50%

The attractive performance of DLC in diesel injentsystems paved the road for
other components, such as rocker arm, tappetgnpshs, piston rings and crankshaft
bearings. Mass production was initiated around 280@ is predicted to increase, as

illustrated in the table below.

Table1-3: DLC in engine components [58]

Application Introduction Penetration 2006 (%) Coalting

Diesel injection 1994 95 Multilayer a-C:H
Tappet 2002 2 Multilayer a-C:H, Cr,N
Piston pin 2004 <l Multilayer a-C:H

CD mould Early 1990s ~100 a-C:H

Racing Early 1990s ~100 Multilayer a-C:H
Gears Early 1990s ~0

27



1.4.3.3Tribological behaviour of hydrogenated DLC

Hydrogenated DLC is well known for its super-low E@<0.01) in inert and
vacuum environments [13]. Super-low COF is commatlyibuted to the presence of
hydrogen, which eliminates interatomic interacti@isthe sliding interface because of
weak van der Waals interactions with low bindingrgy (0.08 eV) [13], [59]. In 1979,
Enke et al. [60] were the first to investigate th#ects of the atmosphere on
hydrogenated DLC using acetylene,lz). The study showed that the COF of the
hydrogenated DLC exhibited a COF of 0.01 af ¥9RH and increased monotonically to
0.2 as the water vapour content increased beyoftl BBl, as shown in Figur#&-19.
Several studies confirmed the observation andbatid the increase in COF to capillary
forces, particularly at high humidity levels, anal ¢arbon oxidation, which induces

attractive forces at the sliding interface leadmgncreases in COF [61]-[63].
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[60].

Further investigations of the hydrogen content yarbgenated DLC coatings
observed its great influence on COF. Tribologicadestigations of hydrogenated DLC
coatings deposited wusing PECVD and various hydome (GH,, CH,,
75%CH+25%H, 50%CH+50%H and 25%CHt75%H,) showed that the COF
decreased with increases in hydrogen content ingdsemixture or higher H/C ratios

[12]. Consequently, because of the increase indgir content, super-low COF of 0.001
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was observed in hydrogenated DLC coatings depobité2b% CH+75%H, when tested

against itself at 10 N load and 0.5 m/s speeddryanitrogen atmosphere (Figute20).

\

Figurel-20: Coefficient of friction of DLC as a functiar deposition source gas [12].

A study by Donnet and Grill [64] showed that sufmv-COF of 0.02 in vacuum
can be achieved with hydrogen content of 40% ohdniglt was also observed that the
COF in ambient air does not significantly fluctuatgh hydrogen content ranging from

20—-40% of hydrogen (Figurk-21).
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Figure1-21: Coefficien of friction of DLC as a function of hydrogen cont({64].

The supe-low COF of hydrogenated DLC coatings is attributedhe hydroge-
terminated surface, which eliminates interatomteractions at the sliding interfa[13].
The hydrogen acts as a passivant to the carborsdtgmmitigating chemical or physic
interactions, as shown Figure 1-22. This mechanism w. confirmed by Konca et &
who tested dopa-free DLC in vacuum and a hydrogen rich atmosph&d&o He- 40%
Hy) [65]. In vacuum, the dope-free DLC coating showed a very high COF of-0.8.
When hydrogen gas was introduced to the testing@mwment, a sup-low COF of 0.01
was achieved by hydrog-surface terminatiorFigure1-23 (a) shows a schematic of t
sliding contact between two carbon surfaces terrathavith hydrogen, anFigure 1-23
(b) shows the schematic of a single atomic conliastrating the repulsive force induc

by hydrogen terminatio
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1.4.3.4Tribological behaviour of dopants free DLC

The relevant literature shows that the tribologicehaviour of DLC coatings is
greatly influenced by the testing temperature [66&nhulsel et al. [67] studied the
tribological behaviour of H-DLC at elevated temparas (35 at% H) against corundum
balls. The study revealed that the wear scar isectat higher temperatures, but the COF
decreased to 0.07 at 300 °C. The results werduatidd to structural changes of $p sp
and/or dehydrogenation [67]. Other studies alsmntepd hydrogen loss above 450 °C,
confirming the dehydrogenation theory [68], [69]ndther study by Ni et al. [70]
investigated the tribological behaviour of H-DLC4(&t% H) and showed that DLC
failed at temperatures higher than 240 °C. Coafiadure was attributed to the
graphitization of H-DLC for which the positive Ramahift in the G-peak (1580 ¢th

was considered supporting evidence [70].

Dopant-free DLC coatings were observed to behavaninalmost completely
opposite manner. The COF is very high in vacuumiaed atmospheres, ranging from
0.5 to 0.9. The high friction can be attributed ttee presence of highly active
unterminated bonds (dangling bonds) on the surfBltese dangling bonds react with the
mating surface, causing adhesion in the case oérrat such as aluminunAb initio
calculations of diamond [16], which is commonly dde simulate DLC, was found to
adhere with aluminum in vacuum because the inteifanergy between clean diamond
and aluminum was 4.08 Jmwhich is much higher than the work of de-cohesin
aluminum computed at 1.56 JmConsequently, the aluminum/aluminum interface
breaks before the diamond/aluminum interface bexafists lower de-cohesion energy.

In addition, the presence of humidity or water uapeas observed to reduce the COF to
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0.1 [71]. Konca et al. [72] showed that the COFWE and 319 Al sliding against
dopant-free DLC decreased with increased humidi®].[ The authors attributed the
lubricious behaviour in a moisture-rich environmémthe formation of a carbonaceous
easy-shear tribo-layer on the counterface as wsll adsorbed water molecules.
Experimental studies revealed that the adsorbe@rwdissociated and passivated the
carbon surface. Strom et al. [73] observed thatiém of magnetic disks with carbon
overcoat significantly reduced the friction, suggesthat adsorbed water dissociates and
passivates dangling carbon bonds in the presenoaygfen. This mechanism was later
confirmed by first-principle investigations carriedt by Qi et al. [74], who showed that
water molecules dissociate to -H and —OH, thusipathsg the dangling carbon bonds

found on the surface of a hydrogen-free diamonthsar

Temperature has a more significant effect on defraet DLC than on H-DLC.
Konca et al. [75] explored the effects of tempemton dopant-free DLC against
aluminum. The results showed that at 25 °C, gasgpesies, such as H and O, in the air
were adsorbed by the danglingbonds on the surface of the dopant-free DLC cgatin
producing a COF of 0.17. As the temperature ine@@as about 120 °C, gaseous species
desorbed from the surface, re-exposingdtmmnds. The COF value then increased to 0.3
because interactions with the counter surface. 0% &, adhesion occurred with large

amounts of aluminum transfer, causing a high CO&.4fand high wear rates.
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1.4.3.5Tribological behaviour of metal doped DLC

The relevant literature showed that the surrounéimgronment governs the low
COF of hydrogenated and dopant-free DLC. Howewegdiling dopants to the DLC, the
chemistry and the tribological behaviour can be imaated to achieve multi-
functionality by tailoring the coating to the amaltion. The addition of metal dopants
also improves the adhesion of DLC coatings on satest such as steel, which is
commonly observed to be caused by high compressresses (>2GPa) [76], [77] and
differences in elastic modulus, hardness, and iwbefts of thermal expansion at the
interface [58]. Strong interfacial adhesion caratiained between DLC and substrate by
incorporating metals or refractory metals that fancarbide layer that can chemically
react with the atoms of the substrate materials thnd insure strong bonding. These
metals tend to form small nano-crystallites of rhetametal carbides in the DLC matrix
[78], [79]. The addition of refractory metals, suech W, to DLC was found to generate a
COF of 0.1 and almost 8 times less wear than Tiating did [80]. They also found that
the wear behaviour is governed by the W content thedleast amount of wear was

observed at 13 at% of W.

The addition of W to DLC (W-DLC) was found to ineise® hardness and provide
a good compromise between mechanical and tribadbgioperties for W-DLC coating
with hardness ranging from 15-20 GPa and COF of2-ab.40-45 at% of carbon as
shown in Figurel-24 [81]. Different W content was observed to gates different
tribological regimes. El Mrabet et al. [82] showd#tat between 30-40 at% of C

crystalline WC and WG.x phases exist with grain sizes of 5-10 nm. Theirggdiad
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high hardness ranging from 35-40 GPa with poowolofical properties caused by its
brittle ceramic-like nature. Carbon content rangiragm 40-65 at% exhibited hardness
ranging from 21-23 GPa with high concentration wfaf hard WG« crystals. These
crystals generated abrasive debris particles tleatlerated the degradation of the
coating. At carbon contents higher than 65 at%s lakrasive WE, crystals were
observed and hardness ranged from 16—20 GPa, as shd-igurel-25. The coating
generated a COF of 0.2, and the authors attribtitedow COF to the formation of

carbonaceous third-body material transfer.
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Figurel-24: Coefficient of frication of W-DLC as a funati of carbon content [81].
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Figurel1-25: Coefficient of friction and hardness as acfion of carbon content [82].

The effect of WC crystallinity on the tribologicéehaviour of W-DLC was
investigated by Voevodin et al. [83]. In this stud/C crystallinity was altered by
controlling the deposition temperature. At room penature, near amorphous (na) WC
crystals were formed in grain sizes of 1-3 nm whigindness of 15 GPa. Nanocrystaline
(nc) WC was formed at 300 °C deposition temperaiturgrain sizes of 5-10 nm with
hardness of 26 GPa. The COF of both nc-W-DLC arwraLC were found to decrease
with increases in carbon content. When tested agateel in air (50 %RH) the COF of
na-W-DLC was observed to drop from 0.5-0.4 to 001%6. The na-W-DLC was
observed to generate slightly higher COF but foddwhe same trend. At carbon contents
less than 60 at%, the COF ranged from 0.7 to @& a4 higher carbon contents the COF

dropped to 0.4-0.3, as shown in Figdr26 (a). The same study also investigated the
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effects of humidity and found that COF was depehdem the humidity in the
surrounding atmosphere. When tested against steal nitrogen-rich atmosphere (0.5
%RH) the COF was higher than that observed at 5StH%R had a similar trend, as

shown in Figurel-26 (b).
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In summary, the tribological behaviour of carborsdxh coatings and aluminum
mitigation mechanism for DLC specifically was ohsat to be manipulated by the
surrounding atmosphere and coating chemistry. Hyeltowas observed to reduce the
COF in inert atmospheres. First principles and arpental results showed that low COF
was caused by the formation of material transfsulteng in the hydrogen/hydrogen (van

der Waals) type of interactions, thus reducingGké-.

The COF of dopant-free DLC was found to decreasle iwcreases in humidity in
the testing atmosphere. First principles and erpamial analyses showed that the
reduction in COF was attributed to the carbon serfpassivation by H and OH
molecules dissociated from the water molecules ragso or found on the sliding
interface. Surface temperature was found to bandettal to the low friction and wear
behaviour of DLC. Surface analyses showed thateas®s in temperature typically
desorbed water molecules from the sliding interfafceydrogen free DLC. Similarly, the
hydrogen that passivated the carbon in hydrogenat€d was observed to desorb as
temperatures increased to 100-2@) causing coating oxidation and high friction and

wear.

It is not however clear how the DLC would performder these conditions and
how the addition of metallic elements such as ttemggo the DLC would affect
tribological behaviour. Thus, the purpose of tieisaarch project is to identify the friction
and wear mechanisms to gain better understandindpeofoehaviour of carbon-based
coatings at elevated temperatures and in humidaygen-rich environments. This work

will be a fundamental study with the long-term albige of developing and laying a
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foundation for the development of an ideal lowtioo and low-wear surface coating to

prevent aluminum adhesion.

1.5 Organization of dissertation

Chapter 2 investigates the effects of oxygen amahitiity on the tribological
behaviour of dopant-free DLC. Chapters 3 to 5 pressxperimental studies that
investigate the tribological mechanisms of H-DLQ aN-DLC at elevated temperatures
and their mechanisms which reduce the tendencyuofiaum adhesion to the surface.
The friction and wear behaviour of dopant-free D{t€ferred to as DLC from here on),
H-DLC and W-DLC coatings at sub-zero temperatures @resented in Chapter 6.
Chapter 7 focuses on the work of adhesion of thimwa coatings (H-DLC, dopant-free
DLC, W-DLC) at elevated temperatures and how thekwaf adhesion relates to the
friction. Finally, Chapter 8 summarizes the studyl addresses the role of tungsten on
the friction and wear mechanisms of DLC at elevd&dperatures and the influence of

the work of adhesion on the COF.
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CHAPTER 2
ROLE OF OXYGEN AND HUMIDITY ON THE
TRIBO-CHEMICAL BEHAVIOUR OF NON-
HYDROGENATED DIAMOND-LIKE CARBON
COATINGS

2.1 Introduction

Diamond-like carbon (DLC) is a metastable amorphfuusn of carbon, which
has excellent tribological behaviour and for theagon DLC coatings are being used in
applications ranging from medical devices to hastgland automotive components [1],
[2]. There have been several studies that conethub the understanding of the
tribological properties of DLC coatings under vasotest environments, including
vacuum, inert, hydrogen atmospheres and high htynelvironments [3]-[5]. The
tribological behaviour of the hydrogenated and adpdree DLCs, were found to differ
significantly under vacuum and inert (i.ep Nr Ar) atmospheres. Erdemir [6] tested
hydrogenated and dopants free DLC coatings in anifirggen atmosphere against a H13
steel disc using a 10 N load and a 0.3 m/s spaeal distance of 2-5 x£an. The results
have shown that the hydrogenated DLC generatedrRa@@0.005, while the dopants free
DLC produced a high COF of 0.75. The very low CCQdiue was attributed to the
elimination ofz-n interactions and passivation of freecarbon bonds by the hydrogen
atoms. Konca et al. [7] observed a high COF of @vbite testing a 319 Al alloy against
a dopant free DLC, under vacuum at a load of 5 dl asliding speed of 0.12 m/s. The
same dopants free DLC produced a low COF of 0.1&wtbsted in ambient atmosphere,
which was attributed to passivation of danglingboar bonds by hydrogen (-H) and

hydroxyl (-OH) groups, produced from the dissociatiof water molecules in the
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atmosphere. In a vacuum environment, dangbnagarbon bonds at the dopant free
DLC’s surface interacted with the aluminum courded, and promoted aluminum
transfer to the dopant free DLC’s wear track, lagdo the observed high COF. Studies
also explored the effect of hydrogen gas in thdingsenvironment on the friction

behaviour of DLC. Konca et al. [8] studied the raf hydrogen atmosphere on the
frictional behaviour of dopants free DLC testediagia319 Al and found that COF was
0.01. The same test produced a COF of 0.74 whesatep in a pure He atmosphere,
indicating that He did not play a role in the CGeluction and it was the H atoms that

passivated the dangling carbon bonds at the coswafzce.

The percentage of the relative humidity (% RH)he test atmosphere has been
found to be an important contributor to the changethe COF of the DLC coatings. A
pin-on-disk type sliding test conducted in ordeinweestigate the effect humidity on the
tribological behaviour of a dopants free DLC cogtusing 319 Al pin and WC ball with
a 5 N load and a 0.12 m/s speed [9] revealed leaCOF dropped to 0.08 in humid air
(85% RH) from 0.50 measured in dry air (0% RH).eQial. [10] using first principles
calculations, simulated the strength of the inm¥faformed after the gas molecule
adsorption of (111) diamond surfaces and calcul#itedresulting work of separation
between diamond and aluminum interfaces. The stmularesults showed that the
dissociated -H and -OH radicals formed bonds wite surface carbon atoms. The
calculated work of separation of two C-OH termicagurfaces was 0.02 Jnmuch
lower than the work must be done to separate aandla carbon surface with dangling
bonds (4.5 J/A). In the case of an Natmosphere, no dissociation occurred and hence,

nitrogen atoms did not contribute to the passivatid carbon bonds. Liu et al. [11]
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compared the frictional behaviour of diamond totogdnated and dopants free DLCs by
conducting a reciprocating wear tests using an iaum oxide ball at a 2 N load and 100
pm stroke with 8 Hz vibration frequency. The diamienCOF decreased from 0.09 to
0.03 as the RH increased from 10% to 85%. Simiksnalviour was observed for the
dopants free DLC, as the RH increased from 5% &b,90r which the COF decreased
from 0.10 to 0.04. The hydrogenated DLC showed pposite trend, with the COF

increasing from 0.07 to 0.13 with an increase eff@iH from 5% to 85%.

Donnet et al. [12] explored the role of oxygen awdter vapour on the
hydrogenated DLC coatings sliding against a 52186I.sThe tribo-couple was tested in
vacuum (1¢ Pa) and at an oxygen partial pressure up to 6>P40 The results showed
that the increase in oxygen partial pressure hasigroficant effect on the COF value of
0.01. Other studies showed that the COF of dopfets DLC benefited from the
presence of oxygen in the testing atmosphere. kgiance, dopants free DLC sliding
against SiN4 in dry (5% RH) oxygen atmosphere produced a |o@@F value (0.19)
than in dry (5% RH) nitrogen atmosphere (0.40) [II3jermodynamic calculations by
Guo et al. [14] predicted that would oxygen altex surface bonds from partial C-H and
C-OH terminations to full C-OH termination in theepence of water vapour, resulting in

low friction and low adhesion to aluminum compate@n oxygen termination (C-0O).

Despite the progress made on understanding tkeeofdhe environment on the
tribological properties of DLC coatings as summediabove, the role of oxygen on the
frictional behaviour of dopant free DLC coatingshget to be explained. It is still not

clear how oxygen would influence the COF in thespreee of atmospheric humidity. The
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use of dopants free DLC coatings have been showredace friction forces during
aluminum machining and shaping operations wheretlo@grations are performed using
very small amounts of water spray as coolant [Askordingly, this study investigated
the frictional behaviour and tribochemical propestiof dopants free DLC coatings
sliding against a 319 Al counterface under a huAndtmosphere with 45% RH, a gas
mixture of 50% Q@+ 50% Ar with 45% RH, and the same oxygen enriah&sl mixture
(50% QG + 50% Ar) under a dry atmosphere of 0% RH. Undeditey of the tribo-
chemical mechanisms responsible for the frictionahaviour of dopants free DLC
coatings in wet oxygen enriched atmosphere is itapoin order to determine working
conditions for improved tribological performance kachieving low friction and

eliminating aluminum adhesion.

2.2 Experimental details

DLC coatings were deposited on AISI M2 grade tdekksubstrates using an
unbalanced magnetron sputtering system. The magnetystem consisted of one
chromium target and two graphite targets. A @11 Cr interlayer was deposited on 25.1
mm diameter M2 discs to promote coating adhesiahtla@n a 1.um thick DLC coating
was deposited on top. The hydrogen content wasuresising elastic recoil detection
(ERD) and the analysis revealed that the DLC cgataontained less than 2 at% of
hydrogen. The hardness and the elastic moduluseofdatings were calculated from the
loading-unloading curves obtained by a Berkovicpetynano-indenter penetrated to a
maximum depth of 200 nm below the surface. Averageiness and elastic modulus

values were 13.00 = 1.10 GPa and 158.55 *+ 6.82 i@fzectively. The DLC coated

51



coupons were tested against a 319 Al (Al 6 %SP8Cu) pin with a rounded tip of 4 mm

diameter.

Pin-on-disk type wear tests were performed usil@Sd tribometer enclosed in
an environmental chamber. The chamber was evactm@04 Pa (3.94 x 10atm), and
then purged with the desired working gas to crede following environmental
conditions; (i) humid Ar with 45% RH, (ii) humid ggen enriched gas mixture that
consisted of 50% ©and 50% Ar with 45% RH and (iii) dry 50%,@nd 50% Ar with
0% RH until the chamber pressure reached 101.33 %4 (1.0 atm) at the start of the
sliding test. During the sliding experiments, a ghsv rate of 0.6 r¥min was
maintained, creating a positive pressure to pretrensurrounding laboratory atmosphere
from contaminating the tribometer’'s environmentahmber. The humid environment of
45% RH was achieved by passing the working gaseané/or Q through a flask filled
with distilled water prior to admitting them into the environmental chamber. Sliding
tests were performed at a linear sliding speedX@ 6hm/s and under the application of 5
N normal load for 1000 cycles. Additional shortntepin-on-disk experiments were
conducted to examine the effects of oxygen on timeim period using humid Ar and
humid 50% Q + 50% Ar gas mixtures. For this purpose, threeassp tests with fresh
319 Al pins and coatings were conducted for 10,a#@ 80 sliding cycles for each
environment. Following the sliding tests, the 319# contact surfaces were examined
by a scanning electron microscope (SEM) and th&npositions were analyzed using
Fourier-Transformed Infrared (FTIR) spectroscopylRFanalyses were conducted using
a Thermoelectron Nicolet 760 spectroscope in rifleme mode at two different spots

using a 100 pm x 100 um aperture.
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2.3 Experimental desults

2.3.1 Steady-state COF

The variations of COF of the dopants free DLC cugi tested under an Ar
atmosphere with 45% RH, ¢G Ar) gas mixture with 45% RH and anj® Ar) gas
mixture with 0% RH atmospheres are shown in Fig2w® as a function of sliding
distance. It is evident from the COF curves thatdny (Q + Ar) atmosphere with 0%
RH produced the highest steady state COF of 0.8®% The Ar atmosphere with 45%
RH, produced the lowest steady state COF of 0.09%. It was observed that humid,(O
+ Ar) atmosphere with 45% RH produced a low stesidye COF of 0.12 + 0.01, but
higher than that of humid Ar with 45% RH. Thus, teonclusions can be drawn from
these tests i) incorporation of moisture (45% RHoia dry oxygen (@ + Ar)
atmosphere, reduced the COF from 0.35 to 0.12jipnadygen enrichment of the humid

Ar atmosphere (with 45% RH) increased the COF 6089 to 0.12.
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Figure2-1: COF of dopants free DLC coating tested aga@hStaluminum pins sliding
for 1000 sliding cycles under humid Ar, humid amyg @02 + Ar) at 5 N load and 0.1 m/s

sliding speed.

The SEM micrographs of the 319 Al pins after thdisg tests for 1000 cycles
showed that the contact surfaces were covered avidyer of carbonaceous material
transferred from the DLC coating (Figu&2 (a, b and c)). FTIR analyses of the
transferred material after testing each of theelgrvironmental conditions (Figuge2
(d, e and f)) showed that the layers had diffeokr@imical compositions depending on the
atmosphere under which the test was performednidterial transferred during the tests
conducted under a humid Ar atmosphere (Figew2 (a)) consisted of hydrocarbon

compounds (Figur@-2 (d)), where the bands attributed to (C-H) gso{t6] could be
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observed at 848 cfand 1362 ci. A broad band observed at 3458 tmas attributed
to the hydroxyl (O-H) groups. The G@eaks at 2350 cthobserved in this and other
FTIR spectra were due to contamination from theogurding atmosphere [17], [18]. The
material transfer layer formed in a humid;(® Ar) gas mixture with 45% RH (Figure
2-2 (b)) had similar chemical composition; but iddion to a C-H band observed at
1000 cni and a weak carbonyl (C=0) band observed at 1749 (&igure2-2 (e)) [16],
[17]. The FTIR spectra of the transfer layer forntrding sliding in a dry (@+ Ar)
mixture with 0% RH (Figure-2 (c)) showed a C=C peak at 1500 tand oxidized
carbon, as manifested by the presence of the sttefgband at 1300 ci(Figure 2-2
(M) [17]-[19]. Consequently, FTIR analyses haveowh that oxidation was more
pronounced in the absence of humidity in the tesibaphere. Presence of atmospheric
humidity inhibited surface oxidation and possiblpmoted passivation of carbon atoms

at the surface.
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aluminum pins and their corresponding FTIR speatier sliding in (a, d) humid Ar with
45 % RH; (b, €) humid (9+ Ar) atmosphere with 45% RH and; (c, f) dry(©Ar)

atmosphere with 0% RH.

2.3.2 COF variation during running-in period

It was observed that during sliding under an Aradphere with 45% RH (Figure
2-1) an initial running-in period occurred, whehe tCOF reached a maximum value and
then decreased to a lower steady state value wtitleirfirst 80 sliding cycles. However,
the COF curve generated under a humjd+QAr atmosphere showed no evidence of a
running-in period as illustrated in Figura-1. Thus, for better understanding of
tribological events at various stages of the rugnimperiod, separate pin-on-disk tests
with fresh 319 Al pins were conducted for 10, 4@ &® cycles under a humid argon

(Figure 2-3 (a-c)) and a humid O+ Ar (Figure2-3 (d-f)) atmospheres both with 45%
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RH. The running-in period observed under a humidainosphere can be examined in
three stages; for the first 20 cycles i.e., Stagehwn in Figure-3 (a), the COF started
off at a relatively low value of about 0.15 for 2lding cycles. The COF then increased
rapidly to a maximum COF value of 0.48 at 40 cy¢®tmge (ii)) as shown in Figuie3
(b). Once a peak COF was reached it started teedserrapidly to a steady-state COF of
0.12 after 80 cycles (Stage (iii)) shown in Fig@r8 (c). In all three running-in stages
experiments showed an initial COF of approximat&®, with the exception of humid
(O, + Ar) atmosphere for 40 sliding cycles test (FegRr3 (e)) showed initial COF of
0.28 which could be due to initial surface rouglsnasslight misalignment in the contact,

however the overall trend was the same, decreagthgut COF peak during running-in.
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Figure2-3: Running-in experiments of dopants free DLCticga against 319 aluminum
pins sliding for 10 cycles, 40 cycles and 80 cycieder (a, b, ¢) humid Ar with 45% RH
and (d, e, f) humid (©+ Ar) with 45% RH at 5 N load and 0.1 m/s slidspeed. Each

curve represents a different test on a new sample.

The SEM micrographs of the pin surfaces taken aftsting in humid Ar shown
in Figure2-4 (a, b, c), illustrate that during the initid tycles the Al tip was subjected
to plastic deformation and wear (Figite! (a)), with a trace of carbon around the edges
as shown in the back scattered image in Figede(d). After sliding for 40 cycles the pin
continued to wear and the COF reached to its pestkevof 0.48. The back scattered
image of the wear scar reveal that carbon begatdtamulate covered a portion of the
worn surface. In the third stage (40-80 cycles)déwdon transfer layers covered most of
the worn 319 Al tip surface as shown in Fig@rd (c) and the presence of carbon was

confirmed by the back scattered image in Fidis#e(e). During the first 40 cycles where
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the COF reached a maximum, aluminum adhesion wasredéd inside the wear tracks
(Figure2-5 (a, b)) and was confirmed by energy disperXivay (EDX) analysis from
inside the wear tracks. After approximately 60islidcycles the COF decreased to 0.12

and after 80 cycles no evidence of aluminum adhesias detected inside the wear track

as shown in Figurg-5 (c).

100 pm

Figure2-4: Secondary electron images of the 319 alumipuns after sliding for (a) 10

. '/"é ; €
e = s 100 pm 4 1 e

cycles, (b) 40 cycles and (c) 80 cycles and thadklscattered electron micrographs after
sliding for (d) 10 cycles, (e) 40 cycles and (f)@@les under a humid Ar atmosphere

with 45% RH.
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igure2-5: Sendary electron imags of the
sliding for (a) 10 cycles, (b) 40 cycles and (c)c§8les under a humid Ar atmosphere

with 45% RH.

During the first 100 cycles in an §G Ar) atmosphere with 45% RH a carbon
transfer layer was observed to cover the Al surtdce faster rate compared to sliding in
a humid Ar atmosphere. SEM Micrographs of the Abspafter the running-in tests
indicated that most of the wear occur in stagevitifiin the first 10 sliding cycles. During
stage (ii) between 10 and 40 cycles (Figré (b)), a continuous carbon transfer layer
observed to form on the tip of the 319 Al pin, cang almost the entire wear scar area.
As the cycles increased to 80 (stage (iii)) carbomntinued to build up on the previously
formed carbon layers. Thus in humid Ar, carbongfanlayer begins to form at the third
stage between 40 and 80 sliding cycles, while imidu(O, + Ar), the carbon transfer

layer begins to form at an earlier stage of 104Mdliding cycles.
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gure2-6: Secodary electron images of the 319 alumipuns after slidingfor (a) 10
cycles, (b) 40 cycles and (c) 80 cycles and thedklscattered electron micrographs after
sliding for (d) 10 cycles, (e) 40 cycles and (f)@&@les under humid (& Ar)

atmosphere with 45% RH.

SEM micrographs of the DLC’s wear tracks recordtdraesting for 10, 40 and
80 sliding cycles under a humid {@® Ar) atmosphere (Figur2a-7 (a, b, c)) did not show
any evidence of aluminum adhesion and this wasimonefl by the EDX analysis.
However at 40 cycles, a small trace of particleseoled in the middle of the wear track.
EDX spectra show that these particles are carbonacdebris and as the number of
cycles increased to 80, more evidence of this cadibris was seen inside the wear

track.
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Figure2-7: Secondary electron micrographs of the dopla@éesDLC’s wear tracks after

sliding for (a) 10 cycles, (b) 40 cycles and (c)c§@les under humid (Or Ar)

atmosphere with 45% RH.

2.4 Discussion

As shown in Figure2-1 the incorporation of 45% RH into an® Ar) gas
mixture in the test environment, produced a lowady-state COF of 0.12 for the
dopants free DLC compared to the high COF of 0.B5eoved under dry (O+ Ar)
environment. In addition, results of the FTIR aisely shown in Figurg-2 (d and f)
indicated that in the presence of humidity, oxidatof the carbon transfer layers was
inhibited. As shown in the schematic diagram ofufegy2-8 (a), in an (@ + Ar)
environment with 0% RH, the dangling carbon atom®&C’s surface are bonded to the
oxygen atoms forming a C-O bond and hence the higlb#. On the contrary in an £O
+ Ar) environment with 45% RH, the oxygen molecuiay react with the hydrogen from
the dissociated water molecule forming a hydroxyiface termination as shown in
Figure2-8 (a). Thus, the possibility of surface oxidat{@O), which was responsible of
the high COF in case of dry oxygen enriched atmespnhwvas suppressed. As indicated
by the FTIR analysis, a much weaker C-O peak waemed for a humid (O+ Ar)
environment (Figur@-2 (d)) compared to that observed in dry OAr) environment

(Figure2-2 (f)). This observation is in agreement with toenputer simulations by Guo
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and Qi [14], who found that the incorporation ofygen into a humid atmosphere would
change the surface composition of diamond from & 5B and 50% -OH terminated
surface to a fully -OH terminated surface. This ae&so explain the slightly higher COF
of 0.12 in humid (@ + Ar) compared to the COF of 0.09 observed in A, since

interfacial calculations have shown that C-OH/C-@kerface has a work of separation

of 0.02 J/M, higher than 0.008 J/fior C-H/C-H [10], [20]-[22].

The experiments performed to explore the runningegion (Figure2-3 (a-c)) of
the dopants free DLC tested in a humid Ar atmosphéth 45% RH exhibited the same
trend. Starting off with relatively low COF of agimately 0.2 (Figur@-3 (a)), after 40
cycles the COF reached a peaks at 0.48 (Figt8€b)) and then dropped to steady state
COF of 0.12 after 80 sliding cycles. SEM micrograyuifi the 319 Al pin and DLC wear
scars during the running-in period revealed evidefur two competing mechanisms,
formation of a carbonaceous transfer layer on 3ll8ufface and aluminum adhesion to
DLC’s. Aluminum would adhere to the carbon surfdagthe dangling carbon bonds on
DLC surface were not passivated and ii) no carbeoas transfer layer was formed. The
Formation of a transfer layer sufficient to prevedhesion but the layer must be
passivated. In stage (i) shown in Fig@& (a), some carbon transfer was observed to
form along the edges of the wear 319 Al wear segyufe2-4 (a, d)), meanwhile a few
scattered aluminum adhered particles were foundenthe wear track (Figura-5 (a)).
The relatively low COF of 0.2 observed, could beilawted to the presence of native
aluminum oxide layer on the 319 Al and other swefaontaminates that prevent direct
contact between aluminum and carbon. After appraiety 20 cycles, i.e. in stage (ii),

the COF increased rapidly reaching a COF maximur.48 and fresh aluminum was

63



exposed and became adhered to the coating surfacgh@vn in Figure2-5 (b).
Meanwhile a passivated carbon transfer layer faonadtarted to occur simultaneously
but has not been fully developed (Figard (d, e)). Thus aluminum adhesion mechanism
dominated during stage (ii). As the Al-Al decohes@nergy (1.52 J/fhis lower than the
Al-C decohesion energy (4.5 Jn{10], it is conceivable that some aluminum would
separate from the counterface and adhere to the frface, hence the high COF. The
high peak COF observed here was similar to the GOF.63 observed in the case of
dopants free DLC tested in dry Ar atmosphere with®RH against pure Al, for which the
COF remained at the same high level after prolorgjeling and never reached a low
steady-state [23]. After approximately 60 cycldade (ii))) in humid Ar atmosphere, the
effect of passivated carbon transfer to reducex@€& appeared to become dominant. As
shown in Figure2-4 (c, f) the transfer layer was well establishealering the 319 Al
wear scar almost entirely and consequently the @f@pped to 0.12. The presence of
passivated carbon transfer layer by -H and -OHui€ig-8 (b)) possibly dissociated from
water in the atmosphere, served to eliminate itaere interactions at the interface and

hence a steady-state COF of 0.09 was reached.

The running-in period experiments under a humid A0,) atmosphere with
45% RH shown in Figur@-3 (d-f) were consistent with each other and eidubthe
same decreasing trend. Unlike the humid Ar atmaspeeperiments, an initial high COF
was not observed, indicating that carbon transiged formation and surface passivation
occurred in stage (i). This was confirmed by SEMcnographs shown in Figur2-6,
which revealed that the carbon transfer layer @xenost of the pin surface only after

sliding for 10 to 40 sliding cycles (Figuge6), faster than it would form under the humid
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Ar atmosphere (Figur@-4). Consequently it can be suggested that theepoe of
oxygen accelerated the dissociation water molecaled in turn caused a faster
passivation (mostly by -OH, since the extra -H fraatter) of transfer layer formation at
the counterface as shown in the schematic diagfafigare 2-8 (b). This mechanism is
supported by the first principle calculations ofeggies required for water dissociation
and passivation at a diamond surface [14], accgrdinwhich water by itself is not
sufficient to passivate the diamond surface at reemmperature except at very high water
partial pressures ranging from 6 x'i0a to 5 x 1 Pa. Meanwhile, oxygen was
observed to significantly reduce the partial pressf water (3 x 18° Pa - 4 x 15 Pa)
required for surface passivation through wateratdisgion, thus indicating that oxygen
assisted water dissociation and promoted fastefasirpassivation. The lack of
aluminum adhesion inside the wear tracks (Figliiie(a, b and c)) even during the first
10 cycles of sliding in a humid Ar environment picey additional support for the view
that oxygen promote faster surface passivatiorrasisfer layers, eliminating the high

COF during running-in period.
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(a)
(O,+Ar)- 0% RH
COF = 0.35

(b)

€ -drg+e

(c)
Ar - 45% RH

-d+

Initial carbon Surface Carbon surface after testing

® Carbon - Hydrogen @ Oxygen
Figure2-8: Schematic representation of the surface textiein mechanisms in (a) humid

(O2 + Ar) - 45% RH, (b) humid Ar - 45% RH and (c) d§. + Ar) - 0% RH.
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2.5 Conclusions

Dopant free DLC coating were subjected to slidiggiast 319 Al pins under an
Ar atmosphere with 45% RH, ;O+Ar atmosphere with 45% RH and dry. @ Ar
atmosphere with 0% RH. Tests were repeated fotehdurations, 10, 40 and 80 sliding
cycles to investigate the effects of an oxygen ankironment on the running-in period.
FTIR and microscopical analyses of the wear trackdcounterface wear scars after each

test lead to the following conclusions:

1. A high steady-state COF of 0.35 was observed wlogant free DLC was tested
against 319 Al in dry oxygen rich atmosphere with BH due to oxidation of carbon
atoms at the sliding interface.

2. The increase in humidity (to 45% RH) of an oxyge&hratmosphere reduced the
steady state COF of the dopant free DLC from 0a38.12 implying that the surface
passivation by -H and -OH occurred as a resultisdatiation of water molecules in
the test atmosphere.

3. The initial high COF ranging from 0.5-0.6 obsendding the running-in period of
dopant free DLC tested in an Ar atmosphere with 4%Bb could be attributed to a
delay in carbon transfer layer formation, and ahwm adhesion to the DLC surface.
Once the transfer layer was established and bepassivated a low steady-state COF
of 0.09 was reached.

4. The increase of oxygen in the test environment (&Yaesulted in elimination of the

initial high COF by accelerating carbon transfeelaformation.
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CHAPTER 3
HIGH TEMPERATURE TRIBOLOGICAL
BEHAVIOUR OF CARBON BASED (B ,C AND DLC)
COATINGS IN SLIDING CONTACT WITH
ALUMINUM

3.1 Introduction

Aluminum alloys are of a great interest for thens@ortation industry due to their
high strength to mass ratio. However, aluminum ameto tools is a common obstacle
in forming and machining of these alloys. The adireteads to aluminum built up on the
tool which may lead to tool failure and also poarkpiece surface finish [1]. Thus, it is
critical to introduce a low friction and non-stiokj surface coating, with high thermal
stability that can withstand hot forming temperaturand heat generated during

aluminum machining.

Carbides are well known for their high temperatstability and one of the
common carbides is boron carbide,@p, the third hardest material (25-29 GPa) [2]
following diamond and cubic boron nitride. Accorgito B-C phase diagram, the®
phase consists of 9-20 at% carbon with melting poin2400 °C [2]. Thus, EC is
considered to be a good candidate for high load laigth temperature tribological
applications such as metal forming, partly becatsetains most of its hardness up to
1000 °C [3]. The coefficient of friction (COF) diot pressed K sliding against EC
maintains a constant value of 0.4 up to 1000 °@aicuum, as the temperature increased

to 1800 °C, a lower COF of 0.2 was observed[Bl],In ambient air, the COF of,B
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was 0.2 according to tests done at room temperanuledecreased to 0.1 at 800 °C [6].
The low COF of 0.1 observed in air is attributedtihe presence of boron oxide and
hydroxides that began to form at 527 °C. At 827 &Ccontinuous film of boron
hydroxide was observed to cover thgCBsurface. Similar behaviour was observed for
zirconia pins sliding against hot presseLRinder ambient atmosphere, which generated
a COF of 0.3. After annealing the;,® at 800 °C for an hour, zirconia and sapphire
sliding against BC at room temperatures showed a significant drofiméenCOF to 0.05
[7], [8]. The observed very low COF is attributexl the presence of lubricious boron

hydroxide film at the sliding interface.

Diamond like carbon (DLC) coatings combine a lowFCand high hardness [9],
[10]. Dopants free and hydrogenated grades of Dh#&tings both produce a low COF of
0.1- 0.2 when sliding against aluminum at room terafure [11], [12]. The low friction
of the dopants free DLC was attributed to the preseof water in the surrounding
atmosphere as water dissociation to H and OH asdiyae the carbon surface [13].
Consequently, the dissociated water molecule patesicarbon bonds on the surface [13]
and hence reducing the friction and eliminatingrahum adhesion. The hydrogen inside
the DLC coating mitigates strong carbssr interactions at the sliding interface, thus
preventing counterface adhesion to the surfacedggrated DLCs, which make them
ideal for vacuum (space) applications [14]. Studiase shown that dopants free DLC
coating sliding against aluminum loses its lubriquoperty at approximately 300 °C
resulting in excessive aluminum adhesion [11]. #sweported that the hydrogenated

DLC coating shows no sign of aluminum adhesion w240 °C [12]. The increase in
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COF at elevated temperatures was attributed t@hphitization of carbon through the
transformation of sp(diamond-like) to sp (graphite-like) hybridization a process that
occurs at 250 °C [15]-[17]. For the hydrogenatedCDdoatings loss of hydrogen begins

at 450 °C [15]-[17].

In this study, we tested 319 aluminum sliding agitwo different carbon based
coatings, BC and hydrogenated DLC coating supported with a ly@r to assess their
tribological performance for aluminum applicatioms to 400 °C. The mechanisms of
coating failure and adhesion during sliding at ated temperatures are discussed in

terms of coating microstructures and surface progser

3.2 Experimental details

3.2.1 Coating deposition and properties

B4C coating was deposited on M2 type tool steel satest, using a physical
vapour deposition (PVD) system equipped with thBa€ and one Cr targets. The
substrates were plasma etched with Ar glow disehargl Cr layer was deposited on the
steel substrate to promote adhesion of th@ Boating. As will be described in detail in

section 3.1 the B coating had a columnar structure.

The DLC coating in fact consisted of two layerduagsten carbide (WC) layer
on the M2 steel substrate and a (hydrogenated) [HyE&r on the top. Initially, a
relatively thick WC layer was deposited followed &ylasma assisted chemical vapour
deposition (PACVD) of the DLC using methane as actige gas. The WC layer

promotes adhesion and also was suggested to enttent@ad carrying capacity of the
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coating [18]. The WC layer had a columnar morphgjog/hile the DLC had an
amorphous structure (see section 3.2). The thickmdsB,C coating was 1.43 um
including a 0.1 um Cr layer. The DLC coating wasgllum thick over a 2.48 um thick
layer of WC. Elastic recoil detection (ERD) anadyat 2.0 MeV indicated that the DLC

layer consisted of 69 at% carbon and 31 at% hyadroge

The hardness and elastic moduli of the coatinge wezasured using Hysitron TI
900 Triboindenter equipped with a Berkovich nandeinter. The indentation depth was
limited to less than 150 nm, which was 10% of thiltthickness of the coating. The
hardness of the & coating was 19.5 + 4.5 GPa and the elastic medwias 264.5 +
31.5 GPa. The DLC coating had a hardness of 2@ £5Pa, and an elastic modulus of

166.5 + 8.6 GPa.

3.2.2 Tribological tests and surface characterization

A CSM high temperature pin-on-disc tribometer wékzed to perform sliding
tests on both coatings from room temperature to°@Aat 0.1 m/s linear speed and under
constant normal load of 5.0 N against 319 Al T6spaith a radius of 2 mm rounded tip.
The 319 Al alloy was chosen since it is one ofrtiest common light weight alloys used
for engine components. The COF was continuouslygrdsxl and the steady state values

of COF averaged over a range of 1000 cycles weassrdaed.

Camica SX-100 electron probe micro analysis (EPMA} utilized to determine
the amount of aluminum adhesion to the coatingEutar wear tracks. Measurements

were obtained at four equally spaced locationsaloutate the area percent covered by
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aluminum on the EC. An optical surface profilometer (ZYGO NewView 0 was
employed to determine the amount of wear on the [@ob@ting by averaging depth
profiles taken from four equidistant positions @gahe wear track. The wear rate was
calculated by dividing the total volume loss to #iding distance. Following the sliding
experiments, FIB (Carl Zeiss NVision 40 CrossBeanmss sections of the wear tracks
were prepared to analyze the damage under the tnaek. Cross sections were made
perpendicular to the wear tracks sliding directidrcarbon layer was deposited prior to
milling to avoid ion beam damage to the surfacellolong the carbon deposition,
trenches were milled with 13 nA ion current, fasraother surface finish a final mill was

conducted at lower ion current (50 pA).

Raman spectra of wear tracks were obtained usimbglax XY Micro Raman
spectrometer with a 532 nm of an*Amser to analyze the structural evolution as a
function of the testing temperature. In additidre Al pins and any transfer layers were
also analyzed using Thermoelectron Nicolet 760 ieodiransformed Infrared (FTIR)
spectroscopy. The pins were analyzed after slidimgflectance mode at two spots with

an aperture of 100 pm x 100 pm.

3.3 Results

3.3.1 Boron carbide coating
The variation of the steady-state COF of 319 alumirsliding against the &
coating as a function of the test temperature asvshin Figure 3-1. The steady state COF

was 0.56 at 25 °C and maintained this value upb® °Z. A decrease to 0.42 was noted
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at 300 °C but at 350 °C a higher COF value of @v8S recorded, very similar to those at

lower temperatures. COF values over the range stinte temperatures shown to vary

between 0.42 and 0.65. Significant aluminum adimesgias observed on the,® surface

at all temperatures.
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Figure3-1: COF of 319 aluminum pins sliding for 1000 sigicycles against the,;B

and DLC coating at temperatures ranging from 250°@00 °C at 5 N load and 0.1 m/s

sliding speed.

Figure 3-2 shows an increase in adhesion as temperatareased. At room

temperature the percent area coverage of the atlaknminum was 20 %. At 100 °C, the

percent area coverage increased to 63 % and cedtiiouincrease, reaching a maximum
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of 77 % at 350 °CIn addition, to significant aluminum adhesion, csilie fracture of thi

coating as a result of fracture along the colungmam boundaries was observ
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Figure3-2: Percent area covered by aluminumde the BC wear track, calculated fro

EPMA mapping of aluminum as a function of tempem

FIB cross section of the wear track formed at 25hAGwn inFigure3-3 (g) and
3-3 (b) illustrates shearing fracture along the columnaing;, which resulted in substr:
damage. There was no notable wear on the contatacsuaccording to SEI
observations and as the FIB cr-section reveals the originehickness of the coatir

was maintained at 1.4 um after the wear test. Tiesscsections of the wear tre
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produced at 300 °C (Figures 3-4 (a) and 3-4 (39 ahow the aluminum adhesion on the
B,C and cracking along the columnar structure of tmating, which led to the
penetration of the fractured segments of the cgatiside the steel substrate. In Figures
3-5 (a) and 3-5 (b), EDS mapping of aluminum, carlethromium and boron mapping of
the cross section shown in Figure 3-4 (b), confithes presence of aluminum adhesion

on the coating surface.

Figure3-3: Micrographs of (a) BC wear track cross section produced at 25 °C by the

aluminum counterface (b) coating fracture alongabl@mnar grain boundaries

%

84

Figure3-4: Micrographs of (a) B wear track cross section wear track produce@®@t 3
°C by the aluminum counterface (b) wear track dasrdige to sliding along the columnar

grain boundaries inducing substrate deformation.
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Figure3-5: EDS Maping of (a) Boron and (b) Carbon, Aluorim Chromium and Iron of

the cross sectioned wear track, shown in Figure 4.

3.3.2 Diamond-like carbon coating

Steady state COF values of the DLC coating aga8d$t aluminum tested at
different temperatures are presented in Figure Bae COF at room temperature was
0.15, much lower than that observed with th& Roating. As the testing temperature
increased to 200 °C, the COF decreased to 0.0Bigher temperatures, COF started to
increase and at 400 °C it reached 0.64. The caémllaear rates for the DLC coating are
presented in Figur8-6 were observed to increase with testing tempezatAt room
temperature, the wear rate had the lowest value7@x10° mn/Nm, as the temperature
increased further, wear rate increased reachingxamum of 3.29x18 mni/Nm at 400
°C. FIB cross section of the wear track at 400Fi@yre3-7 (a)), where the highest COF
and wear were observed, illustrate that the coativegs not completely worn.

Micrographs of the wear tracks reveal that aluminadinesion was observed only at
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temperatures of 400 °C as shown in Fig@ré (b), where aluminum accumulated at

locations where the coating has worn away or hatlespoff.
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Figure3-6: Wear rates of DLC as a function of temperawith inserts of surface profile

images of the wear tracks at 25 °C, 200 °C and°@00

FTIR analyses of the carbonaceous material tramsfeirom the DLC’s wear
tracks to 319 Al counterfaces at 200 °C and 40@&@ shown to have different organic
molecules. In Figur&-8 (a), the material transferred at 200 °C is ghaav consist of
hydrocarbon compounds, where bands attributed 4d)(Groups can be observed at 848
cm?, 2854 crit and 2925 cm. A carbon band was observed at 1600' @fong with a
broad band at 3458 ¢hrattributed to hydroxyl (O-H) groups. The matetiansfer layer

formed at 400 °C (Figur8-8b) is shown to have a modified chemical compmsitin
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addition to the hydrocarbon bands arising at 894 anmd 2930 cr; and the carbon band

at 1666 crit; a carbonyl band was observed at 1254" @s confirmed by literature [9],

[19], [20].

Figure3-7: Micrographs of (a) the DLC wear track crosstisa (b) coating damage and

aluminum adhesion inside the wear track at 400 °C.
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Figure3-8: FTIR of the material transfer observed onAhpins as shown in the

micrograph inserts at (a) 25 °C and (b) 400 °C
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3.4 Discussion

3.4.1 Intergranular coating fracture in B ,C

The COF of the BC maintained an almost constant mean value thraugine
range of test temperatures at which the coatingling behaviour was studied (25-350
°C). Although sustaining a constant COF could bensas an advantage, the recorded
COF values were high and these high values weresthét of aluminum adhesion to the
coating surface during contact with 319 Al. Theoamt of adhesion increased with
temperature but there was already a significant wamoof aluminum adhesion
documented at room temperature (Figd#2), which is sufficient to produce a high COF
of 0.6. In addition to the surface damage due tonalum adhesion, & suffered from
coating fracture along the columnar grain boundariéhe occurrence of intergranular
fracture, which is demonstrated in Figures 3-3 &d can be attributed to the
graphitization of the coating during sliding contadkaman microspectroscopy
investigations provided evidence for the graphiiora of the material inside the wear
tracks at different temperatures. The Raman spettitae pristine BC coating shown in
Figure 3-9 revealed a broad band between 900' @nd 1200 cil. The wear track
formed at 25 °C exhibited the same features but Wie exception of a weak shoulder
that appeared at 1700 ¢mAt 200 °C illustrated that the shoulder shifted1600 crit
and became sharper and broad peak observed imistiagB,C became weaker. At 300
°C, the broad peak completely disappeared and twog peaks were observed at 1345
cm® and 1580 cm, typical of the D and G graphite peaks as showFigure 3-9.

Consequently, the Raman spectra acquired insidevélae tracks showed evidence of D
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and G peaks commonly attributed to carbon gragtitm or amorphization of carbon as
reported in [21], [22]. Presence of graphite canléimental, especially if it is localized
along the columnar boundaries; it would weaken dblimnar grains and aid sliding
under the applied contact stress. It was surprigirgpbserve that the coating segment that
were fractured penetrated into the substrate, induhe plastic deformation of the steel

underneath as seen in Figures 3-3 and 3-4.
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Figure3-9: Raman spectra of the pristinglBwear track after sliding in 25 °C, 200 °C

Intensity (arb. units)

and 300 ° C test conditions along with graphitecpefor reference.
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3.4.2 Aluminum adhesion mitigation by DLC

The DLC coating incorporating 30 at% H exhibitedvery low COF in the
temperature range of 25 °C to 200 °C. In fact thenmr temperature COF of 0.20
decreased to 0.06 at 200 °C. The coating had lertedluminum adhesion mitigating
property in this temperature range. The coating sudigected to wear at all temperatures
but the slope of wear curve increased when the teste conducted at temperatures in

the 200 °C - 400 °C range.

FTIR analysis of the material transferred on th® 34 pin contact surface
showed that at temperatures up to 200 °C a hydraxg hydrocarbon peaks were
stronger than the C=C peak (FigiBe8 (a)) inferring that a significant portion ofeth
carbonaceous transferred material was terminategltbgr H or OH. Consequently, Al—
C interactions at the sliding interface that leachluminum transfer to DLC surface are
inhibited [13]. As the temperature increased to 4Q0 the strength of the C=C peak
increased at the expense of the hydroxyl and hydbon peaks indicating that the
surface predominantly consisted of C=C. In addjtiarcarbonyl group was detected at
400 °C, suggestive of oxidation of carbon as shawthe FTIR spectra of Figure 8b.
Hence, at temperatures above 200 °C, the rapi@aserin COF and wear rates can be
can be attributed oxidation of the coating. It vadso suggested that the’sipp s
transformation or graphitization that was reportedoccur at 250 °C [17] could be a
factor in rapid wear. Additionally, the evidenceyded for aluminum transfer to the
DLC surface at 400 °C as shown in Fig8 can be attributed to the depletion of

surface passivating groups in the light of the FiltRa.
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3.5

Conclusions

B4C coatings sliding against 319 Al produced an atnoosmistant COF ranging
between 0.42 and 0.61 in the temperature rangeé ¢iC2- 350 °C. Aluminum
adhesion to BC surface was a reason for the observed high C&& .amount of
transferred aluminum increased with temperature imgakthese coatings
unsuitable for adhesion mitigating applicationslavated temperatures.

Fracture along the columnar grain boundariespattd to the weakening due to
graphitization during sliding contact was anothaiufe mechanism of the,8
coatings.

Wear of DLC coating with 31 at% H occurred by tf@n®f carbon to aluminum
counterface, no coating fracture was observed. [oveCOF of DLC coatings
was attributed to the presence of hydrogen andadxytirgroups terminating
carbon bonds of the transfer layer on the 319 Al pi

The DLC coating with 31 at% H produced the lowesttibn of 0.06 at 200 °C
against 319 Al with no signs of aluminum adhesibme COF increased abruptly
at higher temperatures. Thus, hydrogenated DLCingsatare considered to be
suitable candidates to prevent aluminum adhesiommperating temperatures up

to 200 °C.
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CHAPTER 4
HIGH TEMPERATURE TRIBOLOGICAL
BEHAVIOUR OF W -DLC AGAINST ALUMINUM

4.1 Introduction

Diamond-like carbon (DLC) coatings have shown to fgremising surface
coatings for tribological components that can hentbin forming, stamping operations
and internal combustion engine due to their lowtion and low wear rates, especially
against aluminum alloys [1]. However, the main abkt with DLC coatings is that they
tend to lose their attractive low friction and levear rate at elevated temperatures [2]—
[6]. Thus research studies have been undertakexpiore new ways to modify the DLC
coatings with acceptable high temperature perfooma8tudies have shown that one can
improve the friction behaviour of the coatings byanging the metal to carbon ratio.
Strond| et al. [7] deposited DLC coatings with diffnt tungsten to carbon ratio using
acetylene in an unbalanced magnetron sputterirtgreywith two WC targets and two Cr
targets to promote adhesion with the substrateulReshowed that as the acetylene flow
increased from 25 sccm to 140 sccm, coefficieriticfion (COF) decreased from 0.31 to
0.13 (measured against alumina at 5N load and J<)1but hardness decreased from 27
GPa to 8 GPa. The WC was distributed in the formiadf WC layers rather than WC
crystallites, which was observed in another stindy tised pure W targets instead of WC
[8]. Voevodin et al. [9] studied both nanocrystali(nc) WC and nearly amorphous (na)
WC embedded in a DLC matrix. The friction and weate of nc WC-DLC sliding

against 440 C steel (0.98 N load and 1 m/s slidimged in air with 50 %RH and in dry
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nitrogen) were observed to decrease from 0.7 t@§.Be carbon content increased from
30 at% to 90 at%. Under the same testing conditioadNVC-DLC coating was observed
to behave in a similar trend, but with a COF of-0.8, lower than the nc WC-DLC
coating. Raman analysis of the transfer layer forme 440C steel showed evidence of
metal oxide, which was attributed to the relativelygh COF compared to single phase
DLC coatings. A recent study by Sanchez-Lopez et{ld]] studied the tribological
behaviour of DLC doped with various carbides (TTtBC, and WC). The three coatings
were deposited on M2 steel substrates with graphiteliC:TiB,, and WC targets. The
coatings were tested against AISI 52100 steel ibhiamt air with 5 N load and 0.1 m/s
sliding speed. For all three coatings it was obsghat friction, wear rate, and hardness
decreased with increase of carbon content. At 86 € at%, WC doped DLC had the
lowest wear rate of 4.4xfomm/Nm, and TiBC doped DLC was the hardest with 24.6
GPa, however, it had poor wear properties arisiomfits brittle nature. TiC doped DLC
had the lowest COF of 0.13, but at the same tiraesttitest coating with 8 GPa hardness.
Thus it was concluded that WC doped DLC had thet inasinced properties considering

the hardness (15-20 GPa) and friction (COF = 0.2).

WC and WC/Co composites (cermets) have been wigsdy in high temperature
applications due to their high melting point anctithexcellent wear and corrosion
resistance. Particularly cermets are among the emsimon materials for drilling and
mining tools. Their hardness ranges from 10 - 14 @#h a high melting point of 2785
°C £ 10 °C [11]. WC can also be used in the forncadtings as explored by Fervel et al.

[12]. Block-on-ring experiments were conducted wittermally sprayed WC17%Co
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(WCCo) against AlO3;-13%TiO, (A13T) and AbOs3-40%TiO, (A40T). Tests were
conducted in ambient air with 0.25 m/s linear spieed. hour or 900 m with 295 N load.
Results show a COF of approximately 0.2 for botlBAlnd A40T counterfaces. The
relatively low COF of 0.2 was attributed to the s@ece of thin W@ layer and some
graphite on the surface, which was confirmed bya)X-photoelectron spectroscopic
(XPS) analyses. Pure tungsten was observed tolyapiddize above 200 °C, and
between 375 °C and 400 °C, a well adhered thin eoayer begins to form on the
tungsten surface, and above 500 °C the oxide lbggins to crack [11]. Other studies
have shown that two oxide layers form between MGAd 1000 °C. The inner layer
consists of a well adhered dense oxide that is-dir in colour and the outer layer that
is porous, powdery, and yellow in colour [13]. Wé&nhd WQ are two common forms of
tungsten oxide, and W{s the more stable of the two oxides that was dotinform at

temperatures below 500 °C [14].

The literature has shown that the combination dfaleesuch as W with DLC can
be an asset for improving high temperature mecharacd tribological properties.
However, it is not clear how the W affects the didgical behaviour at elevated
temperatures. Therefore, the current study invatgythe effect of material transfer,
tribo-layer, and their composition on the wear dnction behaviour of W containing

DLC (W-DLC) with 319 Al counterface at elevated fgenatures (T < 500 °C).
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4.2 Experimental details

4.2.1 Coating properties

W-DLC coating was deposited on M2 steel coupons ®E.4 mm diameter for
tribo tests and on 50.8 mm (100) Si wafers for pstuctural analysis, using a physical
vapour deposition (PVD) system. The M2 steel swdawere first cleaned by Ar glow
discharge, and then a Cr layer was deposited togiewadhesion of the DLC on the steel

substrate.

The hardness and elastic modulus of the coatingmeessured using a Hysitron
T1 900 Triboindenter equipped with a Berkovich nandenter. The hardness of the W-
DLC coating was 8.7 £ 1.7 GPa, and the elastic nusdwas 104.3 + 18.8 GPa. The
micrograph of W-DLC cross section coating deposiedSi shown in Figurd-1 (a)
indicates that the coating is 3 um thick with aucmhar morphology. In addition, EDS
mapping shown in Figuré-1 (b) and (c) indicates that the tungsten isgrated evenly

throughout the DLC coating.

[

b AN .'1. ‘,
s e g

1 um

Figure4-1: (a) Cross section of the W-DLC coating demasiin Si substrate and EDS

Mapping of (b) Carbon, Chromium and (c) Tungsted Silicon
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4.2.2 Tribological tests and analyses

A high temperature pin-on-disk tribometer was méiti to measure the friction
and wear rates of W-DLC coatings between 25 °C5@d°C (25, 50, 80, 100, 200, 300,
400, and 500 °C) at 0.1 m/s linear speed and ataxansormal load of 5.0 N for 1000
sliding cycles. A 319 Al pin with 4 mm rounded tigenerating a maximum Hertzian
contact pressure of 0.5 GPa, was used as a slatingterface. In addition, an optical
surface profilometer (ZYGO NewView 7300) was em@adyo calculate the wear rate of
the W-DLC coating by measuring the cross secti@mah of each wear track at four
different areas after each test and multiplyingaresa with the parameter of each track to
get the volume loss. Then the wear rate was caéiltom the known relationships

between volume loss, sliding distance, and load.

Following the sliding experiments, focused ion be@iB) (Carl Zeiss NVision
40 CrossBeam) cross-sections of the wear tracke wespared to analyze the damage
under the wear track. Cross-sections were madespdigular to the sliding direction of
the wear tracks. A carbon layer was deposited poionilling to avoid ion beam damage
to the surface. Following the carbon depositioenthes were milled with 13 nA ion
current; for a smoother surface finish, a finallimg was conducted at a lower ion current
of 50 pA. Transmission electron microscopy (TEMngées were prepared by FIB using
the H-bar method. The sample was ion milled toiektiess of 100 nm for TEM (Jeol
GEM 2100F) investigation. A tungsten needle was thught in contact and welded to
the milled sample using a thin layer of carbon. Sheple was then lift-out by milling

either side of the sample and was transportedetd BM chamber on a copper grid.
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For chemical analysis, a PHI Quantera XPS with angubromatoed Al-K
(1486.5 eV) was utilized to investigate the carlf@dis), tungsten (W4f), and oxygen
(O1s) concentrations as a function of sputteringetof the as-received coating and of the
coating after testing at 500 °C. In addition, Ramspactra of the W-DLC coating as a
function of annealing temperature were obtainechgust Dilor XY Micro Raman
spectrometer with a 532 nm of an*Amaser to analyze the structural evolution as a
function of temperature. A (100) Si wafer, 50.8 r(#1) in diameter coated with W-DLC
was cleaved into 10 mm x 10 mm samples. The sann@es then annealed for 1 hour at
100, 200, 300, 400 and 500 °C; after annealings#meples were air cooled and analysed

with Raman.

4.3 Results

4.3.1 Pin-on-disk tests

Shown in Figurel-2 (a) are COF values as a function of slidingeyof W-DLC
coating sliding against the 319 Al pins at diffdragsting temperatures. In Figute? (b),
average steady state (defined as the portion #feerun-in period) is presented as a
function of testing temperature. At room tempermatihe COF was 0.20 £ 0.01, much
lower than what was observed at intermediate teatpess, that is 100 °C, 200 °C, and
300 °C, which generated a COF average of 0.60 &, @60 + 0.11, and 0.60 = 0.12
respectively. Mean while, when tested 400 °C, tkd-Gverage decreased, reaching 0.18
+ 0.07, slightly lower than that observed at ro@mperature, which was 0.2, and the

COF average decreased even further to 0.12 + Oheh wested at 500 °C.
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Figure4-2: (a) COF as a function of sliding cycles atpenatures ranging from 25 °C to

400 °C (b) Steady-state COF as a function of teatpeg. Error bars are the standard

deviations of the steady state values.
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Secondary electron microscopy (SEM) images showkigare4-3 did not show
evidence of Al adhesion inside the wear track teateoom temperature (Figude2 (a)).
Images of the worn 319 Al pin shown in Figute (b) illustrate that during sliding, a
transfer layer was formed. However, analysis of106°C test shown in Figuee3 (c),

Al adhesion was observed inside the wear trackdbfition, Figure4-3 (d) of the 319 Al
wear scar after testing at 100 °C shows scuffincksnalong the sliding direction with no
evidence of material transfer. Similar to the 1G0SEM observation, the coating tested
at 300 °C showed Al adhesion again inside the weak as presented in Figude3 (e),
however to a much lesser extent compared to whatsean at 100 °C. Furthermore, at
300 °C, it was observed that a transfer layerestieid form once again but covered only a
small portion of the 319 Al counterface, as showrfFigure4-3 (f). At higher testing
temperature of 400 °C, there was no evidence ofr@dhAl inside the wear track (Figure
4-3 (g)). Images of the 319 Al pin (Figu#e3 (h)) revealed that a transfer layer was
formed once again during sliding and covering thwetact area of the 319 Al pin, similar

to what was observed at room temperature.
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Figure4-3: SEM image of W-DLC wear tracks and aluminumspivear scar after testing

at (a), (b) room temperature (b), (c) 100 °C, (®)300 °C and (g), (h) 400 °C
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The wear rates of the W-DLC coatings followed ailsimtrend to that of the
friction curve (Figures-4). At room temperature, the wear rate was thwesd at 9.42x10
" mm?/Nm. The wear rate then increased to 8.18k&0n/Nm at 100 °C, and at higher
temperatures of 200 °C and 300 °C, the wear rateedsed slightly to 7.14xF0and
6.58x10° mnT/Nm respectively. Further decrease in wear rate etmerved at 400 °C

and 500 °C, reaching 5.52x1hnm/Nm and 2.94x18 mnm?/Nm respectively.
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Figure4-4: Wear rates of W-DLC as a function of tempematanging from 25 °C to 400

°C. The error bars represent the standard deviafiéour separate measurements.
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4.3.2 Structural analysis

Adhesion and subsurface damage were studied usigniled cross-sections
taken from inside the wear tracks at 100 °C and 4D0The cross-section of the wear
track at 100 °C (Figurd-5 (a)) revealed that the coating was completadyrmin some
parts of the wear track, which resulted in aluminadmering to the substrate. This can
explain the relatively high average COF of 0.6, hagtsm details will be elaborated on
in the discussion in section 4 below. In Figdr®& (b), a higher magnification of the
interface between the aluminum and the substratevisly the severity of the coating
damage observed after testing at 100 °C. The catipo®f the cross-section and the
adhered material is confirmed by the EDS elememtgbping shown in Figuré-5 (c).
The observation suggests that the adhesion isntéchanical nature rather than a result
of making a chemical bonding with the iron surfaCeoss-section of the wear track
tested at 400 °C shown in Figu#es (a), indicates that the coating was still ibtaiter
the test, and no sign of substrate damage wasrvideFigure4-6 (b), the coating was
observed to be slightly worn, but no evidence ofrahum adhesion or coating failure
was found. The EDS elemental mapping of the cressan shown in Figurd-6 (c)

confirms that the coating was well adhered to thesgate at 400 °C.
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M2 Steel

2 um

2 um

Figure4-5: SEM of (a) the W-DLC wear track FIB cross-gatib) coating damage and
aluminum adhesion inside the wear track at 100c)&DS elemental mapping of W in
the DLC coating, Cr interlayer, Fe from the sulistiend C deposited by the FIB prior to

milling.
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Figure4-6: SEM of (a) the W-DLC wear track FIB cross-gactb) higher magnification
of the cross section at 400 °C (c) EDS elementgmmg of W in the DLC coating, Cr

interlayer, Fe from the substrate and C deposiyettid FIB prior to milling.

TEM analyses revealed that at 400 °C the coatiegepved its structure (Figure
4-7(a)) but developed a top surface layer as itekican Figure4-7 (b). The layer was
observed to be approximately 20 nm thick. High k&gmn image of the top surface layer
formed, along with the selected area electron detra pattern (SAED) as shown in
Figure 4-7 (c) insert, revealed that the top layer hasaamorphous structure, with a

different composition than the rest of the coatagwill described in section 4.3.3.
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Columnar grains

v

Figure4-7: TEM images of W-DLC coating (a) columnar stue (b) top surface (c)
high resolution of the top surface layer afteritgsat 400 °C, with insert of SAED

showing the diffraction of an amorphous structure.

4.3.3 Chemical Analysis

Surface and subsurface chemical composition ofathieeceived sample and the
sample which was tested at 500 °C were analyzedy$PS. The analyses of the as-
received sample (Figu#e8 (a)) showed that the C, W, and O were condisiteoughout
the sputtered depth, with average C concentratiagib @9 at%, W average concentration

of 20.31 at%, and O average concentration of 24%8 a

However, in Figure4-8 (b) the sample which was tested at 500 °C stowe
different atomic concentration throughout the sgrattl depth. After about 0.5 minute of
sputtering, the C concentration began to increasa &lmost zero, reaching 75 at% at 12
minutes of sputtering time, while O decreased fithmat% to 5 at% during the first 12
minutes of sputtering. On the other hand, W come¢inh was observed to increase from

20 at% to 35 at% within the first 3 minutes andntldecreased to 20 at%, similar to the
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typical values observed in the as-received sanifles may suggest that the carbon on

the surface was sublimated, thus leaving a tungetete rich layer on the coating

surface.
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Figure4-8: X-ray photoelectron spectroscopy of W-DLC aogi(a) as-received (b) after

testing at 500 °C.

The micro-Raman spectra in Figute9, is of the transfer material formed on the
319 Al pins after sliding at 25 °C and 400 °C obseérin Figures 4-3 (b) and (h). The
spectra reveal that both transfer layers consisiadion, as indicated by the presence of
D and G peaks at 1354 €nand 1588 ci respectively [15]-[17]. The transfer layer on
the aluminum pin tested at 400 °C revealed evideofcéungsten oxide, which is

indicated by the peaks observed at 257, 700, 85886 crit [18]-[20].
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Figure4-9: Micro-Raman spectra of material transfer fadroa the 319 Al pins after

sliding against W-DLC at 25 °C and 400 °C.

4.4 Discussion

The COF results of W-DLC sliding against 319 Altatnperatures ranging from
25 °C to 500 °C were observed to have three difteregimes controlling the friction
behaviour observed in Figufie2. At 25 °C a COF of 0.2 was generated, whidlypscal
of DLC coatings tested at room temperature in anittiémosphere [21]. The relatively

low COF and wear rate observed under ambient donditvas attributed to the transfer
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layers formed on the 319 Al during sliding, as shawFigure4-3 (b). These layers were
found to be carbon rich as confirmed by the Rampectsa found in Figuret-9.
According to literature [1], [22], these layers waonsidered to be lubricious due to the
presence of atmospheric humidity, which dissociate$i and OH and passivates the
dangling carbon bonds and minimizes C/C interastioetween the layers and the sliding

interface.

Experiments conducted at intermediate tempera{@3 °C< T < 300 °C) led to
a higher COF average of 0.6 that remained almosttaat in this range. Also in the same
temperature range, excessive coating wear andesalieninum adhesion were observed
(Figure 4-5 (a)). Severe coating damage observed in Figube(b) was the typical
feature of wear in this temperature range alondh vaiuminum transferred from the
counterface being transferred to the exposed stdmdtrate in many locations where the
coating was spalled off. Here, moisture depletioe d¢o water evaporation around the
contact point resulted in lack of passivation, @edsequently interfacial C/C or Al/C
interactions occur, thus possibly preventing thenftion of lubricous transfer layers on

the aluminum counterface as shown in Figis®(d).

As for tests conducted at 400 °C and 800 the COF average was 0.18 and 0.12
respectively, which was lower than for tests comeldicat intermediate temperatures
between 100 °C and 300 °C. Not only did the coaérlgibit low COF at temperatures
above 400°C but it was observed that the coating had lowearwate of 5.52x18
mm*/Nm and 2.94x18 mm*/Nm at 400 °C and 500 °C respectively. DLC coatihgsiot

typically survive such temperatures, which waslaited to the graphitization process of
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carbon through the transformation of® gliamond-like) to sp (graphite-like) which
occurs at 250 °C [4-6]. In addition, no evidenceabfminum adhesion on the coating
surface was found (Figuee-6) and coating damage was not as severe comparkeD

°C test. This improvement in tribological perforrsanmay be due to the formation of
new transfer layers once again as observed in &iguyh). The reason for saying new is
because the transfer layers at 400 °C were fourfthte different chemistry than the
layers observed at room temperature. The tranafers formed at 400 °C consist of
tungsten oxide, whereas those formed at 25 °C sionginly of carbon, as shown in
(Figure 4-9). This also concurs with the thermo-chemiaglikbrium calculations of
tungsten oxide formation due to the reaction betw&BOs; and W in the presence of
oxygen [23]. TEM observations as shown in Figdré (b) revealed that a 20-30 nm
tungsten oxide layer was also observed to forrheatbating surface which was tested at
500 °C. XPS depth profile analysis shown in Figt#& (b) revealed that the carbon at the
surface was depleted. Thus suggesting that theatavmof the tungsten oxide rich layer
was due to carbon oxidation, which may have ledublimation or the formation of
carbon monoxide (CO) gas at 400 °C and 500 °C. , TWug/as exposed, which in turn
was oxidized and formed a tungsten oxide rich lagsrobserved from the TEM images

in Figure 7 (b) and confirmed by Raman in Figdr20 discussed.
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Figure4-10: Micro-Raman spectra of W-DLC coating depakita (100) Si wafer as

received and annealed samples at 100, 200, 300aA6®00 °C.

The low friction property of tungsten oxide is igraement with the literature,
where it was found that the formation of crystalWG; film reduces COF to 0.18 [24].
In addition, the Raman spectra of the annealedrggmpresented in Figure 10 indicate
that the formation of W@started to occur at approximately 500 °C. It isvgh in Figure
4-10, that up to 400 °C, two Raman peaks were gbdeat 1566 cfh and 1357 ci
commonly seen for DLC and labeled as G and D résedye [15]-[17]. At temperatures
from 100 °C - 400 °C, no significant change in Dkfectra was observed compared to
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the as-received coating; only a slight shift in Bepeak from 1566 cthof the as
received to 1573 cthwas noted at 400 °C. Further shift of the G peattiserved after 1
hour of annealing at 500 °C to 1600 trand the D peak became sharper. In addition,
peaks at 270, 715 and 808 twere observed. Such peaks are commonly attribiated
tungsten trioxide (Wg) [18]-[20]. The temperature dependence of ¥&én then explain
the observed COF drop to 0.18 after an initial i§bF of 0.8 peak observed during run-
in at 400 °C test (Figuré-2 (a)). That is, at 400 °C as the COF reach padke of 0.8,
flash temperature at the sliding interface may edc®&00 °C, thus triggering the
formation of this tungsten oxide rich layer. Thisi@phous tungsten oxide layer as
observed to form on the coating surface as obsernvdte TEM analyses (Figure7 (c))
and also form a transfer layer on the sliding cetfate, which was found to reduce the
COF from 0.6 observed at intermediate temperat{if@@ °C - 300 °C), to 0.18 and 0.12
observed at 400 °C and 500 °C respectively. Asaltrehe presence of tungsten oxide
layer act as a lubricous film, preventing Al/C natetion at the sliding interface in the
absence of surface passivation agents such aselefirinside the coating) or OH (from
moisture in the atmosphere), as observed to béettefe at temperatures beyond 200 °C

[2], [3], which is a critical factor in achievinglaw COF [1], [22].
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4.5 Summary and conclusions

In this study a W-DLC coating was tested againg Al at temperatures up to
500 °C in air using a pin-on-disk tribo-configumati Results and analysis lead to the
conclusion that three tribological regimes could di¥served at temperatures ranging
from 25 °C to 500 °C:

» At 25 °C aluminum does not adhere to the W-DLC icgaaind generates a low
COF (0.2) and a low wear rate (9.42X1®n/Nm), that can be attributed to the
water passivation mechanism observed for dopas¢sDiC.

» For tests at intermediate temperatures, ranging ft60 °C to 300 °C, the COF
was observed to be relatively high (0.6) with higgar rates (8.18x10mm/Nm
to 6.58x10° mn¥/Nm). Micrographs of the surface and cross-sectadribe wear
tracks formed at 100 °C revealed that the high @@E due to coating failure,
which resulted in aluminum adhesion inside the virsak.

* At 400 °C and 500 °C, the coating was observedettatee in a similar way as
was observed at 25 °C; the COF was 0.18 withoutsagnys of coating failure or
aluminum adhesion. In addition, the wear rate wag>%8.0°> mnt/Nm, relatively
lower than what was observed for 100 °C - 300 ¥ste

* The relatively low COF and wear rate at 400 °C 20d °C were attributed to the
formation of a tungsten oxide layer on the coatswgface and the sliding
counterface. This film was seen to exhibit a lubus behaviour at temperatures

above 400 °C.
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CHAPTER 5
TRIBOLOGICAL BEHAVIOUR OF HEAT
TREATED TUNGSTEN DOPED DIAMOND-LIKE
CARBON COATING AT ELEVATED
TEMPERATURES

5.1 Introduction

Diamond-like carbon (DLC) coatings are of a gredtrest to the manufacturing
industry, as they prolong tool life and increasedpictivity due to their low coefficient of
friction (COF) and low tendency to adhere to alwmin However, in applications such
as warm forming or machining, elevated operatingperatures can be challenging, as
the COF of most DLC coatings increase abruptly \iitrease in temperature, which
lead to limited service life at elevated tempemsurStudies have shown that hydrogen-
free DLC coating sliding against aluminum losedutsricous property at approximately
150 °C, resulting in high COF and excessive aluminadhesion [1]. While
hydrogenated DLC coating was observed to sustéomwa&OF of 0.08 up to 200 °C [2],
[3]. Further increase in temperature, lead to #lease of hydrogen and loss low COF
and wear resistance [4], [5]. The addition of ddpauch as Mo, W and Si observed to
promote higher percentage of the® §mnded carbon, which stabilizes the structure at

higher temperatures compared to pure DLC [6], [7].

In efforts to better understand the effects of adpasuch as W on the high
temperature tribological behaviour of DLC coatinggperiments were conducted at
temperatures from 25 °C to 500 °C. The additioVafo DLC was found to reduce the

COF to 0.12 at 400 °C and 500 °C [8]. Analysis ¢tub¥hat the low COF was attributed
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to the formation of a lubricious oxide (LO) W@hich formed due to heating to 400 °C
and 500 °C. Studies found in literature have demnatesl that several metal oxides were
shown to provide low shear at the sliding interfagéh thermal stability at elevated
temperatures [9]. For instance, tribo-oxidationToflloys was observed to improve the
tribological performance due to formation of MagrigD, [10]. Other studies have also
shown that metal oxides with high ionic potenti@ed mixed oxides with large
difference in the ionic potential such as NiO-Weénd PbO-BO; exhibit low shear
strength which lead to low COF at elevated tempeeat[11]-[13]. Consequently, this
study investigates the W-DLC ability to form a L@ beat treatment and the effects on

the tribological behaviour over testing temperaguanging from 25 °C to 400 °C.

5.2 Experimental details

Tungsten doped DLC (W-DLC) coatings were depos@edVi2 steel substrates
for tribotesting and (100) Si wafers for microsttual and chemical analysis. 2 um thick
coatings were deposited on the selected substieieég physical vapour deposition
(PVD). Detailed structure, chemical and mechanigalperties of the as deposited
coating are provided in ref. [8]. One set of cogdinvere heat treated at 500 and the

another was heat treated at 600 °C for an hourthachair cooled.

Focused ion beam (FIB) was used to prepare thesrnasion electron
microscopy (TEM) specimens by the H-bar methodni@stigate coating morphology.
An X-ray photoelectron spectroscopy (XPS) with anoehromated Al-K (1486.5 eV)
was utilized to investigate the tungsten (W4f) amications as a function of coating
depth. In addition, X-ray diffraction (XRD) invegttions of the as-deposited and heat
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treated coatings were carried out with Cu #adiation (40 kV and 40 mA). Each scan
was conducted using parallel beam mode with 2#lerae angle, 0.04 °/sec step size and

1 sec/step.

Tribological performance of the heat treated camimvas investigated using a
high temperature tribometer. Pin-on-disk tests veareducted on each of the heat treated
coatings with 5 N load, 0.1m/s linear sliding spé&d1000 sliding cycles at 25 °C, 100
°C, 200 °C, 300 °C and 400 °C. All tests were cotetliusing 319 Al pins with tips
rounded to 2 mm radius. The pins and the coatingarwracks at each of the testing

temperature were investigated using secondaryreteaticroscopy (SEM).

5.3 Results

5.3.1 Structure and composition

TEM investigations of the coating heat treated@ 3C showed a surface layer
approximately 60 nm (Figurg-1 (a)). In an earlier study, this layer was shaavbe rich
in W [8]. The chemical state of the W(4f) was invgated and showed an evolution as a
function of depth using XPS for the coating heaated at 500 °C (Figugel (b)). Near
surface analyses showed peaks at 35.4 eV and $7whieh correspond to WJ14].
After approximately 8 seconds of Ar sputtering, We&; peaks were observed to shift to
lower energy values, reaching the electron spitestaf W (31.2 eV and 33.4 eV).
Consequently, the XPS analysis revealed that amgeaf the W-DLC coating resulted

in a WG rich layer on the surface.
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XRD analyses revealed that the as-deposited cogiggre5-2) consisted of one
broad peak at @ of 32°; indicating that the coating was of an aphmus nature.
Annealing at 500 °C showed other peaks charadtsrisf monoclinic WQ (PDF 43-
1035). The broad peak disappeared at both hededrematings and evidence of IO
(PDF 01-075-3159) was observed when the coating hveas treated at 600 ° C. The

presence of Si@is an indication of coating decay and exposurthefsubstrate.
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Figure5-2: XRD of W-DLC coating deposited on (100) Si eraés deposited and heat

treated at 500 °C and 600 °C.

5.3.2 Tribological behaviour

Pin-on-disk results of 319 Al pins sliding agaiWgtDLC heat treated at 500 °C
and 600 °C are shown in Figure 5-3. The tribolalgperformance of the coatings heat
treated at 500 °C was observed to be highly depgrate the testing temperature. At
temperatures below 100 °C, low average steady €@te of 0.17 at 25 °C and 0.11 at

100 °C were observed (Figure 5-3(a)). When teate2D0 °C the COF was 0.12 for the
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first 100 sliding cycles and increased to a stestdye COF of 0.57.A similar trend of
increasing COF occurs in the first 30 cycles eftibst performed at 300 °C however, the
initial COF starts at 0.05 and increases to 0.1fterAL00 cycles, the COF drastically
increased to 0.68 and began to fluctuate betwezar@l 0.6. Testing at 400 °C, however,
was shown to generate low COF of 0.02 immediatétbr dhe initial 16 sliding cycles.
On the contrary, no low COF was observed for th@ €D heat treated coating the COF
curves as shown in Figure 3 (c) and (d) did notngeawith the testing temperature
ranging from 25 °C to 400 °C with average COF .6t Uhe coating heat treated at 500
°C exhibited a lower average COF as compared Huejpassited and heat treated at 600

°C (Figure 5-4 (a)).
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Figure5-3: Coefficient of friction of W-DLC heat treated 500 °C tested at (a) 25 °C,
100 °C, 200 °C and (b) 300 °C, 400 °C and W-DLCt hesated at 600 °C tested at (c) 25

°C, 100 °C, 200 °C, (d) 300 °C and 400 °C.

The average wear rate observed at each testingetampe presented in Figure
5-4 (b). The average wear rates showed similadtte the COF. In Figure 5-4 (b), the
wear rate at 25 °C and 100 °C were 2.5xa0n/Nm and 8.3x18 mn/Nm respectively,
for the 500°C heat treated sample. At 200 °C, the wear ratee@sed to 6.6x10
mm*/Nm, which is 8 times higher than the 25 °C and 2QOtests. The wear rate
decreased to 5.2xFOmn?/Nm and 2.6x18 mn/Nm at 300 °C and 400 °C testing

temperatures respectively. In contrast the weargathe coating heat treated at 600 °C
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was invariant with testing temperature. An averagar rate of 8.5x10 mn?/Nm was

observed.
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Figure5-4: (a) Average COF of as-deposited and heatedeatt 500 °C and 600 °C, (b)

Wear rates of W-DLC as a function of temperaturegiiag from 25 °C to 400 °C.

5.3.3 SEM investigations

SEM analyses of the 319 Al pins and the wear trackhie 500°C heat treated
sample are presented in Figure 5-5. Images oalilmainum pins after testing show that
material transfer formed on almost all the pinsegtdhe pin tested at 200 °C. The pins
tested at 25 °C and 100 °C show a fully developatenal transfer layer covering the
area of the pin in contact with the coating. Thattw wear tracks were observed to be

smooth with no evidence of aluminum adhesion otiogdailure.

SEM of the Al pin tested at 200 °C showed no ewdeanf material transfer
Figure 5-5 (e) while the SEM image of the weackreevealed a significant amount of

aluminum transfer (Figure 5-5 (f)). This may expléhe relatively high COF of 0.5
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observed in the pin-on-disk test performed at 200In contrast material transfer was
observed on the pin tested at 300 °C as showngur&i5-5 (g). The transfer of material
to the pin is not continuous and appears as chusiethe wear scar of the pin. The wear
track showed no evidence of aluminum adhesion esepted in Figure 5-5 (h). For the
test conducted at 400 °C, the pin wear scar wapletety covered by material transfer
(Figure 5-5 (i)) and no evidence of aluminum adtresvas formed inside the wear track

(Figure 5-5 (j)).

The pin wear scars and the coating wear tracksddram the 600 °C heat treated
samples are presented in Figbré. At all testing temperatures (25 °C to 400, °@gar
scars on the pins show no evidence of materiakteanonly severe wear and plowing
marks along the sliding direction were observed.wdar tracks were observed to have
similar characteristics, which were severe plovatang the sliding direction and clusters

of smeared aluminum from the counterface.
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Figure5-5: SE |mage of-DI: heat treated at 500 °C WS and aluminum pins
wear scar after testing at (a), (b) 25 °C, (c),1@9 °C, (e), (f) 200 °C, (g), (h) 300 °C

and (i), (j) 400 °C.
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ret at 60 °C wigsnks and aluminum pins

Figure5-6: SElma'gre of W-L heat t
wear scar after testing at (a), (b) 25 °C, (c),1@) °C, (e), (f) 200 °C, (g), (h) 300 °C

and (i), (j) 400 °C.
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5.4 Discussion

Heat treatment of the W-DLC coating led to the fation of WQ rich layer
(Figures 5-1 and 5-2) and was observed to haver&£IOF and direct relation to material
transfer. SEM observations of the counterface agjdinst the coating heat treated at 500
°C showed material transfer to the Al pin teste@®®C (Figure 5-5 (a)). The formation
of material transfer from the coating to the pinc@mmonly observed for DLC and
attributed to the low COF [15], [16]. A low avera@®©F of 0.11 was also observed at
100 °C and SEM observations revealed material transfeore the counterface, unlike

that observed in an earlier study [8].

The difference noted here can be attributed tddhmation of an oxide rich layer
on the surface as a result of heat treatment. Tk ¥¢ted as a protective sacrificial
layer assisting the formation of material trangferthe Al pin which led to the low COF
observed. At 200 °C the WQayer could not provide the protection or the isight aid
needed to form the material transfer. This was etidrom aluminum adhesion with
significant coating wear observed in Figure 5-5 (8. The COF curve in Figure 5-3
shows that the sliding started at a low COF valée.a2 for the first 100 cycles.
Thereafter, the COF gradually increased to 0.57 thrdvalue remained steady for the
rest of the test. This indicating that the YWi@yer (formed due to annealing at 500 °C)
was consumed within the first 100 cycles and wasregenerated to sustain material
transfer formation and the low COF. The materiahsfer was again observed on the Al
pin tested at 300 °C, yet the average COF wasds3hown in Figure 5-4 (a). The COF
curve (Figure 5-3 (b)), showed large fluctuatifmesn 0.2 to 0.6 and aluminum adhesion

was observed inside the wear track (Figure 5-5. (m addition, material transfer
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accumulated only in the form of patches that caveahe pin surface (Figure 5-5 (Q)),
which left some areas of the pin exposed for imtwas for higher levels of adhesion.
The observations noted can be attributed to twopetimg mechanisms, (1) consumption
rate of the material transfer during sliding; (2aterial transfer formation rate, which was
observed to consist primarily of W oxide in presostudy [17], [18]. Further detailed
investigation of the coating surface and materahgfer chemistry is needed to better
understand the mechanisms at 300 °C. The testrperfbat 400 °C on the heat treated
sample at 500 °C formed a material transfer thatptetely covered the counterface
(Figure 5-5 (i)). Indicating that the materialriséer is formed as it is being continuously
replenished, thus forming a stable and protectigtenal transfer on the Al pin which led

to the low COF of 0.11.

The W-DLC coating heat treated at 600 °C was fdorthave a negative effect on
the coating’s tribological behaviour. The COF waghkr with values ranging from 0.5 to
almost 1, in addition the wear rates were much dndfrigure 5-4 (a)) ranging from
8.01x10°> mm/Nm to 1.42x10¢ mm?/Nm. The high COF is attributed to absence of the
protective and lubricious material transfer to &lgpin at all test temperatures. XRD of
the coating heat treated at 600 °C (Figbf2) showed evidence of severe oxidation

resulted in Si@the formation from the substrate.
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5.5 Summary and Conclusions

W-DLC coating heat treated at 500 have reduced the COF to as low as 0.05 at
100 °C, where the as-deposited W-DLC tends to éxhibigher COF.

The low COF at 100C testing temperature, of the COF of coating hesttéd at
500°C attributed to the formation of material transt@ded by the W@layer.

At 200°C and 300 C testing temperatures, the oxide layer was condumitin

the first 100 sliding cycles, leading to high COF.

Testing at 400°C led to the regeneration of oxide layer as it waasumed,
which stabilized and aided the material transfemfation.

Annealing the W-DLC coating at 60C resulted in severe oxidation; coating
wear and high COF were observed at testing tempesatanging from 25C to

400°C.
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CHAPTER 6
TEMPERATURE EFFECT ON THE
TRIBOLOGICAL BEHAVIOUR OF W -DLC AND H-
DLC

6.1 Introduction

Diamond-like carbon coatings have been studied mitheasing interest for the
past decade because of their low friction and weeahaviour, particularly against
aluminum and its alloys. However, the term DLC utdds a wide range of amorphous
carbons with various chemical compositions andyailp elements that directly influence
their tribological behaviour in different environnts. Humidity and moisture was found
to play a critical role in reducing the coefficiasftfriction (COF) of hydrogen-free DLC
[1] [2] [3]. The findings were confirmed by firstipciple calculations, illustrating that as
water molecules from the atmosphere approach thglidg carbon bond, the molecule
dissociates to H and OH, passivating the danglorglb, thus minimizing the interatomic
interactions and reducing the COF [4]. However, iditymwas found to have a negative
effect on hydrogenated DLC (H-DLC). Other studiesirfd that as relative humidity
increased, the COF of H-DLC increases [5], [6],. [Beveral studies attributed this
behaviour to physical adsorption of the water malies, which might lead to an increase
in interatomic interactions. However, the process/ed reversible and no tribo-chemical
interactions were observed [8], [9]. Others foumattsilicon containing DLC was
insensitive to humidity, compared to pure non-dopddC. This was attributed to the
formation of SiQ at the sliding interface and the increase ih@mtent caused by the

incorporation of Si in DLC [10] [11].
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Another common environmental effect on the frictiand wear of DLC is
temperature. H-DLC was found to withstand up to 200before hydrogen began to
desorb, freeing dangling carbon bonds that intethetith the mating surface [12] [13]
[14]. This study will investigate the effects ofrtperature (-10 °C >T< 500 °C) on the

tribological behaviour of W-DLC and H-DLC slidingjainst 319 Al pins.

6.2 Experimental details

Coatings were deposited on M2 steel coupons atrBm4W-DLC was deposited
using a physical vapour deposition (PVD) systeme TW2 steel surfaces were first
cleaned by Ar glow discharge, and then a Cr lay&s deposited to promote adhesion of
the DLC on the steel substrate. The W-DLC coatiad & hardness of 20.1 £ 2.9 GPa,
and an elastic modulus of 166.5 + 8.6 GPa. Thertemslof the W-DLC coating was 8.7
+ 1.7 GPa, and the elastic modulus was 104.3 + I8/. According to X-ray
photoelectron spectroscopy (XPS) analysis, the VG Rbating consisted of 20 at% of

W and 80 at% of C.

H-DLC coating was deposited using a plasma-assistedmical vapour
deposition (PACVD) of the DLC, using methane agactive gas. The H-DLC coating
had a hardness of 20.1 + 2.9 GPa and an elasticlo®odf 166.5 + 8.6 GPa. Elastic
recoil detection (ERD) analysis at 2.0 MeV indichtkat the DLC layer consisted of 69

at% carbon and 31 at% hydrogen.

The high-temperature tribological behaviour of DIeC coatings against 319 Al

was tested using a high temperature CSM tribometar sub-zero temperatures, testing
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was conducted using a liquid cell fitted to thé&ameter at which both the DLC coating
and the 319 Al pin were submerged in liquid nitmogkeroughout the testing duration.
Thus, the contact was submerged and prevented wateiensation that may have
lubricated or interfered with the friction and weasults. All tests were conducted at 0.1

m/s with 5 N load for 1000 sliding cycles.

6.3 Results

6.3.1 Friction at elevated temperature

The friction of both W-DLC and H-DLC against 319 with 5 N load was shown
to be highly dependent on the testing temperatseshown in Figureés-1, the COF of
W-DLC at 25 °C was at 0.35 and within 100 cycleg, COF decreased to a steady state
value of 0.20. While at 200 °C, the COF starte0.86 and fluctuated between 0.6 and
0.7 for the duration of the test. However, at 400 the COF started with a very high
running-in COF value of 0.8, but within 100 cyckbe COF reached a steady state of

0.18 similar to that observed at 25 °C.
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Figure6-1: COF of W-DLC sliding against 319 Al at 25 200 °C and 400 °C.

The COF of H-DLC showed a different trend (Fig@€). The COF at room
temperature was observed to have a high initiahingzin period with a COF of 0.65,
and it reached a steady state COF of 0.15 witharfitet 50 cycles. At 200 °C, the steady
state of 0.06 was reached after a running-in pahatllasted 100 cycles. The COF at 400
°C had an initial running-in period for 200 cyclasd the COF started to increase to and

average steady-state COF of 0.64.
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Figure6-2: COF of H-DLC sliding against 319 Al at 25 200 °C and 400 °C.

6.3.2 Effects of subzero temperatures

The friction of the DLC coatings was also investeghat sub-zero temperatures.
For these experiments, liquid nitrogen was usedcdol the counterparts and the
surrounding atmosphere to mimic cold or freezingerapng temperatures. Liquid
nitrogen was poured into the liquid cell and mamgd a level above the point of contact
throughout the test duration to eliminate the affext water and condensation on friction
and wear behaviour. A temperature-reading thermuleolocated below the coupon
during testing indicated beyond the detection liofit-10 °C. As shown in Figuré-3,
both DLC coatings generated COFs lower than th@ated 52100 steel reference. 319

Al against uncoated 52100 Steel was found to stiagt COF of 0.20 followed by 100
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cycle running-in period with COF as high as 0.6heTCOF for the testing duration
fluctuated at an average of 0.50. The W-DLC coatiad a steady state COF of 0.18.
However, steady state was reached after 300 cytlesnning-in period with COF as
high as 0.85. In H-DLC, the steady state COF 08 Wahs reached after a much shorter

running-in period of only 50 sliding cycles with €@s high as 0.50.
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Figure6-3: COF of H-DLC, W-DLC and uncoated 52100 stdidirsy against 319 Al at

below freezing temperature in liquid nitrogen.

Despite the low COF of W-DLC, the coating had tighbst wear rate of 9.11 x

10°% mm*Nm, and H-DLC had the lowest wear rate of 1.640X tfn/Nm, as shown in
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Figure6-4. Uncoated 52100 steel fell somewhere in betywe@h a wear rate of 4.33 x
10° mm?/Nm. Conversely, as shown in Figuet, the pin-wear rates of both H-DLC and
W-DLC were 2.22 x 18 mnt/Nm and 4.22 x 10 mn?/Nm, respectively, which were

lower than the uncoated 52100 steel with the waiar of 6.7x18 mm?/Nm.

B Coating
10.04 ] Al Pin
8.0 1
6.0

Wear rate x10° ( mmsle)

52100 Steel H-DLC W-DLC

Figure6-4: Wear rates of H-DLC, W-DLC, uncoated 5210@kéand 319 Al pins after

testing at subzero temperatures.

SEM images of the uncoated steel show significanbumts of aluminum
adhesion and debris along the sides of the week {ff@igure6-5 (a)). Both DLC wear
tracks shown in Figuré-5 (b) and (c) are much narrower than that of atexb 52100

steel. Indeed, the H-DLC wear track is barely Vesiti-igure6-5 (c)). As shown in Figure
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6-5 (d)-(f), the 319 Al wear scars after the slgliexperiments against H-DLC and W-
DLC showed no signs of material transfer, whicltasnmonly observed to be a major

contributor to the low COF of DLC coatings.

Figure6-5: SEM of (a) Uncoated 52100 steel, (b) W-DLG,HeDLC wear tracks and
319 aluminum pins wear scar after testing at subtaamperature against (d) Uncoated

52100 steel, (e) W-DLC, (f) H-DLC.

6.4 Discussion

At sub-zero temperatures (T < -10 °C), both DLCliogg generated a low COF
of 0.18. H-DLC, however, had the least amount o&m(@.64 x 18 mn/Nm) compared
to W-DLC and uncoated 52100 steel against 319 iklwar was also the lowest against
H-DLC (2.20 x 10’ mn/Nm) compared W-DLC and uncoated 52100 steel. The
investigations of pin surface showed no evidenceaaterial transfer when tested against

both DLC coatings at T < -10 °C, which typicallyfts when low COF is observed for
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DLC [15]-[17]. Thus, the results showed that at-zgalo temperatures, material transfer

may not be as critical as that observed for aml@anbsphere or elevated temperatures.

At elevated temperatures, the incorporation of sty and hydrogen in the DLC
coatings influenced the friction and wear diffeter(Figure 6-6). H-DLC coating was
found to lose its low COF property beyond 200 °@isTwas attributed to the loss of
hydrogen at elevated temperatures, exposing danglarbon bonds, which caused
coating/counterface interactions leading to theeoled high COF [14]. On the other
hand, W-DLC was observed to reduce the COF to 1004D@°C and 500 °C, as shown in
Figure 6-6. The low COF at elevated temperatures wasbat&d to the formation of
passive tungsten oxide-rich material that was femred from the coating to the
aluminum counterface, thus minimizing carbon alwmininteractions at the sliding

interface [18].
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Figure6-6: Average COF of W-DLC and H-DLC coatings asiaction of temperatures

ranging from -196 °C to 500 °C.

Both tungsten and hydrogen induce attractive lowFQ@operties but seem
activated at different temperature ranges. Thesehamsms may provide insight into
creating a chameleon coating by combining both efémin the DLC to activate low
COF over a wider range of temperatures. By addydydgen, DLC would generate low
COF of 0.09 up to 200 °C. The presence of tungstard generate W¢&and reduce the
COF to 0.1 at 400 °C and 500 °C. However, it isaear how the addition of hydrogen

and tungsten would affect the tribological behavicat 300 °C. Thus, further
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investigation is needed to confirm this theory ahdw how the tribological behaviour of

multi element-doped DLC differs from that of singlement-doped DLC.

6.5 Conclusions

1) At elevated temperatures, both W-DLC and H-DLC walvserved to generate low
COF against 319 Al at different temperature ranges:
a) W-DLC generated low COF at 400 °C and 500 °C.
b) H-DLC generated low COF from 25 °C up to 200 °C.

2) Both W-DLC and H-DLC generated low COF of 0.18@tzero temperatures below
-10 °C.

3) At sub-zero testing temperatures, it was obsertvatraterial transfer was required

to generate low COF at temperatures less thanG10 °
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CHAPTER 7
EXPERIMENTAL INVESTIGATIONS OF WORK OF
ADHESION BETWEEN DLC AND SINGLE
CRYSTAL (111) ALUMINUM

7.1 Introduction

In Chapters 2 to 6, the friction of DLC was obserte be dependent on the
testing condition. In tribological systems, frigtiand wear are greatly influenced by the
chemical and mechanical interactions that occuwéen the sliding asperities. Earlier
studies found that interfacial interactions andnaiséry at the asperity level can greatly
influence friction. It was observed that the fricti increased significantly when the
surface oxides were removed [1]. In 1939, Bowded klughes defined friction as

minute adhesion that occurs at the real contaloetween the asperity junctions [2].

Recently, molecular dynamic simulations were wiizo quantify the interatomic
interactions between solids by calculating the wofkadhesion (\A4), which is the
energy required to break interfacial bonds. This ¢e calculated usingb initio
calculation, in other words, first principle calatibn. W4 for Al/Al and Al,O3/Al;O3
interfaces were investigated in vacuum [3]. Thailtesshowed that Al/Al had a \Wof
0.45 J/m, which was much higher than the-@}/Al,Os that exhibited a 4 value of
0.18 J/M. Another study investigated the interfacial ingtiens between Al and
ceramics (WC, VC, CrN, TiN, VN, and two types of, @4, one where the Al was
oriented at the surface (&s"), and the other where O was oriented at the seirfac
(Al1,05°)) [4]. The calculations showed that Al48" was the lowest (W= 1.06 J/rf),

whereas Al/AJO:° had the highest W of 9.73 J/m. This result can be attributed to the
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high surface energy of the A:°, which ranged from 4.45- 10.83 J/mompared to 1.59
Jin? of the ALOs™ surface. Various work of the adhesion values rgthithrough first

principle calculations in the literature are presdnn Tabler-1.

The calculated \3 showed thasl/Al ,0:° AI/WCY AI/WCE configurations exhibited
the highesWag, ranging from 4.08-9.73 Jimwhich was attributed to the polar nature of
the interfacial orientation. Consequently, fronsthalculation, Al will tend to adhere to
these materials because the Al will separate frioenhulk at only 1.52 J/mwhereas
non-polar nitride ceramics exhibit the smallestuesl ranging from 1.47-1.73 Jm
Further investigations showed that the Al surfage & low tendency of adhesion towards
carbon, particularly when terminated with hydrogehijch creates a Van der Waals type

of interactions at the interface, generating @ Mhging from 0.33-0.008 J#i5] [6] [7].
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Table7-1: Work of adhesion literature for various ingexés.

Interface Orientation Wag (I/m?) | Ref.
Al/Al ;05" (111)[110]Al || (0001)[1010]A03 1.06 [4]
Al/AI ,0° (111)[110]Al || (0001)[1010]AD; 9.73 [4]
Alwcw (111)[110]Al || (0001)[1120]WC 4.08 [4]
A/WC® (111)[110]Al || (0001)[1120]WC 6.01 [4]
A/WC (110)[110]Al || (1120)[0001]WC 3.14 [4]
AIVC (100)[001]AI || (100)[001]VC 2.14 [4]
AIIVN (100)[001]AI || (100)[001]VN 1.73 [4]
AlICIN (100)[001]AI || (100)[001]CIN 1.45 [4]
AITIN (100)[001]AI || (100)[001]TiN 1.52 [4]
Al/A] Al(111) || (111)Al 1.52 [5]
Al/C (Diamond) (111)Al || (111)C - 1x1 4.08 [5]
Al/C (Diamond) (111)Al || (111)C - 2x1 0.33 [5]
Al/C (Graphite) (111) [112]Al || (0001) [1010]C a1l | [e]
Al/C:H (111)Al || (111)C - 1x1:H 0.02 [5]
Al/C:OH (111)Al ]| (111)C - 1x1:0OH 0.2 [5]
C:HIC:H (111)C - Ix1:H I || (111)C - 1x1:H 0.008] 1[7
C:OH/C:OH | (111)C - 1x1:OH ||| (111)C - 1x1:0H 0.02| [7]

Recently, the adhesion forces between solids wezasared using an atomic

force microscope (AFM). Y. Li and D. Li [8] invegted the adhesion between 3d
transition metals (Ti, V, Cr, Mn, Fe, Co, Ni, Cudadin) and SN, AFM tip in ambient

air (22-45% RH). The adhesion between the silidomde tip and the tested surface was

143



evaluated by measuring the vertical deflectionhef tantilever when the tip approached
and when it left the sample surface. Ti and Mn webserved to have the highest
adhesive force of 9 nN, while V, Co, and Ni had lbwest adhesive force of 4.5 nN.
Studies also showed that the adhesive force wa®ndept on humidity in the
atmosphere [9]. Studies of pull-off force using AlRM Si3N4 tip against silicon oxide
was observed to first increase up to 75 nN at 7H%IRd then decrease with further
increases in humidity [10]. Other studies showedt tihe capillary forces caused by
moisture decreased with temperature. AFM measuresr@npull-off as a function of
temperature [11] showed that the adhesive forceedsed from 1 N/m at room
temperature to 0.6 N/m at 160 °C. An investigatbRTIR confirmed that the liquid film

was evaporated at high temperatures.

In this study, the work of adhesion was investigatsing the nano-indentation
technique equipped with a Berkovich diamond nardemter and a high temperature
stage. The study compares different DLC coatingslrfgenated DLC, dopant-free
DLC, and W-doped DLC) and their adhesion mitigatimechanisms at temperatures up
to 200°C. By understanding the adhesion mechanisms, esmgiraad designers will be
able to tailor a coating chemistry that can be maleid and monitored by altering the

recipe for the application.

7.2 Experimental details

The pull-off adhesion measurements were carriedusuig a calibrated nano-
indentor (T1 950 Tribolndenter) equipped with a Bwmrch diamond tip and a high

temperature stage. The indentation experiments waméed out in depth control mode
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with 5 sec loading time to 300 nm depth.{l to penetrate the surface oxide layer on the
aluminum sample, followed by a 2 s. pause and a. 2Mloading segment (Figurel).
Indentations were conducted on hydrogenated DL®E), dopant-free DLC (DLC),
tungsten-doped DLC (W-DLC) coatings, and (111) iige crystal (SC Al) at 25C,
100 °C and 200°C. SC Al was chosen to avoid measurement incomsigt® due to
indenter falling on grain boundaries or other peashich may exist in other aluminum
alloys. Prior to the elevated temperature experimje@ach sample was heated to the
desired temperature for 1 to 2 hours, and theriph&as held in contact with the heated
surface for 10 to 20 min to insure that the tipchesdl the surface temperature and thermal
drift was minimized. For each specimen, 9 indenésenconducted at each temperature
(shown in Appendix A), and between indents thentfs cleaned using a cotton swab and
acetone. In this study, Wwas calculated by integrating the area under tineec(Figure
7-1) and normalized by the final tip area, as dbsdrin Appendix A. The final tip area

was calculated from the calibrated tip area fumctising the final depth (h
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Figure7-1: Loading-unloading schematic

7.3 Results

The three types of DLC coatings showed that thg &fainst diamond decreased
with increase in temperature. The loading and uhi@pcurves (Figurég-2) of the H-
DLC showed increases in displacement as the teryperancreased from 25 °C to 200
°C, whereas the pull-off force decreased with iases in temperature, thus equating to
W,q of 0.15 J/m at 25 °C. As the temperature increased to 10(neC280 °C, the \\ at

both temperatures decreased to 0.01%, Hmshown in Figuré-6.
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Displacement (nm)
Figure7-2: Typical load displacement curve of H-DLC asiraction of testing

temperature.

Dopant-free DLC and W-DLC showed trends similaHt®@LC with increases in
displacement as the temperature increased andasesran the pull-off force with
increases in temperature, as shown in Figis® and Figurer-4. However, the W
values of both dopant-free DLC and W-DLC had higlheues compared to H-DLC. The
calculated Wy of the dopant-free DLC coating was 0.20 J/mn 25 °C. Similar to H-
DLC, the W4 decreased to 0.08 Jrat 100 °C and 0.069 J/nat 200 °C. The W-DLC

had similar values to those observed for the defsaet DLC. W4 at 25 °C was 0.19
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Jint, and the values decreased to 0.063% Hm100 °C and 0.055 Jnat 200 °C, as

presented in Figuré-6.

Load (uN)

-2.0 = T T T T T T T T T T T T T T T T T T T T T

0 IO 20 30 40 50 60 70 80 90 100 110 120
Displacement (nm)
Figure7-3: Typical load displacement curve of dopants Io&C as a function of testing

temperature.
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Figure7-4: Typical load displacement curve of W-DLC dsiaction of testing

temperature.

The W4 of the SC Al was high compared to the three type®LC coatings
(Figure7-7). However, the general trend of decreasing 8§ temperature increased was
observed. At 25 °C, the calculatedidWas 0.35 J/fM which decreased to 0.32 Jt

100 °C and to 0.25 Jfmat 200 °C.
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Figure7-5: Typical load displacement curve of single tay&luminum (SC Al) as a

function of testing temperature.
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Figure7-7: W,q of SC Al as a function of temperature.

7.4 Discussion

The W4 for all four samples was observed to decrease wwitiperature (Figure
7-9). This observation can be attributed to thes@nee of water molecules on the surface,
as commonly observed in previous AFM studies [®Jambient air, the surface is usually
covered with water molecules, which were obsergetbtm a water bridge (meniscus)
between the AFM tip and the sample surface [12].eMVithe contact surfaces were
separated, the capillary water bridges formed atdbntacts stretched until a certain

distance of separation. The water bridge exertedegative force on the tip, thus
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contributing to the pull-off force of the adhesi¢h3]. These forces increased the
adhesion force from approximately 30 nN at 10% RH® nN at 70% RH, accounting
for more than 50% of the adhesion force as obsarvéie SiN, AFM tip engaged with
silica (SiQ) [10], [14]. In this study, the decrease in,ddan also be attributed to the
meniscus forces caused by the presence of watercaieb between the surface and the

diamond indenter at 25 °C, as shown in Figli8

Meniscus forces
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" /
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‘ q
P/ ;
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\
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< 8
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Figure7-8: Schematic of meniscus forces due to preseineater molecules between

the nano indenter tip and the specimen surface.
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Work of adhesion (J/mz)

H-DLC W-DLC DLC

Coating

Figure7-9: W,q of H-DLC, dopants free DLC, W-DLC and SC Al asuadtion of

temperature.

The H-DLC coating had the lowestMat all testing temperatures, as shown in
Figure 7-9. The observation can be attributed to the mesef hydrogen in the DLC,
which mitigated atomic interactions with the diardotip. In addition, the diamond
surface was most likely terminated with OH, as obse by first principle investigations.
Guo and Qi showed that in ambient conditions, waggour passivates the diamond
(111) and (100) surfaces forming an OH-terminatedase [3], [15]. Consequently,

diamond/H-DLC represents the C-OH/C-H configuratadrnnteractions at the atomistic
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level. Thus, at elevated temperatures (100 °C 80cPQ) the water molecules evaporate,
and hydrogen/hydrogen (Figuré-10) interactions govern the adhesion mechanism
between the diamond tip and the H-DLC, thereby gaimg a W4 value of 0.01 J/f
This value is very close to the value of 0.008°¥eported in the literature as found for

two hydrogen-terminated diamond surfaces [16]-[19].

Diamond

@

H-DLC

Figure7-10: Schematic of the diamond / H-DLC interface

Dopant-free DLC and W-DLC coatings showed the sake decreasing trend
with increases in temperature. The decrease canbasattributed to the presence of
water adsorption on the surface [20], inducing reeums-attractive forces between the tip
and the specimens. The calculatedy¥0f both coatings were higher than the H-DLC
(0.01 J/mM), ranging from 0.05-0.06 Jnat both 100 °C and 200 °C (Figut). This

result is attributed to the interactions betweedrbgen and the freshly cleaved dangling
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carbon bonds (C-OH/C-) caused by diamond penetratito the dopant-free DLC and
W-DLC coatings, as illustrated in Figuré-11. Thus, the results showed that
measurements should be conducted above 100 °Grtimate the effects of moisture or
humidity and to generate results that are more rateuthan those of numerical

calculations are.

Diamond O

Figure7-11: Schematic of the diamond / dopants free Dit€rface and diamond / W-

DLC interface

SC Al had the highest Yy compared to the coatings against diamond (Figure
7-9). At elevated temperatures, once the adsorbetérwnolecules evaporated, direct
contact between the diamond surface and freshipddr aluminum was established as
the tip penetrated the few nanometers of aluminaideoon the surface [21], [22]. The

W,q ranged between 0.25 and 0.30 %/mhich was consistent with values of 0.2 9/m
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found in the literatur(7]. These values were lower than the Al/Al,qof 0.75 J/n* and
the Al/C W,q0f 1.60 J/M[16], thus indicating no aluminum adhesion or transfep the
diamond tip at any of the testing temperaturess Teisult can be attributed to {
presence of OH termination on the diamond surfagkeich mitigated interatomi

interactions at the contact interfaFigure7-12).

Diamond .

Aluminum

Figure7-12 Schematicof the diamond / Al interfac

7.5 Conclusions

The study showed that ,4 can be estimated using the n-indentatior
technique. The results were very accurate andne With theoretical studies. TI
experimental values provide insight into the trdgita behaviour of surface coatin
and could be a valuable step in the developmerbafing for tribological applicatiol
The values found in this study could be used taigeminsight into which materials al
elements are compatible and which are nothis study, the experimental evaluation:

Wagled to the following conclusior
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. The work of adhesion in all four specimens (H-Dldopant-free DLC, W-DLC,
and SC Al) was observed to decrease with incretmmgerature, which can be
attributed to the presence of meniscus forces daogedsorbed water molecules
on the specimen surface.

. The presence of hydrogen on the DLC coating migiganteratomic interactions
and reduced the work of adhesion to as low as D

. Dopant-free DLC and W-DLC were observed to havghsly higher work of
adhesion at 0.06—0.05 Jimvhich was attributed to the interactions of darg|
carbon bonds with the hydrogenated diamond surface.

. SC Al had a W ranging from 0.30 to 0.25 Jfnwhich was higher than the three
types of DLC coatings, because of Al/C-H interag$ioT his results conforms

with the first-principle calculation values repatt@ the literature [7].
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CHAPTER 8
GENERAL DISCUSSION AND CONCLUSIONS

8.1 Summary and general discussion

The tribological behaviour (friction, wear and alaom adhesion mitigation
properties) of DLC coatings is governed by the fation of a material transfer layer that
is dictated by the DLC chemistry, the temperaturé the surrounding atmosphere. The
study aimed to identify the low-friction mechanisnms oxygen-rich environments to
understand how oxygen in ambient atmosphere camésbto the friction and wear of
DLC. The tribological behaviour at elevated and -zalo temperatures were also
investigated to understand how DLC could beneftliaptions, such as DLC-coated drill
bits for dry machining and DLC-coated piston rirtgseliminate cold scuffing during
cold starts of internal combustion engines. Fas thirpose the tribological behaviour of
dopant-free DLC, H-DLC and W-DLC were investigatesing pin-on-disc configuration
against a 319 Al counterface. In addition, the am®wf adhesion that occur at the
sliding interface were investigated and quantifiigddetermining the work of adhesion
(Wag), which was carried-out from pull-off force measonents obtained by nano-
indentation. Identification of these mechanismd wibvide guidelines in coating design
to create a robust low-friction DLC with low tenagnof adhesion to aluminum for a

wide range of environments.

Chapter 2 showed that the friction and wear of dobfiee (i.e. non-
hydrogenated) DLC sliding against 319 Al was reduitea very low COF of 0.09 in the

presence of humidity (45%, relative humidity, RHY) an Ar atmosphere. This was

161



attributed to the formation of material transfeydes and the surface passivation of
carbon (both on transfer layers and coated surfagejhe H and OH groups from
moisture or water molecules in the atmosphere.prasence of dry (0% RH) oxygen led
to a higher COF of 0.35, which was caused by thdabon of carbon atoms at the
sliding interface, as observed by FTIR analysethefcarbon transfer layers formed on

aluminum.

The results showed that the increase in oxygehartast environment (50%,)0
in the presence of humidity eliminated the inihadh COF by accelerating the formation
of the carbon transfer layer and possibly the serfaassivation by the H and OH groups.
SEM analyses indicated that a long running-in meabDLC was caused by the delay in
the formation of a carbon transfer layer and alumradhesion to the DLC surface. As
tested on dopant-free DLC proved that submergirggdbating in water or increasing the
relative humidity will reduce the COF to less thad as shown in the summary Figure
8-1. Thus DLC coating qualifies as a good candiflatevater pumps shafts that require

low COF to eliminate friction losses during opeuati
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Figure8-1: Average COF obtained by pin-on-disc of 31%kding against dopant-free

DLC at various environments

Chapters 3, 4 and 5 investigated the elevated teye tribological behaviour
of H-DLC and W-DLC at temperatures up to 500 °Cdamcontrolled atmosphere
including vacuum. H-DLC was observed to generate @DF in vacuum because of the
presence of hydrogen that passivated the sliditgyface as observed from the FTIR
analyses. It was observed that hydrogen in thangpaan withstand temperatures up to
200 °C. At this temperature, the 319 Al / H-DLCeiriaice was observed to retain low
COF of 0.06 and the carbon transfer layers wellgpstisent. However, the hydrogen was

observed to desorb from the sliding interface fassv by FTIR), promoting an increase
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in carbon dangling bond interactions (C-/C-) aratllag to a high COF of 0.6 at 400 °C.
Consequently, the formation of carbon transfer igyend surface passivation were not

sufficient to generate low COF and reduce alumimgimesion.

Tribological behaviour of BC was investigated for comparison because of its
high hardness and wear resistance against stgetnies. BC generated a high COF of
0.6 against 319 Al throughout the temperature rariggs-400 °C. BC was observed to
graphitize, causing the collapse of the columnancsire. Graphitization of the ;8
coating was observed to be accelerated at highgraeatures, as shown by micro Raman
spectroscopy. It might be thought that graphit@atwould be beneficial to reduce
friction and wear. However, graphitization withoproper surface passivation is
insufficient to reduce friction. The presence ofbom transfer layers without surface
passivation, led to interactions between carbomltam bonds at the sliding interface and
hence the high friction of 0.6, which was similarthat observed for H-DLC at 300 °C

was observed.

In Chapter 4, W-DLC coating properties was invesig in a manner similar to
the investigations of H-DLC and48 in Chapter 3. Similar to H-DLC, W-DLC was
observed to form carbon-rich material transfertm Al pin and to generate the low COF
of 0.1, which was attributed to the effect of theridity in the atmosphere to passivate
these carbon-dangling bonds similar to what wasridesd above for dopant-free DLC.
However, as the temperature increased, the mateaiadfer and passivation mechanism

was not sustained causing a rapid increase in GloFuntil 300 °C did the W began to
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oxidize, forming a new mechanism that reduced COElevated temperatures. TEM,
XPS and Raman analysis of the coating tested aP@Gthd 500 °C revealed that the top
surface had a tungsten oxide layer of 20 nm. Thexitfe on W-DLC then took over and
formed a transfer layer on the Al pin, causing @pdn the COF back down to 0.1 at 500
°C and eliminating aluminum adhesion. Thus, W-DL&nfed carbon-rich material
transfer layers with W oxide, which possibly actesl a solid lubricant and mitigated

aluminum adhesion.

Chapter 5 builds on the idea of utilizing the bénaf properties of the tungsten
oxide layer by heat treating the coating at 50@°@rder to generate the oxide layer. The
heat-treated W-DLC was observed to form transfgeraup to 100 °C which eliminated
aluminum adhesion and generate the low COF of (A85he temperature increased to
200 °C and 300 °C, the tungsten oxide was consumacdhot regenerated. Carbon
transfer layer on the Al pin began to regeneratimagt 400 °C leading to a low COF.
Heat treatment at temperatures higher than 500@@at sustain material transfer and
caused severe oxidation, wear, as well as high GAFE55. The practical value of these

observations is that this coating can be used tridiming of Al sheets.

In Chapter 6, low temperature dependance tribo-am@sms were investigated in
more details. H-DLC, W-DLC and AISI 52100 were &kagainst 319 Al pins at -196 °C
(liquid nitrogen). Both DLC coatings were obsertedgenerate a COF of 0.18, which
was lower than the COF of uncoated steel (0.4).ikenthe elevated temperature

mechanisms of DLC, the low friction was not accomipd by material transfer on the Al
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pin or Al adhesion on the DLC coating, which indezhthat the formation of the transfer

layer favoured ambient temperatures and highesbasrved in the previous chapters.

The addition of H and W should be considered inigi#isg a carbon-based
coating for elevated-temperature, low-friction aapplications, such as drill bits for
aluminum machining and piston rings in an aluminurternal combustion engine.
Hydrogen would support the coating and generatefimton from below 0 °C up to 300
°C by passivating the carbon transfer layer on rttsging surface and thus mitigate
aluminum adhesion. Tungsten would carry low frietlmehaviour from 300 °C up to 500
°C through the formation of a tungsten oxide-ricénsfer layer, reducing aluminum

adhesion and friction up to 500 °C.

However, it is not clear how adhesive transfeh®mating surface. In Chapter 7,
the work of adhesion was calculated by measuriegatithesion force using the pull-off
method with the nano-indentation technique. Thé-qffiforce measurements quantified
the interactions at the interface, which then yadldhsight into the adhesion of material
transfer mechanisms at the Al sliding interface atsb into the friction and adhesion

between the carbon transfer layers.

From the unloading portion, the energy requireddparate the diamond indenter
from the surface was the area under the curygwak calculated. W was normalized by
by the contact area of the diamond tip. Thegy Walues of all four specimens (H-DLC,

dopant-free DLC, W-DLC and SC Al) are observed awrdase with an increase in
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temperature and could be discussed in terms girésence of meniscus forces caused by
adsorbed water molecules on the specimen surfasetefperatures increased, the
adsorbed water evaporated, resulting in clean coriiatween the diamond and the

samples.

At elevated temperatures, thej)alculations revealed that the interactions
between the diamond tip and DLC coatings were gwceeiby a van der Waals type of
interaction, ranging from 0.06 Jnto 0.01 J/My because of the OH termination
commonly found on the diamond surface. H-DLC geteerdhe lowest \A4 which was
attributed to the presence of hydrogen in the ngatnducing hydrogen interactions once
the adsorbed water molecules evaporated at 10hdC@0 °C. The results concurred
with the findings of the tribological tests perfardhin Chapter 3, which showed a
decrease in COF from 0.12 at 25 °C to 0.06 at ZD0Dbpant-free DLC and W-DLC
were observed to have slightly highesMif 0.06—0.05 J/f which was attributed to the
interactions of cleaved dangling carbon bonds (@adus/ penetration of the tip into the

coating) with the hydroxyl-terminated diamond sagg¢HO-C/-C).

Single crystal (SC) Al had W ranging from 0.30-0.25 Jfmwhich washigher
than the DLC coatings, because of the AlI/C-H irdBoas. The relatively higher Yy
could be correlated to the high COF observed duttiegrunning-in, as observed in H-
DLC sliding against 319 Al. As shown in ChapterttZese high running-in COFs were
observed prior to the formation of material transfehich caused Al/H-C interactions.

The relatively high W, also could explain the adhesion of the carborsteariayer to the
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Al sliding interface. As the near surface carboona graphitized due to thermo-
mechanical process as described above, the catbors @nd molecules adhered to the

Al interface, thus forming a lubricous transferday

In conclusion, it was shown that the COF is clogelated to the formation of
material transfer and the surface passivation @ dangling carbon bonds which
eliminate aluminum adhesion. The nano-indentatiechnique was shown to give a
viable, quick indication of material transfer layfarmation, which could be easily
performed to calculate work of adhesion while meagucoating hardness. In all, three
mechanisms were observed: dopant-free DLC reduceiibh by reacting with water
molecules and oxygen in the atmosphere to form ldrp@ssivated layer that eliminated
atomic interactions. H-DLC was proven to out-perfodopant-free DLC and W-DLC
because of the presence of a stable hydrogen-tatasirsurface up to 200 °C. W-DLC
had the lowest COF at 400 °C and 500 °C becautdeqiresence of layer rich in WO
Consequently, the coatings for the desired apmpbieat could be designed with
consideration of these mechanisms. For instanceadoyng hydrogen and tungsten to
DLC, low aluminum adhesion and COF may be achievedtemperature range from 25

°C to 500 °C.
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8.2 A summary of original conclusions of this work

The mechanisms identified in this dissertation ascdbed below should act as
guidelines for DLC coating design and selectionmntitigate aluminum adhesion and

reduce friction.

1. Oxygen in the environment eliminates the initia hiCOF by accelerating carbon
transfer layer formation and reduces aluminum ba@arinteractions and adhesion.
Thus oxygen may be introduced to the surroundingoaphere (e.g. by forced air)

during machining, drilling or tapping of aluminunitivDLC machining tools.

2. H-DLC produced the lowest COF of 0.06 at 200 °Cirzgja319 Al with no sign of
aluminum adhesion. The COF increased abruptly ghdmi temperatures. Thus,
hydrogenated DLC coatings are considered to bealsmitcandidates to prevent
aluminum adhesion for operating temperatures upOtd °C in components such as

water pumps, tappets and cam follower.

3. W-DLC forms a tungsten oxide layer on the coatingfexe when heated; thus
mitigating aluminum adhesion. This film exhibitdubricious behaviour up to 500
°C. Thus, the use of W-DLC can be of interest ih fleoming and machining tool

applications for aluminum.
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4. H-DLC and W-DLC coatings was shown to still functias a low friction coating at
subzero temperatures. Hence, these coatings aatilibed in piston ring applications

to prevent or mitigate cold scuffing type of damagéhe bore.

5. A nano indentation technique can be used as aigahatay to determine and

calculate the work of adhesion which gives insightoating adhesion with mating

surfaces.
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APPENDIX A

Work of adhesion was calculated from the load wpldicement curve generated
by nano indentation. As the diamond tip penetrdtesspecimen, diamond is exposed to
freshly cleaved active surface, which result in emibn between diamond and the
specimen material. This force can be detected dyisfy down the unloading cycle in
order for the data acquisitions to record it. Theasurement will result in a negative
force as the tip is being pulled down by the adthenaterial or adhesion forces between

diamond and the specimen as shown in Figure below.
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Figure A-1: Load vs Displacement curve of singhgstal aluminum, hydrogenated DLC
(H-DLC), dopant free DLC (DLC) and tungsten dopdddW-DLC) at room

temperature.
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The area below the zero force represents the emergyres to separate tip from
the specimen. Thus work of adhesion can be catuilay dividing the negative force
area by the tip area, which is calculated from baetration depth as shown in figure

below.

Hmax

14“}’ = 25h2 (Cube Corner)

TAppiied Aup =24.56h% (Berkovich)

L -
e Surface
o

. Al'ea -=- = .- = [F l

under the curve * Seo

W aa

aa

Area -

of the tip

Displacement

Figure A-2: Schematics of work of adhesion calcatat

Experimental results of 9 indents at each tempezator each specimen are

presented in table below.
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Table A8-1: Work of adhesion calculation of H-DLC

25 °C 100 °C 200 °C
H-DLC Hf Curve W atzj Hf Curve wW agi Hf Curve W atzj
(nm) | Area (J) (J/m?) (nm) | Area (J) (J/m?) (nm) | Area (J) (J/m?)
1 63.90 18.39 0.18 54.15 0.00 0.00 93.01 10.19 0.05
2 78.67 11.69 0.08 78.46 8.41 0.06 91.58 2.34 0.01
3 59.92 16.23 0.18 66.38 5.43 0.05 85.67 1.52 0.01
4 59.28 15.51 0.18 101.31 4.21 0.02 97.63 0.00 0.00
5 61.02 14.29 0.16 76.85 2.71 0.02 92.16 2.80 0.01
6 62.27 15.05 0.16 88.22 1.19 0.01 75.65 2.97 0.02
7 64.16 18.72 0.19 104.74 3.18 0.01 92.21 1.27 0.01
8 52.74| 13.36 0.20 97.33 1.40 0.01 99.46 2.15 0.01
9 67.51 9.27 0.08 99.97 4.89 0.02 106.30 6.09 0.02
Average 0.16 0.02 0.02
STDV 0.05 0.02 0.01
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Table A8-2: Work of adhesion calculation of W-DLC

25°C 100 °C 200 °C
W-DLC Hf Curve W ad Hf Curve W ad Hf Curve W ad
(nm) | Area (J) (J/Im?) (nm) | Area (J) (J/m?) (nm) | Area (J) (J/m?)
1 53.21| 11.72 0.17 112.46| 18.58 0.06 |102.46| 12.04 0.05
2 52.65 10.26 0.15 127.64| 20.40 0.05 107.64| 10.25 0.04
3 51.43 11.32 0.17 127.37 21.43 0.05 107.37 13.25 0.05
4 50.34 12.20 0.20 123.64| 18.74 0.05 103.64| 11.92 0.05
5 46.89 12.20 0.23 110.35| 15.28 0.05 100.35| 13.50 0.05
6 47.43 10.50 0.19 124.67| 26.13 0.07 104.67| 15.80 0.06
7 50.76 12.61 0.20 116.56| 20.98 0.06 106.56| 12.35 0.04
8 53.89 14.27 0.20 126.25| 23.21 0.06 106.25| 11.44 0.04
9 46.42 11.19 0.21 122.48| 27.28 0.07 102.48| 19.15 0.07
Average 0.19 0.06 0.05
STDV 0.02 0.01 0.01
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Table A8-3: Work of adhesion calculation of dopant freedL

25°C 100 °C 200 °C
DLC Hf Curve W ad Hf Curve W ad Hf Curve W ad
(nm) | Area (J) (J/m?) (nm) | Area (J) (J/m?) (nm) | Area (J) (J/Im?)
1 92.56 60.87 0.29 98.44 18.29 0.08 100.44 17.82 0.07
2 90.54 10.15 0.05 102.64 20.54 0.08 101.35 16.42 0.07
3 93.90 36.80 0.17 98.38 17.81 0.08 99.10 14.98 0.06
4 91.08 11.30 0.06 99.64 18.38 0.08 100.87 16.39 0.07
5 90.05 50.80 0.26 100.35 17.90 0.07 97.10 13.85 0.06
6 90.46 53.08 0.26 99.66 20.22 0.08 102.65 15.67 0.06
7 89.52 44.63 0.23 102.45 20.49 0.08 98.54 17.69 0.07
8 88.76 47.17 0.24 101.25 22.80 0.09 103.19 22.40 0.09
9 90.21 55.74 0.28 102.48 22.89 0.09 104.10 19.15 0.07
Average 0.20 0.08 0.07
STDV 0.09 0.01 0.01
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Table A8-4: Work of adhesion calculation of single crysial

25°C 100 °C 200 °C
SC Al Hf Curve W ad Hf Curve W ad Hf Curve W ad
(nm) | Area (J) (J/m?) (nm) | Area (J) (J/m?) (nm) | Area (J) (J/m?)
1 286.98| 700.20 0.35 289.29| 637.40 0.31 300.44| 610.11 0.28
2 289.67| 700.13 0.34 290.87| 598.60 0.29 301.35| 590.65 0.27
3 292.20| 685.55 0.33 290.62| 656.00 0.32 309.10f 623.33 0.27
4 290.87| 800.80 0.39 298.10| 761.00 0.35 300.87| 562.92 0.25
5 288.40| 705.36 0.35 297.82| 838.50 0.39 297.10| 552.27 0.26
6 293.21| 670.67 0.32 292.83| 804.00 0.38 310.65| 615.83 0.26
7 290.75| 655.23 0.32 295.71| 649.00 0.30 298.54| 580.22 0.27
8 291.05| 800.12 0.39 295.48| 765.90 0.36 303.19| 576.70 0.26
9 289.17| 702.51 0.34 289.28/ 613.80 0.30 304.10| 500.10 0.22
Average 0.35 0.33 0.26
STDV 0.03 0.04 0.02
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