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ABSTRACT
The effects of nano-scale surface texture and the environment on the tribological and
mechanical properties of diamond-like carbon (DLC) are investigated. Nano-textured DLC was
produced by coating DLC film on a textured silicon substrate. In this study it was found that the
nano-texture has a different lubrication mechanism than micro-scale texture. The nanoconfinement-induced solidification of a liquid lubricant plays a critical role in reducing the
friction coefficient when the nano-texture deforms under the contact pressure. The lubricant
molecules sandwiched between the high points of the textured DLC and the counter-surface
show long-range structuring and solidification upon confinement. However, the lubricant
molecules entrapped in the depressed regions of the nano-textured DLC would not solidify,
which can contribute to the reduction of the interfacial friction. The nano-texture effect is not
limited to macro-scale friction tests; it was also observed in nanoindentation measurements
where the probe depth is only about 10% of the DLC film thickness. The presence of sub-surface
polystyrene spheres seems to change the DLC deformation pattern under pressure which reduces
plastic deformation and residual indent size. The contact geometry and the presence of the
polystyrene spheres both significantly affect the measured local hardness and elastic modulus of
DLC, as well as the residual indents dimensions in single-asperity indentation measurements.
The presence of water in the environment also has a profound effect on the friction and wear
behavior of DLC. The effects of bulk liquid water were quite different from those of the water
layers adsorbed from the vapor phase. Moreover, the structure and the amount of transfer film
that forms on the counter surface depends on the amount of adsorbed water vapor present on the
DLC surface, which is governed by the relative humidity.
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1 Introduction and motivation
1.1

Scope of the thesis
Diamond-like carbon (DLC) is a hard coating that because of its unique physical,

tribological, and mechanical properties is often used to lubricate and protect surfaces. In dry
environments, DLC gives an ultra-low friction coefficient (<0.01) usually preceded by a run-in
period with high friction. During sliding, most of the wear to the DLC surface, which results in
the formation of a transfer film on the counter surface, takes place during the run-in period.
Adsorption of molecules on the DLC surface from the surrounding environment has a significant
effect on the friction, wear, and transfer film formation behaviors of sliding interfaces that
involve DLC. The surface chemistry of DLC has profound effects on transfer film formation and
on the chemical and physical structure of this film in different environments. Establishing the
fundamentals pertaining to how DLC surfaces interact with various vapors is critical to
understanding the lubrication mechanism and transfer film formation behavior of DLC. This
basic knowledge can be applied to understanding the behavior of different carbon-based
coatings, and it is the first step toward developing low-friction and wear-resistant coatings
suitable for a wide range of applications.
This thesis investigates the effect of sub-micron scale surface textures of the substrate on
the morphology and the mechanical properties of the DLC film deposited on it. In order to
address this issue, the tribological properties of the textured DLC coating are studied in several
distinct environments. This textured DLC system differs considerably from the DLC coatings
studied previously, which were deposited on flat substrates and either used as-deposited or
modified through post-deposition texturing processes. In addition, the concerns of the present

2
research differ from those of other studies in important ways: previous research took the
replenishment of the liquid lubricants on textured DLC produced by coating DLC on substrates
with micro-scale features as its main concern; however, the present study focuses on the final
nano-scale DLC morphology that results from this system and thus considers the properties of
the textured DLC and how it interacts with the lubricant used. Based on the friction and transfer
film formation in the presence of liquid lubricants and adsorbed vapors, a lubrication mechanism
of nano-textured DLC films is proposed herein. The effect of texture on the mechanical behavior
of the nano-textured DLC is also studied using nanoindentation. Furthermore, the effect of
humidity on the structure of the DLC transfer film is described.

1.2

Background
The friction and wear to which contacting surfaces are subject is an everyday problem in

industry. Conventional lubricants such as oils and greases are widely used to reduce friction, heat
dissipation, corrosion, and wear. At the micro/nano scales, though, the problem of friction
between contacting surfaces and the wear that results from it is especially challenging because of
the increased surface to volume ratio. At these small scales, body forces become negligible and
adhesion forces dominate. This problem arises primarily with miniaturized devices, which do not
lend themselves to the use of liquid lubricants such that hard coatings like DLC are used instead
[6].
1.2.1 Liquid lubricants
Liquid lubricants are used to protect contacting surfaces. The presence of a liquid film
between two sliding surfaces reduces friction and wear to each of them. The friction coefficient
in the presence of a liquid lubricant depends on the thickness of the liquid film between the
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contacting surfaces. The Stribeck curve describes the different lubrication regimes governed by
the thickness of the liquid film at the contact point.
1.2.1.1 Stribeck curve
The Stribeck curve (Figure 1.1) is a plot of the friction coefficient between two sliding
surfaces. The curve relates to the viscosity of the lubricant (η), the speed at which the surfaces
slide on each other (v), and the pressure inside the contact (P) [7, 8]. The horizontal axis
represents the thickness of the liquid film using the three parameters just stated in Figure 1.1:

v
.
P

(1.1)

Figure 1.1: The Stribeck curve.
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At high sliding speeds, low contact pressure, and/or high viscosity, a full liquid film
separates the two sliding surfaces and thus prevents direct contact between them. This is called
the hydrodynamic regime, and it is at the right part of the Stribeck curve. Because no asperity
contact occurs, there is no wear to the surfaces in this regime. As the sliding speed decreases, the
pressure increases, and/or the lubricant’s viscosity decreases, the thickness of the liquid lubricant
between the sliding surfaces decreases, resulting in a decrease in the friction coefficient until a
minimum friction is reached. The minimum friction coefficient value constitutes the boundary
between the hydrodynamic and the mixed lubrication regimes. In the mixed lubrication regime,
surfaces are partly separated and partly in contact. As the sliding speed and/or contact pressure
increases further, and/or as the lubricant’s viscosity decreases, the friction continues to increase
until the boundary lubrication regime is reached. In the boundary lubrication, very little lubricant
is present such that the asperities on the sliding surfaces come into contact. As the amount of
lubricant decreases further, most of the liquid is pushed out of the contact area except the last one
or few monolayers. When only one/few layers of the lubricant remains between the contacting
surfaces, liquid structuring and solidification due to confinement becomes important [9-12].
1.2.1.2 Liquid behavior in the boundary lubrication regime: Nano-scale confinement effect
Upon being confined between two surfaces or within nano-pores, some liquids solidify.
Studies using surface force apparatus (SFA) show that the properties of confined liquids deviate
from those of bulk liquids. Compared to bulk liquids, confined liquids exhibit enhanced shear
viscosity and relaxation times as they present in an ordered layer structure [9, 10]. As the
confined liquid film becomes thinner, solid-like behavior dominates. The exact thickness at
which the liquid film solidifies differs among liquids, but solidification generally starts when the
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liquid layer comprises fewer than 10 molecular layers. It should be noted further that solidified
liquid layers offer a high load-bearing capacity, and they are not easy to squeeze out [13].
SFA is used to study equilibrium forces in thin layers of vapor and liquids confined by
atomically smooth surfaces (primarily mica). Two cylinders with mica pieces glued to them
come into contact with each other in a cross-configuration, which results in a circular contact
point that is equivalent to a sphere and a flat surface brought together. Both normal force
(adhesion force) and tangential force (shear force) can be measured using SFA [14].
Simple linear and cyclic molecules solidify upon confinement. Both these kinds of
molecules They show increased viscosity, elastic modulus and likewise require a longer
relaxation time as the thickness of the liquid film decreases [15]. Although all the studies on
confined liquids agree that liquid solidification takes place, the nature of the solidification and
how the transition between liquid and solid behavior takes place remain a subject for debate.
SFA measurements taken by Demeril et al. show a monotonic increase in relaxation times,
elastic

modulus,

and

effective

viscosity

as

the

thickness

of

the

confined

octamethylcyclotetrasiloxane (OMCTS) decreases. It has been found that the nature of the
solidification is a smooth transition from a bulk liquid toward crystallinity [16]. On the other
hand, studies by Klein et al. using OMCTS, toluene, and cyclohexane show that the transition
from the bulk to the solid behavior of the liquid film is abrupt rather than gradual and that this
transition takes place when a specific number of liquid layers are present between the contacting
surfaces [11, 12]. Molecular dynamic simulations also show ordering or crystallization of several
alkanes in the near-to-surface regions. On this point, it has been found that alkanes of different
chain lengths pack themselves in a hexagonal lattice formation when the thickness is close to one
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monolayer. This ordering was attributed to the fact that the closer a liquid is to the surface the
less is its free energy it has [17].
Branched alkanes are less likely to solidify upon confinement. If a linear chain carries
single methyl branch, it shows less enhancement in viscosity and shorter relaxation times upon
confinement compared to the linear chain. The heavy branching limits the extent to which the
confined liquid becomes layered and thus prevents solidification from taking place [18].
Molecular dynamic simulations show that under the same conditions, hexadecane molecules
exhibit long-range ordering and solidification upon confinement, whereas squalanes, which are
branched molecules, do not become ordered upon confinement [19].
1.2.2 Solid lubricants
Although they are used to reduce friction between contacting surfaces, liquid lubricants,
greases, thin organic films, and ionic liquid lubricants have characteristics that limit their use in
numerous areas like miniaturized devices. Organic thin films and cationic liquid lubricants are
neither durable nor reliable, especially at high temperature and/or low pressure. Therefore, they
cannot be used in space applications or electronics. Hard coatings, on the other hand, are
relatively stable in extreme conditions such that they are a good choice for numerous
applications [6, 20].
Applied to surfaces to protect them against wear and corrosion, solid lubricants are usually
wear-resistant because they are hard and have high elastic moduli. Unlike liquid lubricants,
which need constant replenishment, hard coatings do not require replenishment and can work
under low pressure and at high temperatures. However, it is necessary to achieve a better
understanding of the lubrication mechanism of hard coatings if their performance is to be
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improved. Hard coatings differ greatly in regard to their lubrication mechanisms. In the
following section some hard coatings and their respective lubrication mechanisms are described.
1.2.2.1 Overview of solid lubricants that lubricate due to their crystal structure
Molybdenum disulfide and boric acid are examples of hard coatings that give low friction
due to their crystalline structure. As shown in Figure 1.2, molybdenum disulfide has a hexagonal
layered structure in which the parallel layers interact with weak Van der Waals forces [21, 22].
The planes of MoS2 undergo friction-induced orientation in the direction of sliding and exhibit
frictional anisotropy during the inter-crystalline slip, resulting in a very low friction coefficient.
Molybdenum disulfide works well in a vacuum environment, but the presence of oxygen or
water, especially at high temperatures, results in severe oxidation and loss of lubricity. For this
reason, molybdenum disulfide is most commonly used in space applications.

Figure 1.2: (a) The hexagonal structure of one monolayer of MoS 2. (b) Two layers of MoS2 illustrating the reason
for the weak inter-layer interaction resulting from S-S Van der Waals forces [5].
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Boric acid has a triclinic layered crystal structure [23-25] and a similar lubrication
mechanism to that of molybdenum disulfide. Within the same plane, hydrogen bonding is very
strong, but between planes, weak Van der Waals forces allow an easy shear of these planes,
which gives rise to a low friction coefficient (Figure 1.3). The low friction that results when
using a boric oxide coating in humid air is believed to be due to the reaction between the boric
oxide and water, which results in the formation of lubricious boric acid [24]. Additionally,
Erdemir et al. reported that the boron carbide coating undergoes a sequence of reactions with
water vapor to form boric acid, which gives a low friction coefficient.

Figure 1.3: (a) The hexagonal, planar structure of hydrogen-bonded boric acid. (b) Widely separated layers of
boric acid.

Graphite, on the other hand, gives very low friction and shows wear only in the presence of
an absorbed film of water or hydrogen [26]. Without the absorbed molecules, the cohesion and
the strong interaction between the layers of graphite result in a strong seizure and thus very high
friction and wear. Graphite nano-sheets and single graphite sheets (graphene) are widely used as
additives to liquid lubricants in order to reduce friction and wear [27-29]. The principal
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challenge in regard to using graphene as an additive to oil relates to ensuring that graphene stays
dispersed in the liquid lubricant such that it reaches the contact area and lubricates effectively.
1.2.2.2 Diamond-like carbon
Diamond-Like Carbon (DLC) is an amorphous carbon in which the carbon-carbon
hybridization is a mixture of sp2 and sp3. DLC properties depend on the sp2/sp3 ratio and on the
hydrogen content. The lower the sp2/sp3 ratio, the harder the film, and high hydrogen content
results in a high sp2/sp3 ratio. Tetrahedral amorphous carbon (ta-C) films have the highest sp3/sp2
ratio and contain no hydrogen. This structure means the ta-C is the hardest and has the highest
elastic modulus of all the types of amorphous carbon films. However, ta-C films have a higher
friction coefficient in inert environments than hydrogenated DLC films do (1 compared to 0.020.003). Amorphous carbon film can be deposited by a number of processes, such as ion-beam
deposition, laser ablation, and plasma-enhanced chemical vapor deposition. Deposition
temperature can range from subzero to 300oC, and the amount of hydrogen incorporated into the
film depends on the source gas used in the deposition process [30].
Dangling  bonds, or unpaired electrons, in the π orbital of carbon atoms at the surface of
carbon films play a significant role in adhesion and friction. In air, they result in oxidation, but
under sliding and removal of the oxide layers, the high-energy surfaces result in a strong
electrostatic interaction between the carbon film and the counter surface. In such cases, adhesion
forces result in drastic wear and high friction. For this reason, hydrogen and other molecules in
the environment play a significant role in the friction and wear to the DLC.
Hydrogenated amorphous carbon films show a stable ultra-low friction coefficient in
vacuums and dry environments. In contrast, non-hydrogenated carbon films in vacuums and dry
environments show a low friction coefficient for a few cycles, after which the friction coefficient
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rapidly increases to 1 [31]. The low initial friction coefficient on the non-hydrogenated a-C films
is believed to be due to the removal of the oxygenated species, adsorbed water, and organic
contaminants. Once these species are removed during the first few cycles, such that the bare
carbon film is exposed and adhesion and friction increase accordingly. The introduction of
hydrogen and/or of other vapors (such as water vapor) to the test environment for nonhydrogenated a-C films passivates the unsaturated dangling bonds of DLC. The adsorbed film
reduces adhesion between the carbon film and the counter surface, resulting in less friction [3235]. It has also been found using molecular dynamic simulations that the addition of hydrogen to
the carbon film reduces the unsaturated bonds (sp and sp2) and the number of C-C bonds that
form between the two sliding surfaces, thus reducing friction and wear [36].
Two main hypotheses try to explain the ultra-low friction of DLC. According to the first
hypothesis, hydrogen-induced passivation of dangling bonds reduces adhesion and friction. It has
been found that the presence of either hydrogenated DLC films and/or hydrogen in the test
environment reduces the formation of transfer film on the counter surface compared to when no
hydrogen is present in the system. It is claimed that passivation of the DLC surface by hydrogen
prevents the formation of a transfer film and reduces friction [35, 37]. On the other hand, it has
been found that both highly and mildly hydrogenated DLC films give an ultra-low friction
coefficient in both dry nitrogen and dry hydrogen environments and yet still produce a transfer
film on the counter surface [32, 33].
According to the second hypothesis, the formation of a carbon-rich transfer layer on the
counter surface is responsible for the ultra-low friction. The nature and structure of the transfer
film are still under investigation. It has been suggested that DLC turns into graphite during
sliding and it is this graphite that is responsible for the low steady-state friction [38, 39]. It has
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also been suggested that DLC lubricity results from the formation of a carbon-rich film and
graphitization [40, 41].
Another mechanism associated with DLC lubrication combines the hydrogen effect with
graphitization. It has been suggested that via this mechanism, the release of hydrogen from the
hydrogenated DLC structure causes the sp3 bonds to relax and facilitates the formation of
graphite [38]. This might explain why when hydrogen is present in a-C films or in the test
environment, there is less friction and wear compared to when hydrogen is not present. It has
been found that DLC graphitization occurs in cases where the friction is ultra-low (dry nitrogen
and argon environments). However, is has also been found that graphitization occurs in
environments where the friction is relatively high [38]. Further, graphite does not lubricate in
inert environments (e.g., dry nitrogen) or in a vacuum, yet DLC still manifests ultra-low friction
in these environments [39]. This clearly means that graphitization is not the sole reason for the
ultra-low friction of DLC.
1.2.3 Environmental effect
Unless the sliding surfaces are in an ultra-high vacuum and/or an ultra-high impurity
environment, there will always be effects arising from molecules in the environment on the
tribological interaction. Adsorption of molecules and other organic contaminants on the sliding
surfaces is both instant and inevitable. It is important to recognize that the friction, adhesion, and
wear in such environments are not intrinsic properties of the materials. Instead, these processes
depend to a great extent on adsorbed vapors.
Asay et al. found that single-asperity friction in the presence of organic vapor cannot be
explained by simple contact mechanics models because these fail to account for the adsorbed
vapors [42]. They found that by taking into account the adsorbate and the capillary forces the
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experimental data can be explained. Hsiao et al. also found that the capillary forces strongly
depend on the vapor partial pressure [43]. They found that the meniscus, which forms between
contacting surfaces in the presence of vapor, is in equilibrium with the adsorbate rather than with
the bare solid surface. The capillary forces’ dependence on partial pressure was found to differ
for vapors according to the specific adsorption isotherm of each.
At the macro-scale, the presence of different vapors in the test environment not only
passivates the dangling bonds and reduces the adhesion between DLC and the counter surface
[34], but it also changes the chemistry of the top DLC layer. For example, adsorption of pentanol
on DLC significantly reduces transfer film formation as compared to adsorption of oxygen or
water. The reason is that the oxide layer of DLC that forms in the presence of pentanol differs in
nature from the oxide layer that forms in the presence of oxygen or water vapor [32, 33]. Also,
on the basis of an atomistic simulation of two contacting DLC surfaces, it has been found that the
number of atoms interacting with the counter surface depends on the interfacial species present
on the surface, the thickness of those adsorbed species, and the applied load: As the thickness of
the adsorbed species increases, the interaction and adhesion between the contacting surfaces
decreases. And under high-pressure conditions, the contacting surfaces interact more strongly
than at low-pressure conditions [44]. Therefore, the chemistry of the monolayer adsorbed on the
contacting surfaces plays a critical role in the friction and wear behavior of the systems.
1.2.4 Multi-layered coatings
The use of multi-layer coatings can optimize the surface and bulk mechanical properties of
thin films [45]. Specifically, multi-layer coatings can be used to reduce internal stresses and
improve adhesion to the substrate. Coatings can be rendered more flexible and harder for
improved tribological properties by using multiple layers of soft and hard coatings. Adding a
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hard-film coating to a soft film reduces friction and ploughing by reducing the contact area,
coatings combined in this way also improve the load-carrying capacity of the substrate. Bull and
Jones found that a titanium nitride multi-layer of alternatively low and high internal stresses
shows less stress, is tougher, harder, and more wear-resistant, and adheres better than a single
layer does [46]. Similar behaviors have been observed for multi coating of silicon carbide,
silicon nitride, boron carbide, and aluminum oxide [47, 48].
When a polymer substrate is coated with a DLC film, Tsubon et al. found that the number
and the pattern of the cracks that form when the DLC film is strained are significantly influenced
by the Young’s moduli of the polymer substrates [49]. Bandorf et al. found that there is an
optimum thickness for a polymer film coated with DLC that gives the longest polymer film life
before failure occurs [50]. The friction test by the previous author showed that the thicker the
polymer film, the larger the contact area and the quicker failure occurred. Similarly, it has been
found that DLC’s wear resistance improves considerably when it is coated on soft substrates. In
the same study, when friction was measured using AFM, the friction coefficient decreased as the
elastic modulus of the substrate decreased; however, when friction was measured with a 10-mm
aluminum ball, friction increased as the elastic modulus of the substrate decreased. This
contradiction in the measurement of friction between AFM and macroscopic friction could be
due to the larger contact area in the macroscopic friction test [51].
1.2.5 Surface texturing
Surface texturing is used to enhance the lubricity of contacting surfaces. The improved
lubricity of textured surfaces compared to non-textured surfaces is attributed to several reasons.
When surfaces are in direct contact, the surface texture can reduce the contact area, which, in
turn, reduces adhesion forces. According to Zou et al., surfaces textured with nanoparticles
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reduce adhesion forces measured with scanning probe microscopy in ambient air. Zou et al
attributed the reduction in adhesion forces to the reduction of the contact area [52-56].
In the presence of a lubricant between the contacting surfaces, the surface texture can trap
the wear debris during sliding. The entrapment of the wear debris inside the dimples present in
the textured surface prevents the debris from being carried along the sliding track during sliding.
This mitigates scratch formation and reduces wear. But the mechanism by which the surface
texture reduces the friction coefficient in the presence of a liquid lubricant differs according to
the lubrication regime.
In the boundary lubrication regime, the surface texture reduces the friction coefficient
principally because the dimples act as reservoirs for constant liquid replenishment. During
sliding, the liquid lubricant flows outside the reservoirs and is subsequently delivered to the
contact area. The size of the surface texture and its direction relative to the sliding direction of
the contacting surfaces was found to be a critical factor in lubrication. Pettersson et al. studied
the effect of grooves and dimples ranging in size from 5 to 50 µm on DLC lubrication. They
found that if the grooves or dimples do not have the right depth or size, they do not allow liquid
to flow quickly during sliding. Instead, such grooves and dimples may drain instead of replenish
the lubricant, which can result in severe wear and a higher friction coefficient than would occur
with flat surfaces [57-59]. Hsiao et al. reported a similar finding for textured silicon [60].
Therefore, optimizing the size of the texture and studying the effect of the surface texture
orientation relative to the sliding direction is very important for efforts to improve the triblogical
performance of the contacting surfaces. Jin Woo Yi et al. reported that nano-undulated DLC
suppresses the tribochemical reaction without affecting the friction coefficient values [61].
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In the hydrodynamic lubrication regime, on the other hand, where the layer of lubricant
between the contacting surfaces is thick enough to prevent asperity contact, the texture has been
found to change the hydrodynamics of the system. Etsion et al. suggested that the textured
portion of the surfaces provides a larger effective clearance between the two surfaces compared
to when a flat surface is used and that this larger clearance increases the load-carrying capacityof
the substrate and reduces friction and wear of surfaces [62-64].
As lithography cannot be used on DLC, textured DLC can be produced by texturing silicon
substrate with lithography and then coating the textured silicon with a DLC film [58, 59]. This
method is used when it is necessary to accurately control the density and dimensions of the
texture. And, for textured silicon coated with a DLC film, the surface features produced on the
silicon wafer are usually large enough to retain their original dimensions after being coated with
DLC. Therefore, producing textured DLC by texturing the silicon substrate with lithography is
usually used to study the effect of surface textures with dimensions in the order of 10 µm on
friction and wear [58, 59].
In addition to lithography, laser texturing is widely used to produce textured surfaces, but
this method cannot be used to texture a DLC surface without changing its structure. The structure
of a DLC surface is susceptible to change when it is exposed to a high temperature for a long
period of time. Yasumaru et al. found that glassy carbon forms when DLC is radiated with a
femtosecond laser to produce a surface texture [65].
Overall, because of the complexity of the effect of surface texture friction and wear and
because the surface interactions of DLC and its exact lubrication mechanism are not yet wellunderstood, many aspects of the role of surface texture in DLC lubrication remain unexplored.
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2 Experimental techniques
2.1

Texturing technique
Given that using laser irradiation to texture DLC surfaces directly causes structural

changes [65], the substrate was textured and then coated with DLC. The silicon 100 substrate
was textured using a maskless fabrication technique that utilizes reactive polystyrene colloids,
which chemically etch the silicon surface. This method was chosen over conventional
lithography techniques because it is cheaper, safer, and more environmentally friendly, and it can
be performed outside a clean room.
The silicon 100 substrate was chemically etched using positively charged amidinefunctionalized polystyrene latex reactive colloids (APSL) [66]. APSL colloids 1 µm in diameter
were allowed to freely settle on the silicon wafer and then heated to ~150oC in water. When
heated, the amidine groups on the APSL colloids undergo a hydrolysis reaction that produces
ammonia. Ammonia in water produces hydroxide ions that etch the silicon wafer producing
inverted pyramids. Two types of structure are studied: nano-wells, i.e., inverted pyramids (Figure
2.1-a), and nano-domes, i.e., the pyramids shown in Figure 2.1-a with APSL colloids inside them
(Figure 2.1-d).
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The textured silicon wafers and other non-textured wafers were then coated with 1-1.5 μm
of Diamond-Like Carbon (DLC) film. The coating was deposited at the Argonne National Lab
via room-temperature Plasma Enhanced Chemical Vapor Deposition [30]. Before the DLC
deposition, the substrates were cleaned by argon sputtering, and a ~100 nm thick silicon bond
layer was deposited in order to improve DLC adherence to the substrate. A source gas mixture of
75% hydrogen and 25% methane was used to produce the hydrogenated DLC film with a
hydrogen atomic percentage of ~40%. Figure 2.1 shows scanning electron microscope images of
the DLC-coated textured substrates, as well as their cross-sections. The average thickness of the
deposited DLC is ~1.3 µm.

Figure 2.1: SEM images. a-c: Nanowells etched on a silicon substrate, DLC-coated nanowells (DLC-n-wells), and xsection of DLC-on-wells, respectively, e.g., nanodomes on silicon substrate, DLC-coated nanodomes (DLC-ondomes), and a cross-section of DLC-on-domes, respectively.
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2.2

Topography imaging of the DLC-coated substrates

2.2.1 Scanning electron microscopy
A field emission scanning electron microscope (FESEM) was used to image the textured
DLC. FESEM was chosen over the regular SEM because the field emission electron gun
produces an electron beam smaller than that produced by a standard SEM electron gun. The
electron beam with a smaller diameter is suitable for high-resolution imaging and it reduces the
charging of non-conductive samples.
Figure 2.1-b,e shows the top images of the DLC-on-wells and DLC-on-domes. The
topography of the DLC-on-wells looks more homogeneous than the topography of the DLC-ondomes (Figure 2.1-e shows large flat areas in the DLC-on-domes compared to the areas in Figure
2.1-b). This is because the polystyrene particles in the samples used to create the DLC-on-domes
were aggregated to an extent, which resulted in less distributed features for the DLC-on-domes
as compared to the DLC-on-wells. Figure 2.1-c,f shows a cross-section of images of the DLCon-wells and the DLC-on-domes. These images show that the DLC thickness is about 1.3 µm,
and it also shows the silicon-DLC interface. The inverted pyramids etched into the silicon
substrate appear in the cross-section of the DLC-on-wells, and the polystyrene spheres inside the
partially etched wells appear under the DLC film of the DLC-on-domes.
2.2.2 Atomic force microscopy
Atomic force microscopy (AFM) is a physical probe technique that utilizes a sharp probe
to generate a topographical image of a surface. A schematic of AFM is shown in Figure 2.2. A
tip is mounted at the end of a flexible cantilever, which is attached to a piezoelectric actuator. A
laser beam is focused at the end of the cantilever and a position sensitive photo-detector (PSD)
monitors the position of the reflected beam. Any bending of the cantilever while it is moving on
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the surface is detected by the PSD. The PSD output signal is read by feedback electronics, which
control the position of the piezo. The top two and bottom two quadrants of the PSD show a
difference in laser intensity that corresponds to the height of the features on the surface.

Figure 2.2: A schematic of the atomic force microscope

Atomic force microscopy was used to compare the surface morphology and roughness of
the flat DLC, the DLC-on-wells, and the DLC-on-domes. Figure 2.3 shows the AFM images of
the three substrates. The images of the DLC-on-wells and of the DLC-on-domes agree with those
from FESEM (Figure 2.1); i.e., the high regions in the DLC-on-domes are grouped together in
large areas whereas in the DLC-on-wells they are distributed more evenly.

Figure 2.3: Atomic force microscope images of (a) flat DLC, (b) DLC-coated wells, and (c) DLC-coated domes. RMS
roughness: 3.2, 53.9, and 54.7 nm for the flat DLC, the DLC-on-wells, and the DLC-on-domes, respectively
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Although the DLC-on-wells and the DLC-on-domes are similar in regard to the surface
roughness of each, the AFM images in Figure 2.3 show a clear difference in regard to surface
topography. Figure 2.4 shows histograms for the features’ height for the DLC-on-wells and the
DLC-on-domes, which clarifies the difference between the two textured surfaces. Most
noticeable compared to the distribution of the DLC-on-domes, the distribution of the DLC-onwells is closer to the normal distribution (Figure 2.4). Both histograms are skewed to negative
depth (higher features), but clearly the skewness of the DLC-on-domes is much greater than that
of the DLC-on-wells. Skewness is a measure of the symmetry of the surface; a skewness value of
zero suggests a symmetric distribution around the mean data point [67]. If the skewness is higher
than zero, then the surface features point upward, and if the skewness is lower than zero, then the
surface features point downward. Therefore, it can be concluded that the DLC-on-domes has
more upward spikes than the DLC-on-wells does, as the DLC-on-domes is positively skewed to
a greater extent. Kurtosis is another measurement used to determine the distribution of the data
points around the mean. A perfectly random surface (normally distributed) has a kurtosis value
of three. A kurtosis value of less than three indicates fewer points present in the two tails of the
distribution and indicates more upward spikes as compared to a surface with a kurtosis of three.
Therefore, DLC-on-wells with a kurtosis value close to 3 indicates features that are evenly
distributed between deep and shallow features. However, features of DLC-on-domes (with a
kurtosis value of less than three) tend to be either deep or high, rather than in the middle, which
again indicates a spikier surface than the DLC-on-wells [67].
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Figure 2.4: Histogram of the features heights of DLC-on-wells (red) and
DLC-on-domes (blue). The DLC-on-domes has a more positive skewness
indicating a spikier surface. The kurtosis of the DLC-on-wells is close to 3,
but the kurtosis of the DLC-on-domes is smaller than 3, indicating upward
spikes compared to the more random heights of features on DLC-on-wells.

2.2.3 Optical profilometry
Optical profilometry is used to image the ball used in friction tests and find its roughness.
Figure 2.5-a shows an image of the ball after its curvature has been removed mathematically.
The roughness of the ball is about 9 nm. Complementary optical profilometry measurements
were performed for the flat DLC, the DLC-on-wells, and the DLC-on-domes. Although the
images shown in Figure 2.5-b,c,d agree with those obtained from AFM (Figure 2.3), the RMS
roughness values of the textured surfaces obtained from the optical profilometry measurements
differ from those obtained via AFM. The estimated root-mean-square roughness of the DLC-onwells and of the DLC-on-domes are 50 and 21 from profilometry, respectively, whereas AFM
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estimated a ~54 RMS roughness for both the DLC-on-wells and the DLC-on-domes. The
difference between the estimated RMS roughness values is probably due to the low lateral
resolution of the optical profilometry compared to resolution shown by AFM. Further, the area
scanned using AFM is six times larger than the area imaged with profilometry. Therefore, the
area imaged with profilometry may be too small to cover enough features in the case of the
DLC-on-domes such that an underestimated roughness measurement results.

Figure 2.5: Optical profilometry images of (a) a stainless steel ball used in the friction tests after
removing the curvature, (b) flat DLC, (c): DLC-coated wells, and (e): DLC-coated domes.

A challenge faced in taking the profilometry measurements is the scattering of light that
takes place when textured samples are imaged. Due to the surface roughness of the DLC-onwells and the DLC-on-domes, light scatters off the surface in all directions. And, as optical
profilometry uses light interference to calculate the heights of the surface features, scattered light
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sometimes causes the height of features of the DLC-on-domes and DLC-on-wells to look 5-10
times higher than they actually are.

2.3

Chemical analysis of the DLC-coated substrates
Raman is a scattering technique in which an incident photon is inelastically scattered by a

molecule [68]. As Figure 2.6 shows, when a molecule gains energy, compared to the energy of
the incident photon, the scattered photon has less energy (at a lower frequency)—a phenomenon
referred to as stokes irradiation. In contrast, if a molecule loses energy, the scattered photon has
more energy than the incident photon (higher frequency)—a phenomenon referred to as antistokes scattering. The energy difference between the incident photon and the scattered photon
carries information about the sample. Raman active vibrations come from bonds that do not have
a permanent dipole moment (like C-C bond), whereas bonds with a permanent dipole moment
(like O-H) have very weak Raman signals.

Figure 2.6: Stokes and anti-stokes scattering in Raman spectroscopy.

24
Raman spectroscopy was used to check the chemistry of the three substrates, i.e., the flat
DLC, the DLC-on-wells, and the DLC-coated domes. Raman spectra of the vibrational
excitations exhibit differences depending on the form of carbon. Diamond, which consists only
of sp3-hybridized carbon atoms, has a single Raman peak at ~1330 cm1. On the other hand,
grapheme, in which all the carbon atoms are sp2-hybridized, has a peak at ~1550 cm1. The
Raman spectra of the flat DLC, the DLC-on-wells, and the DLC-on-domes are shown in Fig. 2.4.
As the DLC coating is a mixture of sp3- and sp2-hybridized carbon atoms, its Raman spectrum
has one broad peak at around 1560 cm1, called the G band, and a shoulder at around 1360 cm1,
called the D band.

Figure 2.7: Raman spectra of flat DLC, DLC-on-wells, and DLC-ondomes when a 488 nm excitation wavelength is used.

The position and the relative intensity of the two bands (ID/IG) depend on the degree of
hydrogenation and the sp3/sp2 ratio: the higher the sp3/sp2 ratio, the lower the intensity of the D
band. Although a qualitative analysis of the change in the ID/IG ratio and how it relates to the
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change in DLC structure is widely used, estimating the sp3/sp2 ratio of a given DLC film from its
spectra is complicated. This is because the ID/IG and peak positions of the DLC Raman spectra
depend on the sp3/sp2 ratio, the size of the sp2- and sp3-hybridized clusters, and the hydrogen
content [69, 70]. Ferrari et al. suggested that hydrogen content does not affect the features of the
a-C and that only the sp3/sp2 ratio and the excitation wavelengths do. Their study suggests that
sp3-hybridized carbon atoms may account for 10% of the content of our DLC.

2.4

Friction and wear measurements

2.4.1 A reciprocating ball-on-flat tribometer
A reciprocating ball-on-flat tribometer is used to perform all the friction tests. In this setup,
a ball moves in a linear motion on the substrate. Figure 2.8 shows a schematic of the system. The
friction coefficient is measured for the bidirectional linear motion of the ball. The lateral force
exerted on the ball during its linear motion is recorded using a strain gauge sensor. The strain
gauge sensor is calibrated before the tests using known weights by recording the voltage signal
that corresponds to a specific load.
The test environment can be controlled using a flow system and an environmental chamber
installed on the tribometer. Nitrogen vapor is directly fed through the environmental chamber for
tests performed in dry nitrogen. Nitrogen is also used as a carrier to deliver water vapor or
pentanol vapor to the test environment. Nitrogen is flowed through the towers that contain liquid
water or liquid pentanol to become saturated with their vapors. This pentanol- or water-saturated
nitrogen stream is then mixed with pure nitrogen gas with the ratio needed to achieve the vapor
pressure required for the friction tests.
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Figure 2.8: A schematic of the reciprocating ball-on-flat tribometer.

The friction force exerted on the ball during the motion is measured, and the normal load
applied on the ball can be changed. The friction coefficient is then calculated using Amonton’s
law by dividing the friction force by the applied normal load:



Ff
L

.

(2.1)

A stainless steel ball with a diameter of 3 mm was used in all the friction tests. The optical
profilometry measurements showed that the root-mean-square roughness of the ball is 9 nm.
Stainless steel was chosen because of its relatively high Young’s modulus (200 GPa compared to
~70 GPa for DLC), and because it allows the transfer film of DLC on the ball to be detected,
which would not be possible with a DLC-coated ball. As Raman is used in this test to detect the
transfer film on the ball, a DLC-coated ball would mean that the Raman spectra of the DLC
coating would dominate. Therefore, it would not be possible to characterize the transfer film
formed during the friction test. A normal load of 1 N and a speed of about 0.4 cm/s were used in
all the tests. The Hertzian contact mechanism is the model that best describes contacting surfaces
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at the macro-scale. This model assumes that hard-wall repulsion takes place between the
contacting surfaces, and the model does not account for adhesion.
2.4.2 Hertzian mechanism contact calculations
At the macro-scale, the applied load is very large compared to the load from adhesion;
therefore, the adhesion is negligible [42, 71]. Because the normal load dominates at this scale,
Hertzian contact mechanics provides the most appropriate model to describe our system. The
Hertzian model assumes hard-wall repulsion and does not take adhesion into account [72]. The
maximum pressure inside the contact ( Pmax ), the contact radius ( a ), and the deformation depth
(  ) can be found in equations (2.2) to (2.5):
1/ 3
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where L is the normal load, R is the radius of the ball, and K is the reduced elastic modulus
which is a function of the elastic modulus ( E ) and the Poisson ratio ( ) of both contacting
surfaces. The Hertz theory was modified to take into account the coated contacting bodies [73,
74]. The modified theory is used for the stainless steel/DLC-coated silicon, and the results are as
follows: the contact radius is 24 μm, the maximum pressure is 550 MPa, and the deformation
depth is 360 nm.
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2.4.3 Wear tracks and transfer film analysis
As all the friction tests are performed using a 440C stainless steel ball, Raman
spectroscopy can detect the transfer film that forms on the ball during the test. A laser with an
excitation wavelength of 488 nm is used, and all the spectra are collected using the same laser
power and integration time to ensure a fair comparison between samples.
Raman spectra are used to compare the amount of the transfer film formed on the stainless
steel ball during the friction tests and to examine changes in the structure of the transfer film
formed in different environments. As all Raman spectra are collected using the same power and
integration time, differences in the DLC peak intensities of the spectra collected after different
tests reflect the amount of the transfer film formed during those tests. In each test, 10-15 Raman
spectra are collected at different points on the ball wear mark, and an average spectrum is used to
compare the results of the tests. The structure of the transfer film formed during the tests in
different environments is studied by examining the shifts in peak positions and the changes in the
relative intensities of the D and G peaks.
Following each friction test, the wear tracks formed on the DLC substrates are measured
using optical profilometry imaging in order to study the wear of DLC in different environments.
Cross-sections of the sliding tracks are provided for a quantitative comparison of the amount of
wear that accrues during each test.

2.5

Adsorption measurements
To quantify the amount of the adsorbed vapor layer on DLC during the friction test,

attenuated total reflectance infra-red (ATR-IR) is used. ATR is a spectroscopy technique based
on the absorption of the IR by the studied molecules. IR active vibrations result in a permanent
dipole moment such as (O-H and C-H).
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ATR-IR uses the total internal reflection (TIR) phenomenon. ATR is and optical
phenomenon that happens when the light strikes the boundary of a medium with a larger
refractive index than the refractive index of the medium in which the light was travelling
initially. ATR happens with the angle of incidence is larger than the critical angle.
As Figure 2.9 shows, in attenuated total reflectance infra-red (ATR-IR) a laser beam is
internally reflected through a crystal with beveled edges with an angle (normally 45 o). The
number of reflections inside the crystal varies with the angle of the incidence and the crystal’s
dimensions. Due to the total internal reflection, a standing evanescent wave forms at the
interface. The penetrating depth of the evanescent wave is usually between 0.5 and 2 µm
depending on the wavelength. The evanescent effect works only if the refractive index of the
crystal is higher than the refractive index of the sample (medium to be studied). After the beam
internally reflects inside the crystal, it is collected at the other end of the crystal. The light
reflectance is a measure of the interaction between the evanescent wave and the sample, and the
resulting spectrum is also a characteristic of the chemical composition of the sample.

Figure 2.9: Schematic of attenuated total reflectance. The IR beam is internally reflected in a
beveled crystal creating an evanescent wave that is then absorbed by the medium.
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2.5.1 Milosevic approach for multi-layer spectroscopy
We have a DLC-coated silicon crystal, and adsorption takes place on the DLC; therefore,
we have two layers of materials that absorb the evanescent wave: 70 nm thick DLC and a few
nanometers of the adsorbed vapor. To find the thickness of the adsorbed vapor from the
experimental ATR spectra, we use simulated spectra generated for a specific adsorbate thickness
and then compare the experimental with the theoretical spectra. The Milosevic approach for
multi-layer spectroscopy is used to account for both the DLC and the adsorbate layers [75].
Figure 2.10 shows how the Milosevic approach accounts for the multilayers. At the boundary of
each layer, light is partially transmitted and partially reflected.

Figure 2.10: The reflection and transmission of radiation from
a multi-layer sample.

The reflection (r) and the transmission (t) Fresnel coefficients are then calculated for each
interface for the s and the p polarized lights:
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Where the subscript i and the subscript j correspond to the layers i and j, respectively, then ni is
the refractive index of the ith layer, θ is the angle of incidence, and k is the number of layers. The
reflectance is then calculated from equation (2.10):
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where dh is the layer thickness and λ is the wavenumber.
The absorbance can then be calculated from the s-polarized and p-polarized reflectance
from equation (2.13):
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where N is the number of the total reflection calculated from equation (2.14):

l
N  cot  ,
t
where l is the crystal’s length and t is the crystal’s width [76].

(2.14)
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2.6

Hardness and elastic modulus measurements

2.6.1 Nanoindentation theory
Nanoindentation is a technique used to probe the mechanical properties of thin films. It is
most frequently used to measure the hardness and the elastic modulus. Figure 2.11 shows a
schematic of the nanoindenter [77]. The load/displacement transducer moves the indenter in the
z-direction to make the indentation in the sample, and the displacement signal goes through a
feed-back controller to the piezoelectric actuator, which moves the stage.

Figure 2.11: A schematic of the nanoindentation
system.

Nanoindentation can be operated in one of two modes: the displacement control mode or
the load control mode. In the displacement control mode, the desired maximum displacement of
the indenter’s tip into the sample is specified, and then the system applies the required load to
perform that displacement. In the load control mode, the desired maximum load to be applied
during the indentation is specified and the indenter keeps going into the sample until the initially
specified load is reached. The maximum load applied (when the displacement control mode is

33
used) and the maximum displacement reached (when the load control mode is used) each depend
on the hardness and the elastic modulus of the sample.
Nanoindentation can monitor both the elastic and plastic deformation of materials. OliverPharr developed an approach whereby the plastic and elastic behavior of materials can be
determined by monitoring the force and displacement throughout the test [4, 78]. Figure 2.12
shows a typical force-displacement (f-d) curve. After the indenter approaches the sample, the
indenter starts loading into the sample until the specified displacement or pressure is reached,
after which the indenter starts retracting and the unloading curve is generated. The final
displacement, hf, is also referred to as the residual or plastic indentation depth. The difference
between hmax and hf corresponds to the extent to which the material recovers elasticity. The
loading and unloading curves of a completely elastic material perfectly overlap.

Figure 2.12: Force-displacement curve.

34

The reduced elastic (Er) modulus can be calculated using equation (2.15):

S

dP
2

Er A ,
dh


(2.15)

where S is the initial unloading stiffness and A is the contact area between the indenter and the
sample. And, when the Poisson ratio of the sample (  ) is known, the Young’s modulus of the
sample (E) can be calculated using the following equation (2.16):
1 (1   )2 (1  i )2


Er
E
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where  i and Ei are the Poisson ratio and the Young’s modulus of the tip, respectively. The
hardness of the sample (H) can be calculated as equation (2.17) shows:

H

Pmax
A

(2.17)

The contact area (A), which depends on the area function of the indenter, cannot be found
directly from the f-d curve. The area function for a specific indenter can be found using a
reference sample. Multiple indents with different maximum displacements on the reference
sample are performed. The hardness of the sample (H) is known, and Pmax for each of these
indents can be found directly from the f-d curve. Then the contact area can be found at each
displacement using equation (2.18) can be presented using a polynomial function

A(hc )  C0hc2  C1hc1  C2hc1/ 2  C3hc1/ 4  .......  C8hc1/128 ,

(2.18)

where C1-C8 are fitting parameters and hc is the critical contact depth. Before Oliver-Pharr
approach was developed, the final contact depth (hf) or the depth found from the intersection of
the line with slope (S) with the x-axis (h*) were used to calculate the contact area. Oliver-Pharr
then proposed using the critical contact depth (hc). From Figure 2.13, we can see that hc is the
effective contact depth because it takes into account the displacement of the surface around the
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indenter (hs). Further, unlike hf, hc does not underestimate the contact area [4]. The value of hc
is given by

hc  hmax  

Pmax
,
S

(2.19)

where  is the indenter’s geometric constant. Note, too, that  =1 for the flat punch and  =0.75
for the paraboloid.

Figure 2.13: A schematic representing a cross-section view during the indentation
with the different parameters used in the analysis [4].

2.6.2 Surface roughness in nanoindentation
Several studies have been undertaken with the goal of understanding the effect of surface
roughness on nanoindentation results [1-3, 79-81]. For example, in a finite element simulation
study considered a sample with surface roughness very small compared to the indenter’s radius.
It was found in this study that the Young’s modulus measured on the rough surface is
underestimated. However, the same study also found that the measured elastic modulus values
become more scattered as the surface becomes rougher, and that scattering increases as the
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number of top-points increases [81]. In another study, also considering surfaces with roughness
very small compared to the indenter’s radius, it was suggested that two kinds of work are
required to perform an indentation: work to the features of the rough surface and work to deform
the surface in order to make the indent. Also, it was found that the indentation depth should be
much larger than the surface roughness so that the work required to flatten the asperities
becomes negligible compared to the work required to indent the surface. If the indentation depth
is close to the height of the asperities, the hardness values will be overestimated and the
measured values will be greatly scattered [80].
Bobji et al. developed a geometric model to calculate the actual hardness of a rough
surface that takes surface roughness into account. The schematic of this system is shown in
Figure 2.14, in which an indenter tip with radius Ri indents a spherical asperity with radius Ra.
The model can be used to find the actual hardness (H0) from the hardness value measured on the
rough surface (H) [1, 3]:

 R Cos 2 

H  H 0  a
 Ri  Ra 

Figure 2.14: A schematic of the effect of surface roughness on
single-asperity indentation [1-3]

(2.20)
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This model was developed for macro-scale contacting spheres, and was experimentally
verified by indenting copper balls of 25, 12.5, and 8 mm radii with a steel ball of 12.5 mm radius
[3]. The model, which was developed and tested on the macro-scale for a single asperity contact,
was modified and used to simulate multiple-asperity contact indentation. The simulation
considered indenting surfaces in which the roughness was very small compared to the indenter’s
radius. The simulations showed that rough surfaces result in data scattering and higher measured
hardness values than the actual values obtained at indents very deep compared to the surface
roughness. The deviation of the hardness values and data scattering was found to decrease with
increasing penetration depth. When the penetration depth into a rough surface is significantly
deeper that the height of the asperities, hardness values measured on rough surfaces approach the
hardness values measured on flat surfaces and scattering diminishes [1].
In conclusion, the findings reported in respective studies differ considerably. Therefore, if
the penetration depth is not significantly larger than the height of the rough surface asperities, it
is hard to say whether the measured hardness or elastic modulus values are over-estimated or
under-estimated. Although surface roughness may be the source of increased/decreased hardness
values or of elastic modulus values, it is unlikely to be the source of anything more than the
increased scatter evident in the data.
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3 Liquid solidification and nano-texture combined effect in
boundary lubrication
3.1

Abstract
This study shows that long-range ordering (solidification) of confined liquids can occur

between surfaces that are not molecularly flat, and can have a significant effect on the friction
between surfaces sliding under boundary lubrication. Two types of DLC surface texturing were
used: DLC coated on silicon etched with nano-wells (DLC-on-wells), and DLC coated on silicon
etched with nano-wells with polystyrene spheres inside them (DLC-on-domes). Although the
deformation of the DLC during the friction tests was larger than the height of the features of the
nano-textured DLC, friction tests showed that surface texture could reduce friction if the used
liquid lubricant solidified. If the liquid lubricant solidifies upon confinement between the top
points of the surface texture and the counter surface, liquid gets entrapped inside the depressions
of texture. The entrapped liquid reduces the effective contact area, and thus reduces the friction
coefficient. In contrast, the effective contact area, and thus the friction coefficient are the same
for a flat and a textured surface in the presence of a liquid that does not solidify or in the
presence of an adsorbed vapor layer. The nano-scale surface texture of DLC had a clear
lubrication effect in hexadecane and liquid pentanol (liquids that solidify), but the nano-scale
texture effect was diminished in PAO6 (a liquid that does not solidify) and in the presence of
adsorbed pentanol (in the absence of entrapped liquid). In the four lubricants tested, the DLC-ondomes consistently gave a lower friction than the DLC-on-wells did. It was found that the
presence of the polystyrene spheres under the DLC film significantly affected the mechanical
behavior of the DLC. Their effect was not limited to the macro-scale friction tests in which they
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notably reduced friction and wear, but also in nanoindentation measurements where the probe
depth was ~10% of the film thickness. The presence of the sub-surface polystyrene spheres
changed the DLC deformation pattern under pressure which reduced plastic deformation,
friction, wear, and residual indent size.

3.2

Introduction
The effect of micro-texture on the lubricity of sliding surfaces has been studied in both the

boundary and the hydrodynamic lubrication regimes. Etsion et al. found that in the
hydrodynamic lubrication regime, the textured surfaces give a larger effective clearance between
the sliding surfaces compared to non-textured surfaces. The larger clearance increases the load
carrying capacity and reduces friction and wear [62, 63]. In boundary lubrication regime on the
other hand, surface texture reduces friction coefficient mainly by acting as reservoirs for constant
liquid replenishment. Pettersson et al. studied the effect of grooves and dimples of sizes ranging
from 5-50 µm on DLC lubrication. They found that if the grooves or the dimples do not have the
right depth or size, or if they do not allow quick liquid flow during the sliding, they can drain
instead of replenish the lubricant, which can result in a severe wear and higher friction
coefficient compared to the flat surfaces [57-59]. Therefore, optimizing the size of the texture
and studying the effect of their orientation relative to the sliding direction is very important to
improve the triblogical performance of the contacted surfaces.
This paper discusses the lubrication effect of nano-scale textured DLC that are subject to
deformation under the friction test pressure. The lubrication effect of the nano-textured DLC was
studied in the boundary lubrication regime using several liquid lubricants. In this regime, the
effect of the long-range ordering of the confined liquids on the lubrication mechanism was
observed.
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Long-range ordering of liquids upon confinement between atomically flat surfaces has
been extensively studied in the last few decades. Studies using the surface force apparatus (SFA)
show that properties of confined liquids deviate from the properties the bulk liquids. Shear
viscosity and relaxation times of confined liquids are higher than those of the bulk liquid, and
they present in an ordered, layered structure [9, 10, 82]. As the thickness of the liquid layer
decreases, the solid-like behavior dominates, and generally solidification starts when the
thickness of the liquid layer is smaller than 10 molecular layers. Solidified liquid layers offer a
high load bearing capacity, and are not easy to expelled from the contact region [13].
Simple linear and cyclic molecules solidify upon confinement but branched molecules
have lower tendency to solidify [15, 18, 19, 82]. Although studies on confined liquids all agree
that liquid solidification of simple molecules takes place, the transition to solidity is debatable.
Demirel and Garnick found that the transition to solidity is a smooth transition from the bulk
liquid towards crystallinity [16]. In contrast, Klein and Kumacheva found that an abrupt
transition to solidity that and takes place in the presence of a specific number of confined liquid
layers [11, 12]. Branched alkanes have a lower tendency to solidify upon confinement. If a linear
chain carries single methyl branch, it shows less enhancement in viscosity and shorter relaxation
times upon confinement compared to a linear chain. The heavy branching disrupts the extent of
layering of confined liquid and prevents solidification [18, 19].
Liquid structure and solvation forces have been measured and studied mainly on
atomically flat surfaces. And it is believed, since most surfaces are rough at least at the angstrom
scale that long-range forces will dominate over the structural forces. But the structural forces are
also believed to play an important role in the other systems that are not atomically flat. Structural
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forces of water plays a significant role in colloidal systems, surfactant assemblies, and biological
membranes [82].
This study reveals the effect of liquid ordering and structural forces on a scale that has not
been previously studied. Liquid solidification on nano-textured surfaces and its role in boundary
lubrication is investigated. Several lubricants are used to unveil the lubrication mechanism of
nano-scale textured DLC film. The effect of liquid solidification on this mechanism was
investigated by choosing specific lubricants whose behavior under confinement is known or can
be predicted. Hexadecane and liquid pentanol were chosen because they are expected to solidify
upon confinement [9-17]. Hexadecane is known to deviate from the bulk liquid and show longrange ordering and upon confinement. Similarly, liquid pentanol is a simple linear molecule that
is expected to behave similarly to linear alkanes, which also solidify as ordered layers when their
film thickness decreases to one/a few monolayers. To check the hypothesis of solidification and
its effect on the proposed lubrication mechanism, two more lubricants were tested. The first one
is polyalphaolefin with a viscosity of 6 cSt (will be referred to as PAO6) which is a branched
molecule that is not expected to solidify upon confinement [18, 19]. The second lubricant is the
adsorbed layer of pentanol vapor. The monolayer of adsorbed pentanol serves as a reference
point because the adsorbate monolayer is an ordered layer, strongly adhered to the surface which
can be compared to the confined liquid pentanol.

3.3

Experimental techniques
Textured DLC was produced by applying DLC coating on a textured silicon substrate.

Silicon (100) substrate was chemically etched using positively charged amidine-functionalized
polystyrene latex reactive colloids (APSL) [66]. APSL colloids of 1 µm diameter were let to
freely settle on the silicon wafer and then heated to ~150 oC in water. When heated, the amidine
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groups on the APSL colloids undergo a hydrolysis reaction and produce hydroxide ions that etch
the silicon wafer producing the inverted pyramids.

Figure 3.1: SEM images. a-c: Nanowells etched on silicon substrate, DLC-coated nanowells, and x-section of DLCcoated nanowells respectively. e-g: Nanodomes on silicon substrate, DLC-coated nanodomes, and cross-section of
DLC-coated nanodomes respectively. In (c), arrow 1 points to a depression in the DLC-coating above a nano-well on
the substrate, and arrow 2 point to a peak in the DLC-coating between two wells. In (f), arrow 1 points to a
depression in the DLC-coating happening between two polystyrene spheres, and arrow 2 point to a peak in the DLCcoating due to the presence of polystyrene sphere below it.

Two types of structure are produced; nano-wells, which are the inverted pyramids (Figure
3.1-a), and nano-domes, which are the same pyramids in Figure 3.1-a with the APSL colloids
inside them (Figure 3.1-d). The textured silicon wafers and other non-textured wafers were then
coated with 1-1.5 μm of Diamond-like Carbon (DLC) film. The coating was deposited at
Argonne National Lab with room-temperature Plasma Enhanced Chemical Vapor Deposition
[30]. Before DLC deposition, the substrates were cleaned by argon sputtering, and ~100 nm
thick silicon bond layer was deposited to enhance DLC adherence to the substrate. A source gas
mixture of 75% hydrogen and 25% methane was used to produce hydrogenated DLC film with
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hydrogen atomic percent of ~40%. Scanning electron microscopy images of the DLC-coated
nano-wells and nano-domes are shown in Figure 3.1-b,e. The DLC-coated nano-wells and the
DLC-coated nano-domes will be referred to as DLC-on-wells and DLC-on-domes respectively.
Figure 3.1-c,f show cross section images of the DLC-coated etched silicon substrates and the
resulting topography of the DLC coating. DLC film thickness was found from the cross-section
images of the DLC-on-wells and the DLC-on-domes, it was found to have an average thickness
of 1.3 μm.

Figure 3.2: Atomic force microscope images of (a): flat DLC, (b) DLC-coated wells, and (c): DLC-coated domes.
(d)-(f) line profile across 15 µm of the flat DLC, the DLC-on-wells, and the DLC-on-domes respectively

Figure 3.2-a-c shows the surface topography of the flat DLC, DLC-on-wells, and DLC-ondomes found using atomic force microscopy, and Figure 3.2-d-f show lines profiles of the flat
and the textured DLC. The skewness value of the DLC-on-domes is 0.43 compared to the is
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more positive than the skewness value of the DLC-on-wells (0.19), and the kurtosis value of the
DLC-on-wells is close to 3 while the kurtosis value for the DLC-on-domes is 2. Both skewness
and kurtosis measurements suggest that DLC-on-domes have more upward spikes compared to
the DLC-on-wells. The DLC-on-wells have more symmetrical topography around the mean
plane compared to the DLC-on-domes. This is demonstrated by the features’ heights histograms
of the DLC-on-wells and the DLC-on-domes in

Figure 3.3, wherein the near-symmetric

topography of the features heights of the DLC-on-wells is evident by the bell-shaped distribution
of the features heights. On the contrary, the height distribution of the features of the DLC-ondomes is skewed showing the more upward spikes compared to the DLC-on-wells.

Figure 3.3: Histogram of the features heights of DLC-on-wells (red) and DLCon-domes (blue). The DLC-on-domes has a more positive skewness indicating a
spikier surface. The kurtosis of the DLC-on-wells is close to 3, but the kurtosis
of the DLC-on-domes is smaller than 3 indicating upward spikes compared to
more random height of features on DLC-on-wells.
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The pentanol adsorption isotherm on DLC was measured by attenuated total reflectanceinfrared red spectroscopy (ATR-IR). A ThermoNicolet Nexus 670 infrared spectrometer with an
ATR setup and a MTC-A detector was used. A DLC-coated silicon ATR crystal with a 45o bevel
cut providing a 45o incident angle and a total of 36 effective internal reflections was used. ~70
nm hydrogenated DLC film on the silicon ATR crystal was deposited in Argonne national lab
using the same method used to produce the hydrogenated DLC for the friction tests. Adsorption
isotherm of pentanol on DLC was found by calculating the thickness of the adsorbed pentanol
vapor on the DLC at different pentanol vapor pressures. The Milosevic approach for multi-layer
optical spectroscopy was used to calculate the thickness of the adsorbed pentanol vapor layer.
The Milosevic approach predicts an absorbance in the presence of an adsorbate with a known
thickness [75]. The absorbance found from the experimental ATR spectra collected at different
partial pressures were compared to the absorbance predicted by Milosevic to find the thickness
of the adsorbate at the corresponding partial pressure
A reciprocating ball-on-flat tribometer was used to perform all the friction tests. In this
setup, a ball was kept stationary on a substrate that is moved in a linear. The friction coefficient
was measured for the bidirectional linear motion. The lateral force exerted on the ball during its
linear motion was recorded using a strain gauge sensor. The strain gauge sensor was calibrated
before the tests using known weights by recording the voltage signal that corresponds to a
specific load. Friction tests in liquid were performed in a liquid cell in which the substrate can be
submerged in the liquid lubricant. The friction tests in pentanol vapor environment were done
using an environmental chamber that was installed on the tribometer and controlled by a vapor
flow system. Nitrogen was used as a carrier to deliver pentanol vapor to the test environment by
flowing it through a tower that contained liquid pentanol. The pentanol-saturated nitrogen stream
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was then mixed with pure nitrogen gas with the ratio needed to achieve the required vapor
pressure for the friction tests. In all tests 3 mm stainless steel balls with surface roughness of ~9
nm were used as counter surfaces. The ball moved on the substrate with a speed of ~0.4-0.5 cm/s
under an applied load of 1 N. All substrates and stainless steel balls were washed with ethanol
and dried with nitrogen before the friction tests. The extended Hertzian theory for threedimensional coated bodies developed by Liu and Wang was used to calculate the contact radius,
pressure, and deformation [73]. For the 3 mm stainless steel ball contacting a silicon substrate
coated with 1.3 µm DLC under a normal load of 1 N, the modified Hertzian theory predicts a
contact radius of 24 μm, a maximum pressure of 550 MPa, and a deformation depth of 360 nm.
After each friction test optical profilometry was used to images the wear tracks. Line profiles
across the wear tracks generated during the friction tests were used to compare the amount of
wear of the different substrates in the different environments.
Nanoindentation measurements were performed using Hysitron TI 900 nanoindenter. A
three-sided Berkovich tip with a radius of curvature of ~150 nm and 65.35o half angle was used
to perform displacement-controlled indentations. Indentations with 140 nm maximum
indentation depths were performed on the flat DLC, the DLC-on-wells, and the DLC-on-domes.

3.4

Results and discussion

3.4.1 The lubrication mechanism of the surface texture
Figure 3.4 shows the friction coefficient as a function of the reciprocating cycle for the
tests done in dry nitrogen gas containing pentanol with 40% relative partial pressure, liquid
pentanol, PAO6, and liquid hexadecane. Pentanol partial pressure of 40% is chosen to ensure
that a monolayer of pentanol is adsorbed on the DLC surface. Figure 3.5 shows that pentanol
adsorption on DLC measured using ATR gives type II adsorption isotherm. In the beginning, the
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thickness of the adsorbed pentanol layer on the DLC increases with its partial pressure until the
formation of the first monolayer is completed at ~25%. After that the thickness stays almost
constant until the partial pressure reaches 45%, after which a multi-layer of pentanol gets
adsorbed with increased partial pressure.

Figure 3.4: Friction coefficient as a function of the reciprocating cycle on the flat DLC, the DLC-on-wells, and the
DLC-on-domes in resulted from friction tests in (a) Dry nitrogen containing 40% relative partial pressure of
pentanol vapor, (b) liquid pentanol, (c) Polyalphaolifen-6 cSt viscosity (PAO6), and (d) liquid hexadecane.

The extended Hertzian theory for three-dimensional coated bodies developed by Liu and
Wang was used to calculate the deformation depth during the friction test [73]. For the 3 mm
stainless steel ball contacting a silicon substrate coated with 1.3 µm DLC under a normal load of
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1 N, the modified Hertzian theory a deformation depth is 360 nm. Whether this deformation
takes place on the substrate or on the ball is determined by the elastic moduli of the two
contacting materials. In our case, stainless steel has a Young’s modulus of 200 GPa and DLC has
a Young’s modulus of 55-70 GPa (measured using nanoindentation). Therefore, the DLC
substrate will deform during the test, and the deformation depth is deeper than the average
distance between top points and bottom points on the textured substrates found from AFM
measurements (Figure 3.2 and

Figure 3.3). This means that the features of the DLC-on-wells

and the DLC-on-domes will deform during the friction tests, which will result in a similar
contact area between the stainless steel ball and the substrate in the three cases: flat DLC, DLCon-domes, and DLC-on-wells.

(a)

(b)

Figure 3.5: (a) Absorption spectra of adsorbed pentanol vapor on DLC. Both the C-H stretching and the O-H
stretching vibrations peak grow with increasing the partial pressure indicating more adsorbate. (b) Adsorption
isotherm of pentanol on DLC calculated from the spectra in (a)

Although the Hertzian contact calculations predict similar contact areas between the
stainless steel ball and the three substrates due to the large deformation depth, the friction
coefficient is significantly lower on the textured DLC compared to the flat DLC in liquid
pentanol and hexadecane (Figure 3.4-b,d). On the flat DLC, liquid pentanol gives a friction
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coefficient of 0.15, while on the DLC-on-wells and the DLC-on-domes the friction coefficients
are ~0.12 and ~0.1, respectively. In hexadecane, the flat DLC gives a friction coefficient of
~0.15, while the DLC-on-wells and the DLC-on-domes give steady-state friction coefficients of
0.12 and 0.06, respectively. On the other hand, the surface texture does not reduce friction when
the friction tests are done in 40% p/psat of pentanol vapor or when the tests are done with PAO6
lubricant (Figure 3.4-a,c). In the presence of an adsorbed monolayer of pentanol, the friction
coefficient is ~0.14 regardless to the surface topography. Similarly, the flat DLC, the DLC-onwells, and the DLC-on-domes all give a friction coefficient of ~0.125. So the question is: why
does surface texture reduce the friction coefficient when hexadecane and liquid pentanol are
used, but not in PAO6 or pentanol-containing vapor?
The reduction of the friction coefficient on the textured surfaces can be explained by liquid
solidification and entrapment which results in a reduction of the actual contact area. As Figure
3.6-a,b depicts, the DLC surface deforms under pressure from the counter surface. The high
contact pressure also squeezes most of the liquid lubricant, except the last one/few monolayers,
outside the contact area. If the liquid lubricant solidifies upon confinement, the situation will be
as Figure 3.6-a shows. The actual contact area in this case is between the solid-like confined
liquid and the counter surface. But when a textured surface is used (Figure 3.6-b), the liquid
lubricant gets trapped inside the depressions of the textured surface. Because these depressions in
the DLC-on-wells and the DLC-on-domes are ~100 nm deep, too much liquid is trapped to
solidify. Liquids generally show long-range ordering of and transition to solidity when the liquid
film is less than 10 monolayers thick, which is equivalent to a maximum of few nanometers [9,
12, 16, 17, 19, 82]. But solidification at the high points of the textured surface will still take
place because these points directly contact the counter surface. The liquid pockets that form
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inside the depressions of the textured surface reduce the actual solid-solid contact area.
Therefore, although the nominal contact areas on the flat and the textured surfaces are the same,
the actual contact area is reduced by the presence of the entrapped liquid on the textured surface,
and that reduces friction.
This lubrication mechanism can be proved by comparing the effect of the surface texture
when liquid pentanol is used and when the adsorbed pentanol layer is used. Since the induced
oxidation and the chemical interaction between DLC and the adsorbed pentanol layer are
expected to be similar to those between DLC and liquid pentanol, any difference in the friction
coefficient behavior between the two cases will be resulted from the difference in the lubrication
mechanism between the bulk liquid and the adsorbed vapor layer.
As Figure 3.4-a shows, in the presence of an adsorbed monolayer of pentanol the textured
surface does not reduce friction. This is due to the deep deformation of the DLC surface that
takes place during the friction tests, which results in similar actual contact areas on the flat DLC
and the textured DLC. As the schematic in Figure 3.7-a,b shows, the adsorbed vapor layers take
the form of rigid layers that cannot be squeezed out of the contact area, they act like a solid body
that deforms with the DLC surface under pressure. This causes severe deformation of the
textured DLC surface, and the resulting contact area between this solid-like adsorbate and the
counter surface becomes independent of the initial surface topography. Therefore, the friction
coefficient in the presence of adsorbed vapor layer(s) is similar on the flat and the textured DLC.
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Figure 3.6: The resulting contact area of a liquid that can solidify when confined between (a) a flat substrate and
a counter-surface and (b) nano-textured substrate and a counter-surface. On the flat substrate, the liquid solidify
inside the contact area due to confinement. On nano-textured surface, the liquid gets entrapped in the depressions
of the nano-textures surface and solidifies on the top points. In the presence of a liquid that solidifies, surface
texture reduces the actual contact area.
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Figure 3.7: Adsorbed vapor layer(s) on: (a) a flat substrate, and (b) a nano-textured substrate. The nano texture is
deformed because the adsorbate is a structured, solid-like layer. The actual contact area between is the same on
the flat and the nano-textured substrate in the presence of the adsorbed vapor.
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Figure 3.8: Liquid lubricant that doesn’t solidify upon confined on (a) a flat substrate, and on (b) a nano-textured
substrate. There is no actual reduction in the contact area between the flat and the textured substrate when the liquid
doesn’t solidify.
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In the case of liquid pentanol (Figure 3.4-b), the flat DLC substrate gives a friction
coefficient value of 0.15, which it the same value that adsorbed pentanol vapor gives on the flat
and the textured DLC (Figure 3.4-a). This similarity in the friction coefficient values maybe
indicates a similar lubrication mechanism. It is known that simple linear and cyclic molecules
solidify upon confinement [9-17]. Measurements using surface force apparatus and molecular
dynamic simulations showed that alkanes with several chain lengths and simple linear molecules
exhibit long-range ordering when they are confined in small gaps between atomically flat
surfaces. As the thickness of the confined liquid decreases, its viscosity and relaxation times
deviate more from the bulk. During the friction test on flat DLC most of the liquid pentanol gets
squeezed out of the contact area due to the high pressure, and the liquid left gets solidified.
Figure 3.6-a and Figure 3.7-c illustrate how the solidified liquid pentanol behave similar to the
solid-like pentanol adsorbate, and thus give similar friction coefficient values. Although the
friction coefficient results on the flat and the textured DLC indicate that liquid pentanol solidify
and therefore behave similar to the pentanol adsorbate, it is hard to tell how many layers of liquid
pentanol actually solidify inside the contact area.
DLC-on-wells and DLC-on-domes give lower friction coefficient than flat DLC in liquid
pentanol. Now that solidification is evident by the similarity of the friction coefficient in liquid
pentanol and adsorbed pentanol layer on the flat DLC, the mechanism of liquid entrapment
(Figure 3.6-b) explains the reduction of the friction coefficient on the textured DLC compared to
the flat DLC in liquid. Figure 3.6-a,b shows the difference between the case of liquid pentanol
lubrication on the flat DLC surface compared the liquid pentanol lubrication of the textured
DLC. While the confined liquid pentanol solidifies inside the contact area on the flat DLC
(Figure 3.6-a), only the top areas of the textured DLC causes confinement and solidification of

55
pentanol. The depressions in the textured DLC entrap a large amount between the discrete layers
of the solidified pentanol at the top point, which reduces the actual contact area. The surface
texture does not reduce the friction coefficient in pentanol vapor because the adsorbed layer
deforms with the DLC surface. However, in liquid pentanol the features of the textured DLC get
partially deformed due to the incompressibility of the entrapped liquid. The entrapped liquid
reduces the effective contact area between solid-like lubricant layer(s) and the counter surface
which reduces friction coefficient.
Tests in hexadecane and PAO6 also support the previous explanation (Figure 3.4-c,d).
Hexadecane is a simple linear molecule that solidifies upon confinement [19]. Therefore, the
effect of surface texture on friction in hexadecane liquid should be similar to texture effect in
liquid pentanol. Figure 3.4-d shows that similar to when liquid pentanol is used, the friction
coefficient on the DLC-on-wells and the DLC-on-domes is significantly lower that the friction
coefficient on flat DLC in hexadecane liquid. And the mechanism by which texture reduces the
friction coefficient in hexadecane is the same as that for liquid pentanol (Figure 3.6-a,b). The
entrapment of liquid on the textured surfaces reduces the actual contact area compared the flat
surface where solidification takes place.
Conversely, the friction coefficient in PAO6 is independent of the surface topography.
Figure 3.4-c shows that PAO6 results in similar friction values on flat DLC, DLC-on-wells, and
DLC-on-domes. PAO6 is a heavily branched molecule, and unlike linear molecules, branched
molecules do not solidify upon confinement [18, 19]. Because PAO6 does not solidify, surface
texture does not reduce friction coefficient when it is used. This is explained by the schematic
shown in Figure 3.8-a,b. On both flat and textured surfaces, PAO6 fills the area between the two
contacting surfaces. While the solidification of the lubricant combined with the liquid

56
entrapment (Figure 3.6-b) reduces the actual contact area because the confined liquid lubricant
behaves like solid layer(s), when no solidification happens, the effective contact areas on the flat
and the textured surfaces are similar (Figure 3.8-a,b).
Therefore, in the presence of an adsorbed vapor layers (Figure 3.7) or in the presence of a
lubricant that does not solidify (Figure 3.8), surface texture does not affect the friction coefficient
because the contact area is essentially the same on a flat or on an originally textured surface.
Surface texture reduces the friction coefficient when it results in actual reduction in the contact
area, which occurs in the presence of a liquid lubricant that solidifies (Figure 3.6).
Another interesting observation that further supports the previous conclusion is the
friction coefficient values in Figure 3.4. The friction coefficient in the presence of the adsorbed
pentanol layer (Figure 3.4-a), in liquid pentanol on the flat DLC (Figure 3.4-b-flat DLC), and in
hexadecane on the flat DLC (Figure 3.4-d-flat DLC) are all around ~0.15. This is the value
predicted by the Stribeck curve at the very beginning of the boundary lubrication where one/few
monolayers of the lubricant are present. These similar friction coefficient values indicate a
similar lubrication mechanism and support the proposed mechanism in Figure 3.6 and Figure 3.7.
The confined liquid lubricant on a flat surface acts like solid layer(s) that is similar to the
adsorbed vapor layer.
3.4.2 Wear of flat DLC: Adsorbed vapor vs. solidified liquid
Figure 3.9-a-d show line profiles (from optical profilometry) across the wear tracks formed
during the friction tests in the different environments on flat DLC, DLC-on-wells, and DLC-ondomes. Next to each line profile is an optical microscope image of the wear track from which the
line profile is taken. When little wear of the textured DLC takes place, optical profilometry fails
to show it. This is probably due to light scattering off of the textured DLC, and due to low
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resolution of the optical profilometry at the magnification used to collect the wear tracks profiles.
For this reason, dark-field optical microscope images are shown in Figure 3.9 when wear took
place. In dark-field optical microscopy images, the unscattered light is excluded and only
scattered light is shown which results in illumination of rough surfaces (surfaces with features).

Figure 3.9: Wear tracks profiles on the flat DLC, the DLC-on-wells, and the DLC-on-domes in (a) hexadecane
liquid, (b) liquid pentanol, (c) PAO6, and 40% pentanol partial pressure. Next to each line profile is microscope
image of the sliding track.

It is clear from Figure 3.9 that textured DLC is more wear resistant that the flat DLC. Also,
the DLC-on-domes significantly reduces wear compared to the DLC-on-wells. Hexadecane
results in a significant increase in wear on the flat DLC compared to the textured DLC (Figure
3.9-a). ~130 nm deep trenches are found on the flat DLC after the friction tests in hexadecane,
but the DLC-on-wells shows better wear resistance in hexadecane compared to the flat DLC. As
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the line profiles and the optical microscope images show, some deformation of the surface
texture of the DLC-on-wells takes place, but the width of the wear track is significantly smaller
than that on the flat DLC. Tests on the DLC-on-domes on the other hand result in no wear at all.
The optical microscope image of the DLC-on-domes after the friction tests does not show a wear
track and the line profile of the sliding track shows no deformation. A similar trend is also
observed in liquid pentanol. The wear track found on flat DLC after the friction test in liquid
pentanol is ~100 nm deep, but little wear is found after the friction tests on the textured DLC
(Figure 3.9-b). Since very little wear takes place on the textured DLC, the optical profilometry
shows no difference between the lines profiles across the DLC-on-wells and the DLC-on-domes
tracks. But the dark-field optical microscope images of the sliding tracks show that some
flattening of the surface texture of the DLC-on-wells occurs during the friction tests in liquid
pentanol, but very little or no wear on the DLC-on-domes occurs. In PAO6 and in the presence
of the adsorbed pentanol layer very little or no wear takes place on both the flat and the textured
DLC.
The improved wear resistance of the DLC-on-wells and the DLC-on-domes compared to
the flat DLC indicates that less plastic deformation takes place. On the flat DLC, asperities break
when they reach the yield stress. However, it seems that the surface texture can reduce the
breaking of asperities, perhaps by assisting the material at the top points to flow and fill out the
spaces available in the neighboring valleys. Also, the DLC-on-domes reduce wear more than the
DLC-on-wells, and they result in a lower friction coefficient in hexadecane and liquid pentanol.
The improved performance is related to the presence of the elastic polystyrene spheres under the
DLC film. The role that is played by the surface texture and the polystyrene spheres is discussed
in detail in the next section.
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An interesting observation is the difference of the flat DLC wear between liquid pentanol
and adsorbed pentanol vapor. Liquid pentanol results in a significantly more wear on the flat
DLC (Figure 3.9-b flat DLC) compared to the adsorbed pentanol monolayer (Figure 3.9-d flat
DLC). But Figure 3.4-a,b show the friction coefficient values are similar on the flat DLC in the
case of liquid pentanol and adsorbed pentanol monolayer. The lubrication mechanism in Figure
3.6 and Figure 3.7 suggests a similar lubrication mechanism of the confined, solidified liquid
pentanol on a flat surface (Figure 3.6-a) and the adsorbed pentanol monolayer on a flat surface
(Figure 3.7-a). So why does the solid-like confined liquid pentanol and the solid-like adsorbed
monolayer result in different wear?
This difference comes from the different number of molecular layers present between the
contacting surfaces. From the pentanol adsorption isotherm (Figure 3.5), 40% relative partial
pressure of pentanol corresponds to one adsorbed monolayer on the DLC surface. On the other
hand, confined liquids can show solid-like behavior even if more than one monolayer is present
[9, 12, 16, 17, 19, 82], but the deviation from the liquid-like behavior is less as the number of
molecular layers, i.e. the thickness of the confined liquid increase.
The effect of the number of molecular layers on wear is also evident from Figure 3.10.
While at 40% pentanol relative partial pressure the wear is negligible, increasing the partial
pressure increases the wear. When the friction test is performed at 89% relative partial pressure
of pentanol, which corresponds to ~3 molecular layers of adsorbed pentanol, the resulting wear is
different than the wear when a single monolayer is adsorbed. The wear in the presence of three
adsorbed pentanol layers (at 89% p/psat) looks like a transition between the wear of a single
monolayer (at 40% p/psat) and solidified liquid pentanol. Therefore, although it is hard to know
the exact number molecular layers of liquid pentanol that solidify on the flat DLC upon
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confinement, the wear pattern shows that multi molecular layers of pentanol are confined. The
reason why the single monolayer of pentanol prevents wear while the multi-layer of pentanol
results in wear is not clear. Although the difference can be related to the less deviation from the
liquid to the solid behavior as the number of the confined molecular layers increases, more
research is required to understand this phenomenon.

Figure 3.10: Wear track profiles on flat DLC after friction tests in the presence
of one monolayer of adsorbed pentanol (40% p/psat), ~three layers of adsorbed
pentanol (89% p/psat), and confined, solidified liquid pentanol. The three layers
of the adsorbed pentanol is a transition between the monolayer and the solidified
bulk.

3.4.3 The role of polystyrene spheres under the DLC film
Although DLC-on-wells and DLC-on-domes have similar surface roughness, it is
interesting how the friction coefficient of DLC-on-domes is significantly lower than that of
DLC-on-domes (Figure 3.4). The improved performance of the DLC-on-domes is related to the
presence of the polystyrene spheres under the DLC film.
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It has been shown that a soft film under hard coating, or hard coating deposited on soft
substrate, enhances the tribological properties of the hard film [45, 49, 51]. This is because the
soft film allows the hard coating to bend and conform better when it experiences hard pressure
from the counter surface, which prevents fracturing. Staedler et al. showed that the substrate
hardness and elastic modulus affect not only friction and wear resistance of the DLC film, but
also the substrate affects the measured hardness with nanoindentation of DLC even when the
contact depth is only 10% of the DLC film thickness [83].
Figure 3.1-f shows a cross section of the DLC-on-domes and the deformation depth (δ)
during expected under the friction test pressure. When the surface deforms by 360 nm, the
counter surface gets close enough to the polystyrene spheres that their mechanical properties can
affect the friction and the wear of the DLC film. While the top-most layer of DLC film still
retains its hardness and scratch resistance, the elastic polystyrene spheres under the DLC film
can reduce the plastic deformation of the DLC.
Nanoindentation measurements were performed to see if the presence of the polystyrene
spheres actually affects the elastic behavior of the DLC film. A Berkovich tip with ~120 nm
radius of curvature is used to make 140 nm deep indents on the flat DLC, the DLC-on-wells, and
the DLC-on-domes. Figure 3.11 shows the residual indentation marks after indents done on flat
DLC (Figure 3.11-a), on a bottom point and on top point of the DLC-on-domes (Figure 3.11b,c), and on a bottom point and a top point of the DLC-on-wells (Figure 3.11-d,e). Also, the line
profile of each of the residual indents on the textured DLC is compared to the line profile of the
residual indent of the flat DLC. From the images of the residual indents, the indentation marks
on the textured surfaces look narrower than the indentation marks on the flat DLC. The three
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sides of the indentation marks on the textured surfaces (especially the DLC-on-domes) look like
thin lines as if the material has less plastic deformation after the indentation.

Figure 3.11: Residual indentation marks on (a) the flat DLC, (b) and (c) on a bottom point and on a top point of
DLC-on-domes and (d) and (e) on a bottom and on a top of the DLC-on-wells.

From the line profiles of the residual indentation marks, the average width of the residual
indents for the flat DLC, the DLC-on-wells, and the DLC-on-domes are calculated. The average
residual indentation width of the flat DLC is 750±50 nm, for the DLC-on-wells is 640±140 nm,
and for the DLC-on-domes is 440±110 nm. The DLC-on-domes show 41% decrease in the
indentation width which indicates less plastic deformation. This means the presence of the
polystyrene spheres affect the mechanical properties of the DLC film, which can significantly
improve the tribological behavior of the film. The significant reduction in the friction coefficient,
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the wear prevention during the friction tests, and the reduction in the residual indentation width
of the DLC-on-domes give strong evidence that the polystyrene spheres improve DLC
performance. The DLC-on-wells also resulted in residual indents that are ~15% narrower
compared to the flat DLC. Although this reduction in the residual indents width is about three
times less than the reduction observed on the DLC-on-domes, it maybe indicates that surface
texture also reduces the plastic deformation of the DLC which can be related to the wear
reduction of the DLC-on-wells observed during the friction tests. Surface texture may assist the
material flow from the top points that experience the highest pressure to the surrounding free
spaces in the neighboring valleys, which can reduce the breaking of the asperities under the
friction test pressure [80]. Therefore, it can be concluded that the sub-surface polystyrene
spheres significantly reduces the plastic deformation of the DLC film, and that surface texture
can also plays a role in reducing the film plastic deformation. However, the exact mechanism by
which the polystyrene spheres and the surface texture change the deformation pattern of the hard
DLC film and improves its mechanical properties is a subject of a further study.

3.5

Conclusion
This study shows that liquid solidification can have profound effect on contacting surfaces

with nano-scale roughness. The lubrication effect of surface texture depends on the ability of the
liquid lubricant to solidify upon confinement between the top point of the surface texture and the
counter surface. When the liquid lubricant solidifies at the highest points of the surface texture,
liquid gets entrapped inside the depressions of textured surface. Liquid entrapment reduces the
actual solid-solid contact area and thus reduces the friction coefficient compared to the flat
surface. When the liquid lubricant does not solidify on the other hand, the liquid lubricant-solid
counter surface contact area is independent of the original surface morphology. Similarly, there
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is no reduction in the actual contact area in the presence of a solid-like adsorbate on a textured
surface, and thus no reduction in the friction coefficient is observed.
The presence of the sub-surface polystyrene spheres improves the mechanical properties of
the DLC film. Their elasticity results in less plastic deformation of the DLC film because they
allow the film to bend under the pressure of the counter surface which reduces friction and wear.
The presence of the polystyrene spheres also reduced the width of the residual indent in
nanoindentation experiments even though the indentation depth is only 10% of the DLC film
thickness.
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4 Nano-scale surface texture for a wear-free and near-frictionless
diamond-like carbon
4.1

Abstract
This study shows that nano-scale surface texture of diamond-like carbon (DLC) suppresses

the formation of tribological transfer film in dry nitrogen, humid nitrogen, and liquid water. Two
types of DLC surface texturing are used: DLC coated on silicon etched with nano-wells (DLCon-wells), and DLC on silicon etched with nano-wells that have polystyrene spheres inside them
(DLC-on-domes). The run-in period of DLC in dry nitrogen is significantly shortened on the
nano-textured DLC compared to the flat DLC, and the ultra-low friction coefficient is reached
without the formation of any detectable amount of transfer film on the counter surface. While the
friction coefficient values on the flat and the nano-textured DLC are similar in both the humid
environment and liquid water, DLC surface texture reduces the wear in the humid environment
and mitigates the effect of the continuous oxidation in liquid water. It is also found that the
presence of the polystyrene spheres under the DLC film significantly affects the mechanical
properties of DLC. Their elasticity results in less plastic deformation of the DLC film under
pressure which affects the friction and nanoindentation results.

4.2

Introduction
Diamond-like carbon (DLC) has unique physical, tribological, and mechanical properties

which makes it one of the most commonly studied solid lubricants. In dry environments, DLC
gives an ultra-low friction coefficient (<0.01) usually preceded by a run-in period with high
friction. Wear of the DLC takes place mostly during the run-in period, which results in the
formation of transfer film on the counter surface. The wear prevention effect resulting from the
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presence of the adsorbed molecules is often associated with the loss of the ultra-low friction
coefficient [32, 33, 84].
The ultra-low friction of DLC is debated to originate from the passivation of the dangling
bonds of DLC or by formation of carbon-rich transfer film during the run-in period. While
passivation of the unsaturated bonds of the DLC using hydrogen gives the ultra-low friction
coefficient [31, 35, 37], passivation with other molecules like water vapor or alcohol vapor does
not [32, 33]. While it is widely accepted that transfer film formation is essential to reach the
steady-state ultra-low friction of the DLC, the nature and the structure of this film are still under
investigation [38-41, 84]. It is suggested that DLC turns into graphite during the sliding and
gives the ultra-low friction [38, 39]. It is also suggested that DLC lubricity is a result of both the
formation of carbon-rich film and graphitization [40, 41]. Another mechanism of DLC
lubrication combines both a hydrogen effect and graphitization. This mechanism suggests that
hydrogen release from the hydrogenated DLC structure causes relaxation of the sp3 bonds, and
facilitates the formation of graphite [38]. Although it was found that DLC graphitization happens
in cases where ultra-low friction takes place (dry nitrogen and argon environment),
graphitization was also found to happen in environments where friction is relatively high [38].
Also, graphite does not lubricate in inert environments (like dry nitrogen) or in vacuum, but DLC
still shows ultra-low friction in these environments [39]. This clearly means that graphitization is
not the sole reason for the ultra-low friction of DLC.
Surface texturing is used to enhance the lubricity between sliding surfaces. The mechanism
by which surface texture reduces friction coefficient in the presence of liquid lubricant is
different for the different lubrication regimes. In boundary lubrication regime surface texture can
reduce friction coefficient by acting as reservoirs for constant liquid replenishment. During the

67
sliding, the liquid lubricant flows outside the reservoirs and gets delivered to the contact area.
The size of the surface texture, and its direction relative to the sliding direction of the contacting
surfaces was found to be a critical factor in lubrication. Pettersson et al. studied the effect of
grooves and dimples of sizes ranging from 5-50 µm on DLC lubrication. They found that if the
grooves or the dimples do not have the right depth or size, or if they do not allow quick liquid
flow during the sliding, they can drain instead of replenish the lubricant, which can result in a
severe wear and higher friction coefficient compared the flat surfaces [57-59]. It was also found
by the author that the surface texture in boundary lubrication regime can reduce the friction by
reducing the actual contact area. If the liquid lubricant solidifies at the protrusions of the textured
surface upon confinement, the liquid lubricant can get entrapped in the depressions of the surface
texture, which reduces the actual contact area. In the hydrodynamic lubrication region, on the
other hand, where the layer of lubricant between the contacting surfaces is thick enough to
prevent asperity contact, texture was found to change the hydrodynamics of the system. Etsion et
al. suggest that the textured portion of the surfaces provides a larger effective clearance between
the two surfaces compared to when a flat surface is used, which increases the load carrying
capacity and reduces friction and wear [62, 63].
Pettersson et al. produced well-defined micro-scale textured DLC by texturing silicon
substrates using lithography and coating them with DLC. The lubrication effect of the textured
DLC was studied in boundary lubrication. Pettersson et al. found that if the correct size and
orientation of the surface texture is used, friction coefficient can decrease. They also found that
only a few of the textured DLC surfaces work, in some cases texture results in severe wear and
high friction coefficient when it drains the liquid lubricant outside the contact area [58, 59].
Yasumaru et al. produced nanoscale roughness on DLC using femtosecond-laser-induced
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texturing. They found that due to the exposure of the DLC surface to high temperature, DLC
surface structure changed to glassy carbon during the irradiating DLC process [65].
In this study, nano-scale textured DLC is done by texturing silicon substrate with pyramids
(nano-wells), and pyramids containing polystyrene spheres (nano-domes). The effect of nanoscale surface texture on friction, wear, and transfer film formation is studied in a dry nitrogen
environment, in the presence of adsorbed water monolayer (humid environment), and in liquid
water. Also, the origin of the difference in the DLC tribological behavior between liquid water
and water vapor is investigated.

4.3

Experimental techniques
Textured DLC films were produced coating DLC films on textured substrates. Silicon 100

substrates were chemically etched using 1 µm-diameter positively charged amidinefunctionalized polystyrene latex colloids (APSL) [66]. When heated to 150oC in water, the
amidine groups on the APSL colloids adsorbed on the silicon substrate undergo a hydrolysis
reaction and produce hydroxide ions that etch the silicon. Two types of structure were produced;
nano-wells, which are the inverted pyramids (Figure 4.1-a) etched in the silicon substrate, and
nano-domes, which are the same pyramids in Figure 4.1-a with the APSL colloids inside them
(Fig.4.1-d).
DLC films with thickness of 1-1.5 µm were deposited at Argonne National Lab on the
textured silicon and on non-textured silicon wafers to produce flat and textured DLC. Before
DLC deposition, the substrates were cleaned by argon sputtering, and ~100 nm thick silicon
bond layers was deposited to enhance DLC adherence to the substrate. DLC films were then
deposited with room-temperature Plasma Enhanced Chemical Vapor Deposition [30]. A source
gas mixture of 75% hydrogen and 25% methane was used to produce hydrogenated DLC film
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with hydrogen atomic percent of ~40%. Figure 4.1-b,e show scanning electron microscopy
images of the DLC-coated textured silicon substrates topography. Also, cross section imaging of
the DLC coated substrates was used to measure the DLC film thickness. The coated DLC films
have an average thickness of 1.3 μm.

Figure 4.1: SEM images. a-c: Nano-wells etched on silicon substrate, DLC-coated nano-wells (DLC-on-wells), and
x-section of the DLC-on-wells respectively. d-f: Nano-domes on silicon substrate, DLC-coated nano-domes (DLCon-domes), and cross-section of the DLC-on-domes respectively.

Optical profilometry was used to find the roughness of the flat and the textured DLC.
Fig.4.2-a-c show optical profilometry images showing the surface topography of the flat DLC,
the DLC-on-wells, and the DLC-on-domes. And Table 4.1 summarizes the roughness statistics
for the three surfaces found using atomic force microscopy. The DLC-on-wells and the DLC-ondomes have similar RMS and average roughness, but the skewness and the kurtosis values show
the difference between them. The skewness value of the DLC-on-domes is more positive than
the skewness value of the DLC-on-wells, and the kurtosis value of the DLC-on-wells is close to
3 while the kurtosis value for the DLC-on-domes is 2. Both skewness and kurtosis measurements
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suggest that DLC-on-domes have upward spikes while the DLC-on-wells have more
symmetrical topography around the mean plane.

Figure 4.2: Optical profilometry images of (a): flat DLC, (b) DLC-on-wells, and (c): DLC-on-domes.

A ThermoNicolet Nexus 670 infrared spectrometer with an ATR setup and a MTC-A
detector was used to create water adsorption isotherm on DLC. A silicon ATR crystal with a 45o
bevel cut providing a 45o incident angle and a total of 36 effective internal reflections was used
coated with ~70 nm hydrogenated DLC film. The coating was deposited at Argonne national lab
using the same method used to produce the hydrogenated DLC films for the friction tests. The
absorbance spectra were collected under an increasing partial pressure of water. The thickness of
the adsorbed water layer at a specific vapor pressure was found by comparing the experimental
absorbance calculated from ATR with a theoretical absorbance. The theoretical absorbance can
be calculated using Milosevic approach for multi-layer spectroscopy for a specific adsorbate
thickness.
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Table 4.1: Surface roughness statistics of flat DLC, DLC-coated wells, and DLC-coated domes from AFM
measurements of 30 μm2 of flat DLC surface, and 40 μm2 of DLC-coated wells and domes.
Flat DLC

DLC-coated wells

DLC-coated domes

RMS roughness (nm)

3.2

53.9

54.7

Average roughness (nm)

1.8

43.1

46

Skewness

-

0.19

0.43

Kurtosis

-

3.1

2.1

Average top-to-bottom distance (nm)

-

150

120

A home-built reciprocating ball-on-flat tribometer was used to perform all the friction
tests. The tribometer is operated with a ball moved in a linear motion on the substrate with a
speed of ~0.4 cm/s resulting in wear track of ~2.5 mm. The friction coefficient was measured for
the bidirectional linear motion of the ball by measuring the lateral force exerted on the ball
during its linear motion using a calibrated strain gauge sensor. Friction tests in liquid water were
performed in a liquid cell, whereas the friction tests in dry nitrogen and water vapor
environments were done using the environmental chamber that can be installed on the
tribometer. The environmental chamber was connected to a flow system that delivered dry
nitrogen to the test environment or used it as a carrier gas to deliver water vapor. To control the
vapor pressure of water in the test environment, a dry nitrogen gas was flowed through towers
filled with liquid water to get saturated. The water-saturated nitrogen was then mixed with a dry
nitrogen stream with the ratio needed to achieve the desired humidity and then fed to the test
environment. Commercially available 3 mm 440C stainless steel balls with surface roughness of
~9 nm were used as counter surfaces and an applied load of 1 N was used in all tests. All
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substrates and stainless steel balls were washed with ethanol and purged with dry nitrogen before
the friction tests.
The extended Hertzian theory for three-dimensional coated bodies was used to calculate
the contact radius, pressure, and deformation [73]. For the 3 mm stainless steel ball contacting a
silicon substrate coated with 1.3 µm DLC under a normal load of 1 N, the modified Hertzian
theory predicts a contact radius of 24 μm, a maximum pressure of 550 MPa, and a deformation
depth is 360 nm. This deformation is expected to take place on the DLC substrate rather than on
the ball because the lower elastic modulus of DLC (55-70 GPa measured with nanoindentation)
compared to 200 GPa of the 440C stainless steel. And since the deformation depth (360 nm)
predicted by the hertzian contact is deeper than the average distance between the top and the
bottom points of the textured DLC substrate (Table 4.1), the features of the DLC-on-wells and
the DLC-on-domes will deform during the friction tests. The deformation will result in a similar
contact area between the stainless steel ball and the substrate in the three cases: flat DLC, DLCon-domes, and DLC-on-wells.
Optical profilometry images of the wear tracks were used to compare the wear of the
different substrates after the friction tests in the different environments. Line profiles across the
wear tracks generated during the friction tests were used to compare the resulted wear in the
different cases. Also, to compare the transfer film formation in different environments, Raman
spectra were collected from the wear marks formed on the stainless steel ball during the friction
tests. A laser with 488 nm excitation wavelength was used, and all the spectra were collected
using the same laser power and integration time to ensure fair comparison between samples. 1015 Raman spectra were collected for each test at different points on the ball wear mark, and a
representative spectrum is shown.
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Nanoindentation measurements were performed using Hysitron TI 900 nanoindenter. A
three-sided Berkovich tip with a radius of curvature of ~150 nm and 65.35o half angle is used to
preform displacement-controlled indentations. Indentations with 140 nm maximum indentation
depths were performed on the flat DLC, the DLC-on-wells, and the DLC-on-domes.

4.4

Results and discussion

4.4.1 The effect of the DLC surface texture on friction coefficient
In the three tested environments, surface texture does not reduce the friction coefficient
value. Figure 4.3-a,b,c show the friction coefficient as a function of the reciprocating cycle for
tests done on flat DLC, DLC-on-wells, and DLC-on-domes in dry nitrogen, in 40% relative
humidity, and in liquid water. In the dry nitrogen environment (Figure 4.3-a) the friction
coefficient values start high on the flat and textured DLC. The friction decreases quickly during
the run-in period and reaches the ultra-low value of 0.01-0.03. The friction coefficient value of
the flat DLC is already ultra-low in these environments, so any further reduction in the friction
due to the texturing will be difficult to detect. In the presence of adsorbed water on the contrary,
it is clear that surface texture does not reduce the friction coefficient.
On the flat DLC, DLC-on-wells, and DLC-on-domes, the adsorbed water vapor gives an
unstable friction coefficient in the range 0.15-0.2. Figure 4.4 shows water adsorption isotherm on
DLC calculated using ATR. The adsorption of water vapor on DLC gives type II adsorption
isotherm. In a type II adsorption isotherm the thickness of the adsorbed vapor layer increases
quickly until the first monolayer forms (for water around 0.3 nm at ~20% RH), after which
further increase in relative humidity does not significantly increase the adsorbate thickness. But
when the vapor pressure reaches saturation the adsorbate thickness increases fast. The friction
tests were done at 40% relative humidity to ensure that one monolayer of water vapor is
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adsorbed on the DLC surface. The reason why the surface texture does not reduce the friction
coefficient compared to the flat DLC can be explained by the deformation of the DLC surface
during the friction tests. Hertzian contact calculations predict a deformation depth that is
significantly larger than the depth of the features of the textured DLC (360 nm of deformation
compared to ~100 nm average top-to-bottom point distance). This means that the actual contact
area in dry environment and in the presence of adsorbed vapor layer(s) is essentially the same on
the flat DLC, the DLC-on-wells, and the DLC-on- domes, which results in a similar friction
coefficient. Since the adsorbed vapor layers take the form of highly ordered rigid layers that
cannot be squeezed out of the contact area, they act like a solid body that deforms with the DLC
surface under pressure. The contact area between this solid-like adsorbate and the counter
surface is independent of the initial surface topography.

Figure 4.3: Friction coefficient as a function of the reciprocating cycles on the flat DLC, the DLC-on-well, and the
DLC-on-domes in (a) dry nitrogen, (b) 40% RH, and (c) liquid water. d-e: wear tracks on the flat DLC, the DLC-onwells and the DLC-on-domes in dry nitrogen, 40% RH, and liquid water respectively.
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Figure 4.3-c shows that friction tests in liquid water give similar steady-state friction
coefficient on both flat and textured DLC. This is in contrast to the case of liquid pentanol and
hexadecane in which the surface texture reduced friction coefficient. Surface texture was found
to reduce the friction coefficient when the liquid lubricant gets entrapped in the depressions of
the textured surface resulting in an actual reduction in the surface area. This mechanism works in
the presence of a liquid lubricant that can solidify upon confinement between the protrusions of
the textured surface and the counter surface which results in the formation of liquid pockets that
reduce contact area. At the top points of the textured surface, the liquid lubricant can solidify due
to confinement because it is close to the counter surface, but there is too much liquid entrapped
in the depressions to solidify. The entrapment of the liquid lubricant inside the depressions of the
textured surface forms a liquid pocket that reduces the actual contact area between the solid-like
confined lubricant and the counter surface. Since in liquid water the surface texture does not
reduce the friction coefficient, this lubrication mechanism clearly does not hold. So the question
is: why doesn’t liquid water follow this lubrication mechanism?

Figure 4.4: Water adsorption isotherm on DLC.
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There are two possible answers to this question. It is either that liquid water does not
solidify upon confinement, or the surface texture is destroyed in the presence of liquid water.
When confined, water show enhanced viscoelastic properties and long-range ordering. The
structural forces of solidified confined water are referred to as hydration forces, and their effect
is observed in aqueous colloidal solutions and biological membranes [82, 85, 86]. So the absence
of the solidified liquid is not the reason why texture does not reduce friction on the textured
DLC. The wear tracks generated on the textured DLC substrates during the friction tests (Figure
4.3-d,f) have the evidence of destroying the texture in liquid water. While very little or no wear
takes place on the textured DLC in dry nitrogen and water vapor, significant flattening of the
textured DLC features happens during friction tests in liquid water. In liquid water, oxidation and
the quick removal of the oxide layer takes place during the test [32, 87]. This continuous
oxidation and removal of material in water wears the DLC surface and flattens the textured DLC
surfaces. Therefore, in liquid water, the chemical interaction between the DLC and water in the
form of oxidation dominates, and the effect of surface texture on friction is negligible.
During the first ~100 cycles liquid water shows a short run-in period. Most probably,
during this run-in period removal of the native oxide layer of the DLC takes place. The friction
coefficient value on the textured DLC during the run in period is smaller than the friction
coefficient value on the flat DLC. This may be due to the initial entrapment of the liquid water
inside the depressions of the textured DLC before the reaction between liquid water and DLC
destroys the surface texture. After a few cycles, the features of the textured DLC are flattened,
and the friction coefficient values of the flat DLC, DLC-on-wells, and DLC-on-domes converge
to the same value.
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Another interesting observation is that the wear of the DLC substrates (both flat and
textured) is less in the presence of the adsorbed water layer compared to the wear in liquid water
(Figure 4.3-e,f). This is probably because the products of the oxidation reaction between the
liquid water and the DLC is removed and carried away by the liquid during the friction test. The
removal of the surface oxide layers, which are formed by the reaction between water and DLC,
results in a continuous oxidation of the freshly exposed DLC surface. Therefore, the continuous
reaction and removal of the reaction products might be the reason for the severe wear of the DLC
surface. On the other hand, the adsorbed monolayer of water does not cause severe wear. This is
because the confined monolayer of adsorbed water acts like a solid layer that protects DLC
surface [82]. Initial oxidation of the DLC surface due to the presence of water vapor in the test
environment in inevitable, but the adsorbed water protects the oxide layers results in less wear
compared to liquid water. This indicates that although the adsorbed monolayer of water gives
higher friction, it better protects DLC surface than the liquid water.
4.4.2 The role of surface texture and sub-surface polystyrene-spheres in reducing wear
and transfer film formation
Figure 4.5-a-f show the wear scars formed on the stainless steel ball during the tests in dry
nitrogen, adsorbed water vapor, and liquid water on the flat and the textured DLC. Figure 4.5-IIII show Raman spectra of the film transferred to the stainless steel ball during the friction tests
in the three environments on the flat DLC, the DLC-on-wells, and the DLC-on-domes. Note that
in some cases the optical microscope image show a visible black mark but the corresponding
Raman spectrum shows very small DLC peaks, the dark color of the wear mark can be caused by
roughness (light scattering) and/or the amount of transfer film is too small to be detected by
Raman.
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Figure 4.5: a-c: Optical microscope images of the stainless steel balls after dry nitrogen tests on flat DLC, DLC-onwells, and DLC-on-domes respectively. (I): Raman spectra for the transfer films in a-c. d-f: optical microscope
images of the stainless steel balls after 40% RH tests on flat DLC, DLC-on-wells, and DLC-on-domes respectively.
(II): Raman spectra for the transfer films in d-f. g-i: optical microscope images of the stainless steel balls after dry
nitrogen tests on flat DLC, DLC-on-wells, and DLC-on-domes respectively. (III): Raman spectra for the transfer
films in g-i.

Surface texture and the presence of polystyrene spheres under the DLC film reduce
transfer film formation and wear in the dry environment, in the presence of adsorbed water layer,
and in liquid water. Since the actual contact area on the flat DLC, DLC-on-wells, and DLC-ondomes is similar due the large deformation, the wear resistance and the reduced transfer film
formation of the textured DLC is related to the improved mechanical properties. The DLC-ondomes is even more wear resistant than the DLC-on-wells which is probably due to the effect of
both the surface texture and the sub-surface polystyrene spheres.
The wear resistance of the textured DLC is clear from the sliding tracks profiles shown in
Figure 4.3-d-f. While wear of the sliding tracks can be found on the flat DLC after tests in dry
nitrogen and 40% RH, no wear is detected on the textured DLC. In liquid water on the other
hand, wear seems to take place on both flat and textured DLC due to the severe oxidation. But
due to the surface roughness of the textured DLC, it is hard to quantitatively compare the wear of
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the flat DLC and the wear of the DLC-on-wells and the DLC-on-domes. For this reason, Raman
spectra of the wear marks formed on the stainless steel ball during the friction tests are
compared.
The higher Raman intensities after the tests on the flat DLC compared to the textured DLC
in Figure 4.5-I-III indicate that more transfer film forms on the ball during the test on the flat
DLC compared to textured DLC. After the friction tests in dry environment, Raman spectrum
shows a huge DLC peak for tests done on flat DLC which indicates a significant amount of
transfer film formation on the ball. Transfer film on the ball after tests on the flat DLC is
detected both inside the contact area (the solid black line) and outside the contact area (the
dashed black line). In the case of DLC-on-wells and the DLC-on-domes however, Raman spectra
show no DLC peaks, indicating very little transfer film formation. The reduction of the transfer
film formation on the textured DLC in dry nitrogen environment is probably related to the
shorter run-in period compared to the run-in period on the flat DLC. Figure 4.3-a shows that the
run-in period on the flat DLC is ~100 runs, but the friction coefficient value on the DLC-onwells and the DLC-on-domes drops to the ultra-low friction value almost immediately. Tests in
40% RH on flat DLC results in transfer film formation that mostly formed on the stainless steel
ball outside the contact area as DLC wear debris. But no DLC Raman peaks were detected on the
stainless steel ball after tests on the textured DLC indicating small or no transfer film formation.
In liquid water, significant amount of transfer film forms outside the contact area on the flat
DLC. Smaller amounts of transfer film are detected on the stainless steel ball after tests on the
DLC-on-wells compared to the flat DLC, but no transfer film is detected after tests on the DLCon-domes.
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The prevention of the transfer film formation and the wear resistance of the textured DLC
compared to the flat DLC are also clear from the optical microscope images (Figure 4.5-a-c).
The wear mark radius after the test on the flat DLC is larger than the contact radius predicted by
the Hertzian contact calculations (~24 µm), which indicates severe wear. Flat DLC resulted in
significant wear and a lot of wear debris in dry environment, in 40% RH, and liquid water. The
DLC-on-wells, on the contrary, results in a smaller ball wear scar radius and less wear debris
compared to the flat DLC. There is vitrually no wear debris on the stainless steel ball after the
friction tests on the DLC-on-domes, and the resulted wear scar is smaller and less dark than the
wear scars formed on the stainless steel balls after tests on the flat DLC and the DLC-on-wells.
This indicates that less wear and/or less transfer film formation occurs during tests on the DLCon-domes. Also, the line profiles of the sliding tracks in Figure 4.3-d,e show that in dry and
humid environments the features of the DLC-on-wells and the DLC-on-domes do not plastically
deform during the friction tests. The Hertzian contact calculations predict ~360 nm deformation
of the DLC under the pressure of the counter surface, but the line profiles of the sliding tracks
after tests in in dry and 40% RH show that the textured DLC features inside the contact area
retains their original shape after the tests, which indicates better elastic recovery of the textured
DLC.
Nanoindentation measurements were performed to further understand the role of surface
texture and the polystyrene spheres in improving the mechanical properties of the DLC film. The
residual indentation marks and their line profiles on the flat DLC, DLC-on-wells, and the DLCon-domes are shown in Figure 4.6. The average residual indentation width of the flat DLC is
750±50 nm, for the DLC-on-wells is 640±140 nm, and for the DLC-on-domes is 440±110 nm.
The DLC-on-domes shows a 41% decrease in the indentation width which indicates less plastic
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deformation. The narrower residual indents indicate that the polystyrene spheres affect the
mechanical properties of the DLC film, and reduces the plastic deformation under pressure. The
~15% reduction in the residual indentation depth of the DLC-on-wells compared to the flat DLC
indicate a difference in the mechanical response of the textured DLC compared to the flat DLC.
The sub-surface polystyrene spheres in the DLC-on-domes affect the overall-response of
the DLC film. Polystyrene spheres can deform elastically deform under pressure. Figure 4.1-f
shows a cross section of the DLC-on-domes and the deformation depth (δ) during the friction
test. When the surface deforms by 360 nm, the counter surface gets close enough to the
polystyrene spheres that their mechanical properties can affect the mechanical properties of the
DLC film. The presence of the polystyrene spheres under the DLC film does not reduce the
hardness or the scratch resistance of the top-most layer of the DLC, but it can help the whole
DLC film to bend under pressure. This can possibly explain the prevention of the transfer film
formation of the DLC-on-domes. When the DLC film can elastically deform under the pressure
from the counter-surface, the highest points may experience less pressure than the highest points
of a DLC film that cannot deform, which can make them less susceptible to break.
The enhanced elastic recovery of the textured DLC can reduces the wear of the DLC
surface, which in return reduces the transfer film formation. During the friction tests, asperities
of the flat DLC surface plastically deform when they reach the yield stress. When these asperities
break, they wear away the substrate and generate transfer film on the counter surface. On the
other hand, the textured DLC shows resistance to this plastic deformation. It seems that the
deformation pattern of the DLC changes due to the texture. Since the flat DLC is not atomically
flat, its surface asperities break under pressure and result in wear and transfer film formation. On
the contrary, when the highest points of the textured surface are under pressure, the material can
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flow to the vacant spaces in the surrounding valleys of the textured DLC [80]. The material flow
on the textured DLC compared to the breakage of asperities on the flat DLC can be responsible
for the reduced wear and transfer film formation.

Figure 4.6: Residual indentation marks on (a) the flat DLC, (b) and (c) on a bottom point and on a top point of DLCon-domes and (d) and (e) on a bottom and on a top of the DLC-on-wells.

In summary, the conclusion of the reduced plastic deformation drawn from the
nanoindentation results of the DLC-on-domes and the DLC-on-wells compared to the flat DLC
supports the wear reduction and the transfer film prevention observed at the macroscopic friction
tests. However, the mechanism by which the sub-surface polystyrene spheres and surface texture
reduce the plastic deformation of the DLC is not fully understood. The way these polystyrene
spheres and the surface texture change the deformation pattern of the DLC remains as an area for
future research.
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4.5

Conclusion
This study refutes the widely believed hypothesis which suggests that the steady-state

ultra-low friction coefficient of DLC requires the formation of a thick graphitized or carbon-rich
transfer film [38, 40, 41]. Using surface texture and sub-surface polystyrene spheres, the DLCon-wells and on the DLC-on-domes suppressed transfer film formation and shortened the run-in
period. Raman spectroscopy indicates that negligible transfer film forms on the counter surface
during friction tests on the DLC-on-wells and the DLC-on-domes. By optimizing the mechanical
properties and the deformation pattern of the DLC films under pressure a near-frictionless and
wear-free DLC coating may be achieved.
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5 Surface texture and sub-surface polystyrene spheres: singleasperity nanoindentation study on diamond-like carbon film
5.1

Abstract
This paper envisages the effect of the nano-scale surface roughness and the sub-surface

polystyrene spheres on the single-asperity indentation of the diamond-like carbon (DLC) film.
Three types of DLC-coated substrates were used: flat silicon, silicon etched with 1 µm pyramids
(nano-wells), and etched with 1 µm pyramids with 1 µm polystyrene spheres inside them (nanodomes). The three substrates were coated with 1.3 µm hydrogenated DLC film to produce flat
DLC, DLC-on-wells, and DLC-on-domes. The DLC-on-wells and the DLC-on-domes had rootmean square roughness of ~50 nm. Displacement controlled indents of ~10% of the DLC film
thickness showed strong dependence on both the contact geometry and the presence of the
polystyrene spheres under the DLC film. The polystyrene spheres in the DLC-on-domes
significantly reduced the residual indents dimensions compared the flat DLC, which indicated
reduced plastic deformation. On the other hand, the surface roughness of the DLC-on-wells
affected the residual indent dimensions to a lesser extent compared to the DLC-on-domes. The
geometry of the contact between the indenter’s tip and the indented surface affected the
measured hardness, elastic modulus, and energy required for the indentation. The effect of the
geometry was more prominent on the DLC-on-domes compared to the DLC-on-wells.

5.2

Introduction
Nanoindentation is frequently used to probe mechanical properties of thin films. The

Oliver-Pharr method is used to evaluate both the elastic and the plastic deformation of the
material by monitoring the force-displacement curve during the indentation process. The Oliver-
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Pharr method infers the contact area between the tip and a surface instead directly measuring it.
So the surface roughness can have a significant effect on the calculated contact area and thus the
measured hardness and elastic modulus.
Several studies aimed to understand the effect of surface roughness on nanoindentation
results. Walter et al. studied used finite element simulations to study the effect of surface
roughness that is small compared to the indenter. They found that the Young’s modulus
measured on the rough surface is underestimated and that more scatter in the measured elastic
modulus values takes place with increased surface roughness [81]. Kim et al. also studied
surfaces with roughness very small compared to the indenter’s radius. They suggested that the
work required to perform an indentation is a summation of two kinds of work: work required for
flattening the features of the rough surface, and work required to deform the surface and make
the indent. Kim et al. concluded that the indentation depth should be much larger than the surface
roughness. When the indentation depth is large compared to the surface roughness, the work
required for flattening the asperities becomes negligible compared to the work required to indent
the surface and the scattering of the data decreases [80]. Bobji et .al. developed a geometric
model and tested it on macro-scale single asperity contact to calculate the actual hardness of a
rough surface [1, 3]. The model was also modified and used to simulate multiple-asperity contact
indentation. The simulation considered indenting surfaces whose roughness was very small
compared to the indenter’s radius, and showed that rough surfaces result in data scattering and
higher measured hardness values than the actual values. The deviation of the hardness values and
data scattering decreased with increasing penetration depth: when the penetration depth into a
rough surface was significantly deeper that the height of the asperities, hardness values measured
on rough surfaces approached values measured on flat surfaces and scattering diminished [1]. In
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summary, the effect of surface roughness in multi-asperity indentation has been studied
theoretically and experimentally on the micro and nano scale. On the other hand, the effect of
single asperity indentation on the contact geometry and the measured hardness and elastic
modulus was studied only at the macro-scale.
In this study we investigate the effect of DLC surface roughness and the effect of
polystyrene spheres under the DLC film using single asperity indentation. The indents are
performed using an indenter which has a radius of curvature smaller than that of the indented
asperities. The measured hardness and elastic modulus and the dimensions of the residual indents
are investigated and related to the geometry of the indented points.

5.3

Experimental techniques
Textured DLC was produced by coating textured silicon substrates with DLC film. The

silicon substrates were textured by chemical etching using positively charged amidinefunctionalized polystyrene latex reactive colloids (APSL) [66]. APSL colloids of 1 µm diameter
were allowed to freely settle on the silicon wafer and then heated to ~150 oC in water. When
heated, the amidine groups on the APSL colloids undergo a hydrolysis reaction and produce
hydroxide ions that etch the silicon wafer in an inverted pyramidal shape. Two types of structure
are produced: nano-wells, which are the inverted pyramids, and nano-domes, which are the same
pyramids but with the APSL colloids inside them. The textured silicon wafers and other nontextured wafers were then coated with 1-1.5 μm of Diamond-like Carbon (DLC) film. The
coating was deposited at Argonne National Lab with room-temperature Plasma Enhanced
Chemical Vapor Deposition [30]. Before DLC deposition, the substrates were cleaned by argon
sputtering, and ~100 nm thick silicon bond layer was deposited to enhance DLC adherence to the
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substrate. A source gas mixture of 75% hydrogen and 25% methane was used to produce
hydrogenated DLC film with hydrogen atomic percent of ~40%.

Figure 5.1: (a-c) Atomic microscope images of flat DLC, DLC-on-wells, and DLC-on-domes respectively. (d-f) line
profiles for flat D:C, DLC-on-wells, and DLC-on-domes respectively.

Figure 5.1-a-c show AFM images of the DLC coated silicon substrate and Figure 5.1-d-e
show the line profile for the dotted lines drawn on the AFM images. The DLC-on-wells has a
more symmetric morphology than the DLC-on-domes. The top and bottom areas are more evenly
distributed in the DLC-on-wells compared to the DLC-on-domes. The top points and the bottom
points are grouped in larger areas in the DLC-on-domes compared to the DLC-on-wells. On the
other hand, the line profiles for the DLC-on-wells and the DLC-on-domes in Figure 5.1-d-e show
that the average heights of the features of the DLC-on-wells and the DLC-on-domes are similar.
The features of both the DLC-on-wells and the DLC-on-domes are random with width ranging
from 0.5-1.5 µm and height ranging from ~90-150 nm for most points. AFM roughness
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calculations show that the average top-bottom distance is 150 nm for the DLC-on-wells and 120
nm for the DLC-on-domes. Figure 5.2 shows cross section images of the DLC coated silicon
substrates: Figure 5.2-a shows DLC-on-wells with the bottom points of the texture located above
the wells etched on the silicon substrate and the top points between the wells, and Figure 5.2-b
shows DLC-on-domes with the top points of the texture located above the polystyrene spheres
and the bottom points between the polystyrene spheres.
A Hystiron TI 900 nanoindenter was used to do nanoindentation measurements on the flat
and the textured DLC. A three sided Berkovich tip of ~150 nm radius of curvature was used to
measure hardness and elastic modulus values of flat DLC, DLC-on-wells, and DLC-on-domes.
30 indents with a maximum indentation depth of 140 nm were done on each substrate. For the
DLC-on-wells and the DLC-on-domes, only indents that took place on a top or a bottom point
were considered for analysis. Indents took place on inclined part of the surface were not taken
into account to reduce the error in calculations.

Figure 5.2: FESEM image of the cross section of the DLC-on-wells, and the DLC-on-domes
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5.4

Results and discussion
Figure 5.3 shows the measured hardness and elastic modulus values of the flat DLC, the

DLC-on-wells, and the DLC-on-domes. The hardness values are 4.97±0.07, 4.62±0.92, and
5.57±1.25 for the flat DLC, the DLC-on-wells, and the DLC-on-domes respectively. The
reduced elastic modulus will be used for comparison between the three samples because the
Poisson ratio of this DLC is unknown. The reduced modulus values are 55.54±0.34, 52.07±6.67,
and 66.23±12.02. The large scattering in the hardness and the elastic modulus data measured on
the textured DLC is most probably because the indentation depth is comparable to the height of
the asperities [1-3, 77, 80, 81]. Although the data scattering for the measurements of the textured
DLC is large, the statistical tests show the increase in the elastic modulus of the DLC-on-domes
is higher than the elastic modulus of the flat DLC and the DLC-on-wells with 99.5% confidence
level.
We will use the model developed by Bobji et al. to understand the differences in the
measured hardness and elastic modulus values between the flat DLC, the DLC-on-wells, and the

Figure 5.3: Hardness and reduces elastic modulus values of the flat
DLC, DLC-on-wells, and DLC-on-domes.
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DLC-on-domes [1, 3]. The model developed by Bobji et al. is a geometric model that can be
used to find the actual hardness (H0) from the hardness value measured on a rough surface (H)
using equation (5.1):
 RaCos 2 

H  H 0 
 Ri  Ra 

(5.1)

where Ra is the radius of the indented asperity, Ri is the radius of the indenter, and Cos 2
accounts for the deviation that happens when indents do not take place at the top of the asperity.
Therefore, the term in the brackets serve as a geometric correction factor that depends on the
indenter’s and the indented asperity’s radii and the indentation angle.
Figure 5.4 shows the indenter’s tip used to perform the indentations and a typical top point
on the textured DLC surfaces drawn to scale. The inset to Figure 5.4 shows the same top point on
a scale that shows its dimension. The indenter used to perform the indents has a radius of
curvature (Ri) of ~150 nm, while the circle fitted to the asperity when it is drawn on the same
scale as the indenter has a radius of curvature Ra. Therefore, because Ra >> Ri, and because only
the indents that took place on the top and the bottom points of the textured DLC were taken into
account (θ≈0), the geometric correction factor for the Berkovich tip indenting the textured DLCon-wells and DLC-on-dome is very close to 1.
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Figure 5.4: A typical top point on textured DLC surface with a diameter of ~1µm width and ~130 nm height (this
one is taken from DLC-coated domes). The radius of curvature (Ra) of the asperity is found by fitting a circle, and is
compared to the indenter’s radius of curvature (Ri) of ~150 nm. Drawing is to scale. The inset shows the same
asperity with 10X smaller y-axis.

This geometric analysis of the Berkovich tip indenting the textured DLC maybe indicates
that the increased hardness and elastic modulus for the DLC-on-domes is an actual increase and
not just due to data scattering, but it is hard to make such a conclusion because of the have huge
data scattering. Indentations with depth 2-3 time larger than the features’ height of the textured
surfaces would be better to find if there is any actual difference in the values of hardness and
elastic modulus of the DLC film between the flat DLC, the DLC-on-wells, and the DLC-ondomes. Therefore, the residual indentation marks and the force-displacement curves of the flat
DLC, the DLC-on-wells, and the DLC-on-domes will be first used to qualitatively compare the
mechanical behavior of the three surfaces. The top points and the bottom points of the textured
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DLC will be distinguished to find if the relative position of the indented point has any effect of
on its mechanical response.
Figure 5.5 shows selected residual indentation marks on flat DLC (a), DLC-on-dome (b, c
for a bottom and a top point respectively), and DLC-on-wells (d, e for a bottom and a top point
respectively). Although generally the indentation marks look similar, indents on the textured
DLC look narrower than the indents on the flat DLC. The three sides of the residual indent marks
on the textured DLC (specifically the DLC-on-domes) look like thin lines, which indicate that
the surface has recovered after the indentation. To check the exact dimensions of residual
indents, line profiles of these indentation marks are shown in Figure 5.6-a-e along with the line
profiles of the original surfaces before the indentation (the dashed lines). The lines profiles show
that the residual indents on the flat surface are wider than the residual indents on the textured
surfaces (especially the DLC-on-domes).
Figure 5.7-a shows the average residual indentation width of the flat DLC, the top points of
the DLC-on-wells, the bottom points of the DLC-on-wells, the top points of the DLC-on-domes,
and the bottom points of the DLC-on-domes. The widths of the residual indents on the top and
the bottom points of the DLC-on-domes are significantly smaller than the width of the indents on
the flat DLC. The average residual indentation width of the flat DLC is 750±50 nm, but the top
and the bottom points of the DLC-on-domes combined have an average residual indentation
width of 435±114 nm, which is 42% smaller than that of flat DLC. However, the top and the
bottom points’ indents on the DLC-on-wells combined have an average width of 606±141 nm,
which is only ~19% smaller than the width of the flat DLC indents. The narrower residual
indents width of the textured DLC (specifically the DLC-on-domes) indicates less plastic
deformation.
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Figure 5.5: Residual indent marks after indentation with Berkovich tip with 120 nm radius of curvature to a
maximum indentation depth of 140 nm on (a) flat DLC, (b) bottom point of DLC-coated domes, (c) top point of
DLC-coated domes, (d) bottom point of DLC-coated wells, and (e) top point of DLC-coated wells.

Figure 5.6: Line profiles before (dashed line) and after (solid line) the indents in Figure 5.5.
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Figure 5.7: (a) Residual indents’ width on flat DLC, top and bottom points of DLC-on-wells, and top and bottom
points on DLC-on domes. (b) residual indents’ depth on flat DLC, top and bottom points of DLC-on-wells, and top
and bottom points on DLC-on domes.

On the contrary, the residual indents’ depth does not follow the same trend as the indents’
width. Figure 5.7-b shows that the residual depth of the indents on the flat DLC, the top and the
bottom points of the DLC-on-wells, and the bottom points of the DLC-on-dome all have
essentially similar depth ranging between 24 and 27 nm. But the indents on the top points of the
DLC-on-domes are significantly deeper than the residual depth in all other cases. The
polystyrene spheres are expected to be under the top points of the DLC-on-domes, so if the effect
of the polystyrene sphere shows in the final indents’ dimensions, one would expect shallower
rather than deeper indents. And although the top points of the DLC-on-domes have deeper
residual indents, Figure 5.8 shows their force-displacement (f-d) curves are close to the f-d of the
flat DLC and the DLC-on-wells indents. The force-displacement (f-d) curves for the top-points
and the bottom-points indents on the DLC-on-wells (red curves) are similar to each other, and
they all fall around the f-d curve of the flat DLC indent shown in the dashed black line (Figure
5.8-a). On the other hand, Figure 5.8-b shows that the f-d curves of the bottom-points indents are
significantly different than the f-d curves of all other indents. The-f-d curves of the indents
occurred at the bottom-points on the DLC-on-domes go to a higher maximum pressure and the
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loading curves are steeper. The higher final pressure indicates that the energy needed to perform
the indents is significantly higher for the bottom-indents of the DLC-on-domes. And the steeper
loading curve of the bottom points of the DLC-on-domes indicates higher initial stiffness than
the top points and the flat DLC, the DLC-on-wells, or the top-points of the DLC-on-domes. So
both top and bottom-points indents of the DLC-on-domes show smaller indent width. However,
the top-points indents of the DLC-on-domes, points under which the polystyrene spheres present,
show significantly deeper residual indents although their f-d curves are similar to the f-d curves
of flat DLC indents. In contrast, bottom-points indents have average indentation depth, but their
f-d curves have significantly larger loading stiffness and higher maximum loading pressure.

Figure 5.8: Force-displacement curves for indents performed on DLC-on-wells (a), and for indents performed on
DLC-on-domes

The loading energy required to reach the maximum indention depth and the unloading
energy during the retraction of the tip away from the surface are calculated from the areas under
the loading and the unloading curves respectively. The area between the two curves represents
the amount of the energy lost during the indentation process. Figure 5.9 shows the average
loading and unloading energies of indents on the flat DLC, the DLC-on-wells top points, the
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DLC-on-wells bottom points, the DLC-on-domes top points, and the DLC-on-domes bottom
points. The amount of energy lost during the indentation is also shown above the unloading
energy bar. As would be expected from the f-d curves, the bottom-points indents of the DLC-ondomes have the highest loading and unloading energy among all. In addition, Figure 5.9 shows
that the bottom points’ indents have higher loading and unloading energy than the top points on
both the DLC-on-wells and the DLC-on-domes. The average energy lost during the indentation
on the bottom points of the DLC-on-wells (30.3±1.2 pJ) is higher than the average energy lost
during the indentation on the top points of the DLC-on-wells (28.5±1.5 pJ). Similarly, the
average energy lost during the indentation on the bottom points of the DLC-on-domes (40.8±4.6
pJ) is higher than the average energy lost during the indentation on the top points of the DLC-ondomes (34.8±2.5 pJ). This indicates that the geometry of the indented points play a significant
role in the measurements.

Figure 5.9: Loading energy (green bars), unloading energy (red bars), energy lost during
indentation i.e. hysteresis (the number above the red bar), and the percentage of the
loading energy that got lost during the indentation = 1- unloading energy/loading energy
for flat DLC, top and bottom points of the DLC-on-wells, and top and bottom points of
the DLC-on-domes.
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Although the absolute amount of energy lost to the surface during the indentation is
usually used to find differences between indented surfaces, the percentage of the energy lost
during the indentation to the loading energy can give more useful information. The percentage of
the energy stored by the surface during the indentation, i.e. lost to the loading (area between the
loading and unloading curves/area under loading curve) can give indication about the properties
of the indented material. The amount of the energy lost during the indentation to the loading
energy is also shown by the blue bars in Figure 5.9. Although the bottom-points indents have
significantly different f-d curves, and have higher loading, unloading, and lost energy during the
indentation, the percentage of the energy stored is very close the flat DLC. Also, the DLC-onwells top and bottom points indents show similar or slightly lower percentage of energy stored
during the indentation. Only the indents on the top points of the DLC-on-domes, where the
polystyrene spheres are expected to influence the measurements, have higher percentage of the
stored energy. 1 This probably indicates that the high residual indentation depth on the top points
of the DLC-on-domes (Figure 5.7) is actually due to the presence of the polystyrene spheres
which store more energy during the indentation. And it also indicates that the differences
between the top and the bottom indents of the DLC-on-wells, and between the flat DLC and the
DLC-on-wells are probably due to the different contact geometry.
Fig.5.10 shows the average hardness and elastic modulus values for the indents
distinguished by their locations on the textured DLC. It is clear the top-points give consistently
give lower hardness and elastic modulus values compared to the bottom points on both the DLCon-wells and the DLC-on-domes, which indicates the importance of the contact geometry. The
top points may give lower hardness and elastic modulus due to their less resistance under the

1

The average energy values required for performing the indents on the top and the bottom points, and
percentage of energy stored are significantly different with 98% confidence level.
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indentation pressure that can be caused by the material flow to the surrounding spaces in the
neighboring valleys. But the deviation between the top and the bottom points on the DLC-ondomes is greater than the deviation between the top and the bottom points on the DLC-on-wells.
This may indicate that there is another factor besides geometry plays a role in these
measurements. If that factor is the sub-surface polystyrene spheres, why would the hardness and
the elastic modulus increase? And why would they increase for the bottom points not the top
points? The pressure distribution under the indenter’s surface and the response of the DLC and
the polystyrene spheres to that pressure besides the geometry of the contact complicates the
problem.

Figure 5.10: Hardness in GPa (red bars) and elastic modulus in GPa (blue bars) of flat
DLC, top points of the DLC-on-wells, bottom points of the DLC-on-wells, top points
of the DLC-on domes, and bottom points of the DLC-on-domes.
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5.5

Findings and future studies
The geometry of the indented surface significantly affected the nano indentation

measurements. Also, the polystyrene spheres under the DLC film had a profound effect on the
mechanical properties and the residual indents dimensions. Overall, both the surface texture and
the sub-surface soft balls decreased the plastic deformation during the indentation. However, the
exact mechanism by which the surface roughness and the polystyrene spheres affect the DLC
film is not yet understood. Besides, the effect of the indented surface geometry requires more
detailed analysis.
A future work plan includes indenting the three surfaces to higher maximum indentation
depth of 400-500 nm. This may allow us to eliminate the effect of the surface roughness and
contact geometry and focus on how the effect of the polystyrene spheres. Will the percentage of
lost energy during the indentation be higher on the DLC-on-domes compared to the flat DLC and
the DLC-on-wells? And will the sub-surface polystyrene spheres affect residual indents
dimensions at higher indentation depths?
Continuous polystyrene films with thicknesses of 20, 50, 80, and 100 nm were spin-coated
on flat silicon substrates and sent to Argonne National Labs to be coating with ~1 µm DLC film.
We plan on studying the effect of these continuous polystyrene films on the energy required to
perform indents and their effect on the dimensions of the residual indents. This will allow us to
understand the effect of the soft material on the mechanical response of the DL film upon
indentation without the complications that arise from the geometry of the polystyrene spheres.
Beside the effect of the polystyrene, we plan on conducting a more detailed analysis of the
contact geometry on the textured DLC and how it can affect the indentation measurements. This
may help to unravel the reason for the difference between the indents performed on the top
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points and those performed on the bottom points in the loading stiffness and the energy required
to perform the indents. Fig.5.11 illustrates the difference in the contact geometry for the top and
the bottom points on randomly chosen points. Not only the top points have a concave curvature
and the bottom points have convex curvature, but also the average radius of curvature of the top
points is significantly larger than the radius of curvature of the top points. Hertzian contact
predicts a critical contact radius (Rc) between two contacting spheres depending on their radii of
curvatures as follows [88]:

1
1 1
 
Rc R1 R2

(5.2)

where the concave curvature should be accounted for in equation something as a negative
curvature. The critical radii for the points shown in Fig.5.11 are 120 nm and 164 nm for the top
and the bottom points respectively. The larger contact radius for the bottom points means a larger
contact area, which may explain the larger energy required for the indentation observed
(Fig.5.10). A more detailed analysis for the geometry taking into account multiple top and
bottom points is required to understand and deconvolute the effect of geometry.

Figure 5.11: Line profile of DLC-on-domes with circles
fitted to top and bottom points. Both top and bottom points
have large curvature compared to the indenter, but the
bottom points have a significantly larger radius of
curvature compared to the top points
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6 Relative humidity and graphitization of DLC
6.1

Abstract
Relative humidity played a crucial role in determining the friction coefficient and the

amount and structure of the transfer film on diamond-like carbon (DLC). At very low (<10%)
and near saturation (>90%) relative humidity, the friction coefficient on hydrogenated DLC was
high but stable, and the transfer film formation was significantly suppressed. However, the
friction at intermediate relative humidity, though not stable, was lower than that observed at both
low or high humidity, and a lot more transfer film was detected on the counter surface compared
to low and high RH tests. The friction coefficient in liquid water was significantly lower than
that in the presence of adsorbed water vapor at any relative humidity. The structure of the
transfer film formed in liquid water and intermediate water partial pressure was similar to the
structure of the original DLC film. On the other hand, though, the transfer film showed
completely split D and G bands based on tests performed in conditions of low relative humidity.
The ratio of the D band intensity to the the G band intensity in the Raman spectra of the transfer
films increased from ~0.5 after friction tests in liquid water and intermediate humidity to ~1.0
after friction tests in low relative humidity.

6.2

Introduction
Water vapor plays a significant role in the behavior of contacting surfaces. Not only can

water vapor cause severe oxidation, but it can also induce electrochemical reactions and thus
change the course of the wear process. Barthel et al. found that in the case of copper sliding on
stainless steel, catastrophic adhesive wear of the soft copper takes place at intermediate
humidity, but when the environment is near-saturated with water vapor, galvanic corrosion
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dominates, which protects the copper but causes the stainless steel to wear [89]. The presence of
water vapor can trigger tribochemical reactions, which can radically change the behavior of
contacting surfaces. During friction tests on boron oxide and boron carbide, for example, a
reaction between water vapor and these surfaces resulted in the formation of lubricious boric
acid, which significantly reduces friction [24]. The presence of adsorbed water vapor can alter
the lubrication mechanism of solid lubricants. For example, molybdenum disulfide shows an
ultra-low friction in vacuum, but in the presence of water vapor friction increases significantly.
Higher friction in the presence of water is caused by oxidation of the molybdenum disulfide,
which prevents the easy shear of the crystalline planes [22, 25]. On the other hand, water
intercalation between graphite layers reduces cohesion between them. Absorption of water
molecules reduces friction by allowing the graphite layers to slip easily over each other [26].
Water structure also plays a significant role in friction and adhesion. On silicon oxide, at a
low relative humidity, water adsorbs in a highly hydrogen-bonded ice-like structure of up to four
monolayers. As the relative humidity and the adsorbed water thickness increase, though, water
with a liquid configuration develops on top of the solid-like water. This structure of adsorbed
water layers has been found to greatly affect the adhesion forces as measured with atomic force
microscopy [71, 90]. It has also been found that a tribochemical reaction, caused primarily by the
ice-like structure of adsorbed water, changes the single asperity wear pattern of silicon. Silicon
wears in a hillock-like pattern in the absence of water vapor. But when water vapor is introduced,
depressions on the silicon surface form. The depth of these depressions increases with increasing
relative humidity from 7 to 60%. After 60% the depression depth stops increasing as at this RH
liquid-like structure of adsorbed water dominates [91]. Both experimentally and in the context of
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Monte-Carlo simulations, water has been found to adsorb on a mica surface in an ice-like
structure [92-94].
Several studies have investigated the effect of adsorbed water on the friction of different
carbon films. Overall, the results reported differ considerably in regard to the effects of water
vapor on the friction of films with different structures, carbon atom hybridizations, and hydrogen
contents. Ultrananocrystalline diamond film, for example, has been found to give low friction
(0.05) at low and intermediate humidity [95, 96]. Konicek et al. found that low friction in a
humid environment is caused by passivation of the diamond film. Yet, the cause of this low
friction remains a subject for debate, wherein it is thought to originate from either the stability of
the passivated diamond surface or from the sliding-induced phase transformation [95, 97].
Konicek et al. also reported a lack of correlation between friction and adhesion in the nano-scale
contact on DLC at different water partial pressure values. Although they found that the friction
increased as the amount of water vapor increased in the test environment, the adhesion stayed
constant throughout the entire range of relative humidity [98].
It is evident that the understanding of the profound effect of adsorbed water vapor on the
friction and adhesion of DLC is limited. However, in addition, the role that water plays in
transfer film formation and its structure has not yet been thoroughly investigated. Graphitization
has been found to take place in ambient environments in which relative humidity can be
anywhere from 30 to 50% and in dry environment [38, 40, 41, 99-101]. In contrast, Jin et al.
reported a decrease in DLC graphitization in humid environments compared to dry
environments, such that graphitization decreases as relative humidity increases from 50 to 90%
RH [61].

104
This study investigates the effect of the relative partial pressure of water on DLC and
compares it to the effect of dry nitrogen and liquid water. The structure of the transfer film that
forms at different water vapor partial pressure is studied and compared to the structure of the
transfer film that forms in the dry nitrogen and liquid water. The dependence of the friction
coefficient on relative humidity is also studied.

6.3

Experimental techniques
DLC films were prepared by coating flat silicon wafers with ~1.3 µm of hydrogenated

DLC film. The DLC coating was deposited at the Argonne National Lab via room-temperature
Plasma Enhanced Chemical Vapor Deposition [30]. Before the DLC deposition, the substrates
were cleaned by argon sputtering and a ~100 nm thick silicon bond layer was deposited to
enhance the DLC’s adherence to the substrate. A source gas mixture of 75% hydrogen and 25%
methane was used to produce the hydrogenated DLC film with a hydrogen atomic percent of
~40%.
A reciprocating ball-on-flat tribometer was used to perform all the friction tests. The
friction coefficient was measured for the bidirectional linear motion of the ball on the flat
substrate. The lateral force exerted on the ball during its linear motion was recorded using a
strain gauge sensor, which was calibrated before the tests. Friction tests in liquid water were
performed in a liquid cell in which the substrate could be submerged in water. The friction tests
in the water vapor environment were performed using a flow system and the environmental
chamber installed on the tribometer. Nitrogen was used as a carrier to deliver water vapor to the
test environment by flowing it through a tower containing liquid water. In all the tests, 3 mm
stainless steel balls with a surface roughness of ~9 nm were used as counter surfaces. The balls
moved on the substrate with a speed of ~0.4-0.5 cm/s under an applied load of 1 N. All the
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substrates and stainless steel balls were washed with ethanol and purged with dry nitrogen before
the friction tests. The extended Hertzian theory for three-dimensional coated bodies developed
by Liu and Wang predicts a contact radius of 24 μm, a maximum pressure of 550 MPa, and a
deformation depth of 360 nm for these conditions [73].
The water adsorption isotherm on DLC was measured by an attenuated total reflectanceinfrared red spectroscopy (ATR-IR). A Thermo Nicolet Nexus 670 infrared spectrometer with an
ATR setup and an MTC-A detector was used. A DLC-coated silicon ATR crystal with a 45o
bevel cut providing a 45o incident angle and a total of 36 effective internal reflections was used.
A ~70 nm hydrogenated DLC film on the silicon ATR crystal was deposited at the Argonne
National Lab using the same method used to produce the hydrogenated DLC for the friction
tests. The adsorption isotherm of the water on DLC was found by determining the thickness of
the adsorbed water vapor on the DLC at varying water vapor pressure. The Milosevic approach
for multi-layer optical spectroscopy was used to calculate the thickness of the adsorbed water
vapor layer. The Milosevic approach predicts absorbance in the presence of an adsorbate with a
known thickness [75]. This absorbance was compared to the experimental one found from the
ATR in order to determine the thickness of the adsorbate at the corresponding partial pressure.
Raman spectra were collected from the wear marks formed on the stainless steel ball
during the friction tests to compare both the structure and the quantity of the transfer film. A
laser with 488 nm was used, and all the spectra were collected using the same laser power and
integration time to ensure fair comparison among samples. 10-15 Raman spectra were collected
at different points on the ball wear mark, and a representative spectrum is selected.
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6.4

Results and discussion
Figure 6.1 shows the friction coefficient as a function of the reciprocating cycles for a

stainless steel ball on flat DLC in a dry nitrogen environment with liquid water, low relative
humidity, intermediate relative humidity, and near-saturation relative humidity. In the dry
nitrogen environment, the friction coefficient quickly decreases to an ultra-low value after the
run-in period. In liquid water, there is a short run-in period, but the friction coefficient decreases
to a value of 0.08-0.09 and stays relatively stable around that value throughout the test. In a
humid environment, the friction coefficient is sensitive to the relative partial pressure of the
water. At a low relative humidity (less than 10%), the friction coefficient is high and also stable.
A test performed at 5% RH is shown in Figure 6.1 in red. The friction coefficient starts at 0.25,
decreases slowly, and stabilizes at around 0.23. Similar behavior is observed at near-saturation
relative humidity. The test result for the friction coefficient in 95% relative humidity is shown in
Figure 6.1 in green. Similar to the low humidity, the friction coefficient is relatively high and
stable, but the friction coefficient is consistently lower at near saturation of water vapor
compared to the low humidity. On the contrary, the friction coefficient at intermediate relative
humidity (two friction tests are shown in pink in Figure 6.1 is unstable and is usually between
0.15 and 0.25).
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Figure 6.1: Friction coefficient as a function of the reciprocating cycle for dry nitrogen,
liquid water, 5% relative humidity, 50% relative humidity, and 95 % relative humidity.

Figure 6.2 shows the average intensity of the DLC peak in the collected Raman spectra
from the transfer film formed on the stainless steel ball during the friction tests. Figure 6.2-b
shows a typical wear mark that forms on the stainless steel ball after the friction test on DLC in
dry nitrogen environment. The wear mark is black with what looks like a homogeneous film
deposited inside the contact area. The Raman spectra of the transfer film formed after in dry
nitrogen friction test is shown in Figure 6.2-a: DLC film has deposited inside and at the
periphery of the contact area. Some of the DLC transfer film forms wear debris outside the
contact area (the green bar); however, most of the transfer film stays inside the contact area in
the dry N2 environment. In the low RH (10% and less) and near saturation RH (90% and higher),
very little or no transfer film forms on the counter surface during the friction tests. Conversely,
though, in friction tests performed in intermediate water relative partial pressure and liquid
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water, more transfer film forms as compared to the low and high RH. Unlike the tests in dry N2,
the transfer film that forms in intermediate RH and liquid water is pushed outside the contact
area. A significant amount of transfer film is detected by Raman at the periphery and outside the
contact area, but very little or no transfer film remains with the contact area.

Figure 6.2: Average intensity of the Raman spectra collected from the transfer film formed on the stainless steel ball
after the friction tests on DLC in a dry environment, liquid water, low RH, intermediate RH, and high RH. The
higher the Raman intensity, the larger the amount of transfer film. Raman spectra were collected from the middle of
the wear mark, i.e., inside the contact area (shown in blue), from the periphery of the contact area (shown in grey),
and from outside the contact area to detect wear debris (shown in green). (b-f) images of typical wear marks formed
on the stainless steel ball after the friction tests in dry nitrogen, low RH, intermediate RH, high RH, and liquid
water. Arrows show examples of where the Raman spectra were roughly collected

109
The results pertaining to the amount of the transfer film formed on the stainless steel ball
during the friction tests correlate to some extent with the friction coefficient behavior shown in
Figure 6.1. In the low- and near-saturation water vapor pressure, there is no run-in period and the
friction is stable throughout the tests, and in both cases no transfer film formation is evident. At
the intermediate relative humidity, the friction coefficient is unstable and a significant amount of
transfer film is formed and pushed outside the contact area. The removal of the transfer film
from the contact area to form wear debris could be the result of the capillary forces, which have
the greatest effect at the intermediate humidity [42]. The load from the capillary and adhesion
forces in our macro-scale friction tests will be negligible compared to the externally applied load;
therefore, their effect on the friction force and the friction coefficient might be negligible, but
they can still play a role in pushing the transfer film outside the contact area and forming wear
debris. The effect of the intermediate partial pressure of water on friction and transfer film
requires more investigation. In liquid water, continuous oxidation and removal of the DLC takes
place during the friction test (sec.3.4.1). This means that the reaction products on the DLC are
probably carried away by the liquid water, which may be why the transfer film is pushed in the
form of loose wear debris outside the contact area.
In addition to the difference in the amount of the transfer film formed between the various
water partial pressures and liquid water, a difference in the structure of the formed transfer film
is observed. Figure 6.3 shows Raman spectra for the transfer films formed during the friction
tests in dry nitrogen, liquid water, low RH, and intermediate RH compared to the Raman
spectrum of the original DLC substrate collected before the friction test. Very little or even no
transfer film formed during the friction tests when the environment was near-saturated with
water partial pressure; therefore, Raman did not detect anything. As Figure 6.3-a shows, the
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Raman spectrum of the original DLC film and the Raman spectrum of the transfer film formed
during the friction test in liquid water are similar. Both show a broad feature with a pronounced
peak at 1560 cm-1 and a shoulder at 1360 cm-1. The I(D)/I(G) ratio for the original DLC substrate
and the transfer film in liquid water is 0.5. Figure 6.3-b shows that the transfer film formed
during the test in intermediate humidity does not differ significantly from the spectrum of the
original substrate (pink spectrum). The I(D)/I(G) ratio for the transfer film formed in the
intermediate humidity is 0.6, just slightly higher than the I(D)/I(G) ratio of the original DLC film
or the transfer film formed in liquid water. In contrast, Figure 6.3-b shows that the Raman
spectra of the DLC transfer film formed during the friction tests in the dry N2, and low humidity
differ significantly from the spectrum of the original DLC substrate. The transfer film in dry
nitrogen shows I(D)/I(G) a ratio of about 1, and the G band shifts to a slightly higher wave
number. At 8.5 RH, however, both the D band and the G band are completely split into two
peaks. A significant shift in the peak position compared to the flat DLC occurs. The G band
shifts 50 wavenumbers upward, and the D band shifts 30 wavenumbers downward.

Figure 6.3: (a) Raman spectra of the transfer film formed on the stainless steel ball during the friction tests in liquid
water compared to the Raman spectrum of the DLC film before the test. (b) Raman spectra for the transfer film
formed on the stainless steel ball after the friction tests on DLC in a dry nitrogen environment, 8.5% RH, and 74%
RH compared to the Raman spectrum of the DLC substrate before the friction test.
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The difference in the effect of the liquid water, the 74% relative humidity, and the 8.5%
relative humidity on the structure of the DLC transfer film is interesting. Not only is there a
difference between bulk liquid and adsorbed water, but also the amount of adsorbed water
appears to be of great importance in determining the friction, the amount of transfer film and
wear, and the structure of the transfer film. In an attempt to find the reason for the differing
friction behavior and transfer film structure in environments that differ in regard to water partial
pressure, a study of the water adsorption on DLC was performed. Attenuated total reflectance
(ATR) was used to create the adsorption of water on DLC in order to quantify the amount of
water adsorbed at a specific relative humidity and to learn more about the structure of the
adsorbed water. Fig.6.4-a shows the O-H stretching region of the ATR spectra for relative water
partial pressure ranging from 7 to 94%, and Figure 6.4-b shows the adsorption isotherm of water
calculated from the area under the curves shown in Figure 6.4-a. The adsorption isotherm of
water is a type II adsorption isotherm, and the formation of the first monolayer takes place at
around 25% relative humidity. The water spectra in Figure 6.4-a show that there is no change in
the structure of the adsorbed water layer with increasing humidity. The liquid water peak at
~3400 cm-1 is dominant at high water partial pressures, which indicates that the water adsorbs in
a liquid-like structure. At low humidity (7% RH), the liquid-like water is not as prominent as at
higher partial pressures, but the solid-like water at ~3200 cm-1 does not dominate. The peak of
the solid-like structure of water at ~3200 cm-1 does not dominate at low relative humidity.
Therefore, we know that the adsorbed water on DLC at the low partial pressure does not take the
form of a highly hydrogen-bonded, solid-like structure [90]. However, it is worth noticing that
ATR gives information about the structure of the adsorbed water on DLC, not the structure of the
confined adsorbed water that is under the pressure of the friction test. In one of our previous tests
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(reported in Chapter 3), changes in the lubricant structure upon confinement during the friction
test was observed. Therefore, conclusions pertaining to the effect of the structure of adsorbed
water at different partial pressure cannot be drawn based on ATR spectra.

Figure 6.4: (a) ATR spectra for water adsorbed on DLC at different relative partial pressure of water. The intensity
and the area of the O-H stretching vibration increases with increasing water partial pressure, which indicates that
increased amount of water vapor is adsorbed with increasing water vapor partial pressure. (b) The water adsorption
isotherm of water on DLC as created by calculating the amount of adsorbed water at each partial pressure using the
spectra shown in (a).

6.5

Findings and future studies
Friction, the amount of transfer film, and the structure of the transfer film of DLC is

sensitive to the partial pressure of the water in the test environment. It was found that at very low
(<10%) and very high (>90%) relative humidity, the friction coefficient on DLC is both high and
stable. The transfer film on the counter surface was significantly suppressed at the low- and nearsaturation water partial pressure. On the other hand, the friction at intermediate relative humidity
was lower than that observed at either low or high humidity, but was not stable. And the friction
coefficient in liquid water was stable and low compared to the friction coefficient observed in the
presence of any water partial pressure. The structure of the transfer film formed in liquid water
and intermediate water partial pressure was comparable and similar to the structure of the
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original DLC film. On the other hand, the structure of the transfer film formed during tests in
low relative humidity differed from the structure of the transfer film formed either in liquid water
or at intermediate water partial pressure. The D and G bands in the Raman spectra of the transfer
film formed in low water partial pressure were split, and the D band shifted to a lower
wavenumber and the G band to a higher wavenumber. The change in the DLC structure when
transferred to the counter surface seems to be more prominent in the low-humidity environment
than in the dry nitrogen environment.
To understand the difference in the behavior of water at different partial pressures, we plan
to study the adhesion forces on DLC in different relative humidity conditions. Environmental
atomic force microscopy will be used to measure the adhesion forces in the presence of different
numbers of adsorbed water layers on DLC. An in-situ spectroscopy technique to study the
structure of adsorbed water during the friction test would help us understand the interaction of
the DLC with water at different partial pressures. An in situ ATR could be performed, but it
would not allow us to selectively observe structural changes at the contact point. This is because
ATR averages the spectra collected over the length of the ATR crystal. Single-reflection IR
spectroscopy overcomes the problem of the multiple reflections of ATR and allows localized
studies high-pressure conditions [102]. In the single-reflection ATR, an IR transparent window is
loaded against a smooth ball and external pressure applied on the ball. This technique has been
used to study the chemical composition thick lubricant films in situ, but it has not been used for
adsorption measurements. The sensitivity of single-reflection IR absorption can be inadequate to
study adsorbed films of less than one nanometer in thickness. In situ Raman spectroscopy has
been also performed on DLC to monitor the structure and the amount of the transfer film during
sliding [103, 104]. Whereas in situ Raman spectroscopy can provide valuable information about
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the growth of the transfer film and its correlation to the friction coefficient, the poor sensitivity
of Raman will not allow in situ monitoring of the structure of adsorbed water on DLC.
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7 Conclusion
The effects of nano-scale surface texture and the environment on friction, transfer film
formation and its structure, and single-asperity indentation on DLC were investigated. It was
found that the lubrication mechanism of the nano-scale surface texture in the boundary
lubrication regime differs from the widely studied and widely used micro-scale surface texture.
The difference in the lubrication mechanisms arises from the deformation depth of the DLC
surface under the counter-surface pressure. This deformation depth is usually comparable to the
depth of nano-scale features, but it is small compared to micro-scale features. Therefore, the
nano-scale texture can become completely deformed during the friction test whereas the features
comprising the micro-scale texture remain close to their original dimensions. The lubrication
effect of the surface texture was found to be dependent on the extent to which the liquid lubricant
to exhibit long-range ordering (deviates towards solid-like) upon confinement. When the liquid
lubricant solidifies at the highest points of the surface texture, liquid becomes trapped inside the
depressions of the textured surface, which reduces the actual contact area and the friction.
Though the surface texture did not reduce friction in the presence of the adsorbed vapor layer(s)
or in dry nitrogen environments, it significantly reduced wear and transfer film formation. In a
dry nitrogen environment, textured DLC gave an ultra-low friction coefficient with negligible
transfer film formation. This suggests that the steady-state, ultra-low friction coefficient of DLC
does not require the formation of a thick graphitized or carbon-rich transfer film as suggested in
some studies.
Both the surface texture and the presence of polystyrene spheres under the DLC film
affected the nano-indentation measurements. Though data scattering of the measured hardness
and elastic modulus was extensive on the textured surfaces, the residual indentation dimensions
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suggested that both the surface texture and the sub-surface polystyrene reduced the plastic
deformation of the DLC. However, the mechanism by which the surface roughness and the
polystyrene spheres improve the elastic recovery of the DLC film is not yet understood.
To understand the indentation results, we plan to perform deep indentation (around 500
nm) on flat DLC, DLC-on-wells, and DLC-on-domes to eliminate the effect of the surface
roughness. DLC films will also be used to coat continuous polystyrene films of different
thicknesses and then studied using nanoindentation. These two experiments will deepen our
understanding of the effect of elastic polystyrene spheres on the mechanical properties of the
DLC film aside from the problem of the surface roughness effect. In addition to considering the
effect of the polystyrene, a more detailed analysis of the contact geometry on the textured DLC
and its effect on the energy required to perform indentations will be conducted.
The amount of water in the test environment played an important role in the structure of
the transfer film formed during the friction tests and critically affected the friction and wear of
the DLC. Low- and near-saturation of relative humidity environments gave high, stable friction
and resulted in negligible transfer film formation. However, at intermediate relative humidity,
friction was lower and less stable, and more transfer film formed. Moreover, the structure of the
transfer film formed at intermediate relative humidity or in liquid water differed from the
structure of the transfer film formed at low relative humidity. Further research is required to
understand the effect of the amount of adsorbed water on both friction and on the structure of
transferred film.
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8 Appendix A: Effect of the addition of graphene on the friction
and wear of stainless steel contact surfaces
8.1

Executive summary
The effect of adding graphene on lubrication was investigated for stainless steel/stainless

steel contact. Two types of grapheme—PPG low-oxygen-content graphene (0.5 atomic %
oxygen, based on the specification provided by PPG), and XG 750 high-oxygen-content
graphene (~10 atomic % oxygen, based on the information available at the XG Scientific
website)—both with a base oil of hexadecane were considered. Neither of the graphene samples
dispersed well in hexadecane, although the PPG graphene showed a slightly longer
sedimentation time than the XG750 graphene did. In order to observe the genuine lubrication
additive effect of graphene, friction and wear tests were carried out without any chemical
modification of the graphene or any additional surfactants in the oil. At room temperature (~25
o

C), the XG 750 graphene showed a noticeable friction-reduction effect during the entire

duration of the test, whereas the additive effect of PPG graphene was marginal. The friction
coefficient in the PPG-graphene-containing solution was initially lower than that of the bare
hexadecane; but it increased gradually to the base oil friction value although graphene deposits
could be found in the wear track. At 70oC, neither the PPG grapheme nor the XG 750 graphene
showed any effects on friction and wear. This appeared to be due to the lack of graphene
incorporation between the sliding solid surfaces. The graphene-substrate interaction at 70oC
appeared very weak inasmuch as graphene flakes were easily squeezed out from the contact area.
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This work was done in collaboration with PPG industries, which provided the graphene samples
for the tests.

8.2

Introduction
Graphene nano-sheets, or nano-platelets, have a layered structure of hexagonal

arrangement of carbon atoms. This morphology results in stable planar lattice and an interlayer
interaction. This structure is thought to reduce the friction coefficient due to the inter-layer slip
[2]. Graphene also has desirable mechanical properties, which make it a promising potential
lubricant. When used as additives to oil lubricants, graphene nano-platelets can improve loadcarrying capacity and reduce friction and wear [2]. The concentration of graphene added to a
lubricant significantly affects the lubricity obtained. If the graphene concentration is very high or
very low in the oil lubricant it has a marginal effect or even no effect at all on friction and wear
[3]. Furthermore, graphene does not disperse in oil or in aqueous solutions. To lubricate
contacting surfaces, graphene nano-sheets must be delivered to the contact points. Thus,
achieving adequate dispersion is considered the main challenge in using graphene as an additive
for lubrication.
Graphene is usually chemically or physically modified to disperse in a liquid lubricant.
Aryne modification, which results in decorating the graphene surface with aromatic compounds,
was found to increase graphene dispersion in DMF, water, ethanol, and chloroform [4].
Hummer’s method is often used to oxidize graphene in order to disperse it in liquid lubricants. It
involves grinding with NaCl; stirring with sulfuric acid; adding potassium permanganate,
hydrogen peroxide, and hydrogen chloride; and heating to a high temperature (~100oC) [3].
Hummer’s method involves aggressive oxidation, which causes grapheme to decompose [5].
When Hummer’s method is used along with solar exfoliation (graphene oxide was kept under a
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convex lens used to concentrate radiation from the sun on the graphene oxide), an 80% reduction
in the friction coefficient was achieved (from 0.1 to 0.02) [3], whereas the addition of oleic acid
as a dispersing agent after modification with Hummer’s method reduces the friction coefficient
marginally by 15% (from 0.05 to 0.042) [6]. On the other hand, using stearic acid and oleic acid
as dispersants with heating of the graphene-oil mixture results in a 30% reduction in the friction
coefficient (from 0.17 to 0.12) [7]. Most methods developed to disperse graphene involve harsh
oxidation that changes the graphene’s pristine structure [8-10].
In this study, the attempts to disperse graphene are discussed first. Chemical analysis of the
two graphene samples (PPG and XG 750) is conducted using Raman spectroscopy. Next, we
investigate the effect of each graphene sample on the friction and wear of self-mated stainless
steel at room temperature and at 70oC.

8.3

Goal of project
This work tests the effect of adding graphene on oil lubrication. Two types of graphene

(PPG graphene and XG 750 graphene) with different oxygen contents were tested in hexadecane
oil. A concentration of 0.02 wt % of graphene in hexadecane was used as it is reported to give
the lowest friction coefficient and wear rate [3, 6, 8]. The tests were performed on a stainless
steel substrate and on a 3 mm stainless steel ball. A comparison of the lubrication effects of the
two graphene types is investigated at two different temperatures and loads. All the tests were
performed using a reciprocating ball-on-flat tribometer.

8.4

Dispersion of graphene in hexadecane
Graphene does not disperse in hexadecane oil. When hexadecane-graphene solutions are

sonicated for 30-45 min, most of the graphene settles within 24 hours. Figure 8.1 shows solutions
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of PPG graphene, and two graphene samples from XG sciences with surface areas of 750 and
300 m2/g, respectively. These graphene samples are referred to herein as PPG, XG 750, and PPG
XG 300, respectively. It is clear that graphene does not disperse in the solution. The PPG
graphene remains dispersed in hexadecane for longer period of time than the other two graphene
samples (the picture shows that the PPG graphene in the hexadecane solution is the darkest of the
samples corresponding to more graphene floating as compared to the other samples), but it
eventually settles down completely.

Figure 8.1: (a) 0.02 wt% of PPG, XG 300, and XG 750 in hexadecane oil immediately after sonication. (b) the same
solutions after 20 hours.

As the main goal of this study is to determine the effect of adding graphene on lubrication,
we chose to avoid changing the graphene structure by aggressive oxidation or by chemical
modification. Instead, we added a simple organic solvent as a dispersant. Benzene and THF were
chosen, as they have the potential to interact with graphene through π-π interactions. However,
neither of these helped to disperse the graphene in hexadecane oil. Figure 8.2 shows pictures of
the three solutions immediately after sonication, and after 20 hours when Benzene was added.
The THF addition result was similar to the Benzene addition result.
Dispersing graphene at a high temperature was also tried. The graphene-hexadecane
solution was sonicated at 70oC and left in a water bath at the same temperature. Leaving the
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Figure 8.2: (a) 0.02 wt% of PPG, XG 300, and XG 750 in hexadecane oil with 2 vol% Benzene

immediately after sonication. (b): the same solutions after 20 hours.

solution at a higher temperature did not enhance dispersion, but the graphene formed clumps and
eventually settled.

8.5

Raman analysis of the graphene samples
Raman analyses were carried out in order to compare the PPG graphene and the XG 750

graphene. The two tests were performed on the as-received powder samples. Figure 8.3-a shows
the Raman spectra of pure graphene (bottom) and graphite (top) from the literature [1]. The
Raman spectra of both the graphene and graphite have two main sharp peaks. The G band at
1580 cm-1 corresponds with the sp2 graphene vibration, and the 2D band at ~2700 cm-1 is related
to the number of graphene layers. The G band intensity is higher than the 2D band intensity in
the case of graphite, but it is the opposite in the graphene spectrum. In addition, the graphite 2D
band peak shows a shoulder at ~2690 cm-1 corresponding to the multi-layers, which are absent in
graphene. Figure 8.3-b shows the Raman spectra of PPG and XG 750 graphene collected using
488 nm laser excitation. The spectra for the two graphene samples have the same peaks. When
PPG and XG 750 graphene spectra are compared with the reference spectra of graphene in
Figure 8.3-a, it can be observed that the 2D/G intensity ratio is closer to that of graphite than to
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graphene. In addition, there is a strong peak at ~1350 cm-1 in the Raman spectra of PPG and XG
750 graphene. This peak at ~1350 cm-1 is referred to as the D band, and as the disorder or the
defect band. The presence of this peak indicates that graphene is chemically modified and/or
contains imperfections in the crystalline lattice. The functionalization of graphene can increase
the D/G intensity ratio due to the increased number of sp3 carbons in the graphene structure.
The exact position of the G band can give information about the chemical modification of
the graphene. Pure graphene has the G band at 1580 cm-1, but PPG and XG 750 graphene show
the G peak at 1595 and 1585 cm-1, respectively. This shift might be caused by the presence of
oxygen in graphene. The G band at 1595 cm-1 in the PPG spectrum suggests the presence of
oxygenated groups [11].

Figure 8.3: (a) Reference Raman spectra for graphene and graphite [1]. (b) Raman spectra for powder PPG graphene
(black) and powder XG 750 graphene (red).
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8.6

The lubrication effect of graphene additives
All friction tests were conducted using a reciprocating ball-on-flat tribometer with a 440 C

stainless steel substrate and a 440 C stainless steel ball. The friction tests were conducted with
normal loads of 1 and 0.1 N at 25oC and 70oC. The sliding speed was 4 mm/sec. Based on this
sliding speed and the observed friction coefficients, it is certain that the friction tests were in the
boundary lubrication regime, not in the hydrodynamic lubrication regime. All friction tests were
performed immediately after sonicating the graphene-hexadecane solution for 30-45 min. The
friction tests were typically run for 30 min, and as graphene is not fully dispersed, graphene
started forming bigger clumps after ~5 minutes.
8.6.1 Graphene effect at room temperature
Figure 8.4 compares the friction coefficients in pure hexadecane (C16) and hexadecane
solutions with 0.02 wt% PPG graphene and XG 750 graphene at room temperature.

Figure 8.4: : Friction coefficient for a stainless steel ball on a stainless steel substrate in pure hexadecane (black),
0.02wt% PPG graphene in hexadecane (red), and 0.02wt% XG 750 graphene in hexadecane (blue). (a) under 1 N
load and (b) under 0.1 N load.
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Figure 8.4 shows that XG 750 graphene gives a low and stable friction coefficient; on the
other hand, PPG graphene gives an unstable friction coefficient (and a high friction coefficient at
the low load). During the first 100 cycles, PPG graphene gives a low friction coefficient for the
load under 1 N, but afterwards, the friction coefficient increases and becomes unstable. The low
initial friction can be related to graphene being delivered when still dispersed to the contact area.
However, graphene gradually settles and does not reach the contact area which increases the
friction coefficient. To test this hypothesis, we ran a test with PPG graphene at 1N load, and
added drops of freshly sonicated solution, or replaced all the test solution with a new solution to
determine whether the dispersion of graphene is responsible for the low friction coefficient.
Figure 8.5 illustrates the results of this control experiment.
In Figure 8.4, the friction coefficient was low (~0.05) for around the first 50 cycles, then it
started increasing. At point 1, the test was stopped, the ball was lifted, and a drop of freshly
sonicated solution of 0.02wt% PPG in hexadecane was added at the contact point. When the test
was resumed on the same sliding track, the friction coefficient did not considerably decrease. At
points 2 and 3, the test was stopped, and the whole solution was replaced with a fresh sonicated
solution, the friction coefficient at point 3 decreased, but not to the initial low value, and it did
not decrease at 2. At point 4, the ball was moved to a new spot on the substrate (red color), and
the solution was replaced with a dispersed solution. And, when the test was resumed, the friction
coefficient decreased but not to the initial value (0.05). At point 5, the solution was replaced with
a freshly sonicated solution again, but the friction coefficient did not decrease. Again at point 6,
the ball was moved to a new spot (new sliding track), and a new sonicated solution was added.
When the test was resumed at point 6, the friction coefficient decreased but again not to the
initial low value. From this information, we can see that the dispersion of the graphene is not the
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main factor in obtaining the low friction coefficient. Replacing the solution during the test failed
to reduce the friction coefficient to its initial low value.

Figure 8.5: Friction coefficient for a stainless steel ball on a stainless steel substrate in 0.02wt% PPG in hexadecane
at a 1N load. The changing color corresponds to a new sliding track on the substrate, a rhombus indicates the
addition or replacement of solution, and a star means the ball was replaced with a new ball.

At point 7, the test was stopped, the ball was replaced with a new one, and the test was
resumed on a new sliding track in a freshly sonicated solution. Here, the friction coefficient
decreased to the initial value of ~0.05. At point 8, the ball was replaced with a new one on a new
sliding track, but the old settled solution (the one with which the friction coefficient reached 0.2
value on the previous track) was still used. Although the starting solution at point 8 was not fully
dispersed, the initial friction coefficient started out low again. This indicates that when PPG
graphene is used, the fresh, clean contact point gives the initial low friction coefficient, and the
graphene dispersion in the solution is not an important factor.
As the settling of the PPG graphene during the test was not found to be responsible for the
high friction, it was hypothesized that the high unstable friction may have been caused by the
PPG graphene not becoming incorporated in the sliding track. To further investigate this idea,
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Raman spectra were taken for the sliding tracks after the friction tests were performed. Figure
8.6 shows representative spectra for the sliding tracks created during the friction tests using PPG
and XG 750 graphene (multiple spectra were taken for each wear track at different points and a
representative spectrum is shown here).

Figure 8.6: (a) Raman spectra for sliding tracks created during PPG graphene tests (blue and red) compared to
spectra from tracks created during the pure hexadecane test (green). (b) Raman spectra for the sliding tracks created
during XG 750 graphene (blue and red) compared to spectra from tracks created during the pure hexadecane test
(green). Blue spectra were taken at the side of the wear track, and red spectra were taken in the middle of the wear
track. All spectra were taken at the same laser power. Excitation frequency used: 488 cm-1.

As Figure 8.6 shows, the PPG and XG-750 graphene are present in the wear track to a
comparable extent. The positions of D, G, and 2D are 1356±10 cm-1, 1579±8 cm-1, and 2712±3
cm-1, respectively. This indicates that the high and unstable friction coefficient of the PPG
graphene is not due to the absence of graphene from the wear tracks. It should be noticed that the
D/G intensity ratio in Figure 8.6 is different in the graphene found in the wear tracks compared
to the D/G ration of original solid graphene (Figure 8.3). The prominent D peak indicates that the
graphene deposited in the wear track experienced chemical and/or structural change during the
friction tests. It is known that the D band reflects defects in grapheme and that the higher the
D/G ratio, the higher the amorphization of graphene [1, 11, 12]. Also, Raman spectrum for the
wear track created during the pure hexadecane test shows small peaks at ~1350 and 1600 cm-1.
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This might be due to the carbonization of the hexadecane during the friction tests [7]. It was
found that in all cases there is slightly more graphene at the sides and ends of the wear tracks
than in the middle of the wear tracks, a result for which the applied load is likely to be
responsible.
Figure 8.7 shows the wear tracks and the wear marks on the ball. The line profiles of the
wear tracks in Figure 8.7 show material piled up at the side of the wear tracks (more noticeable
at 1 N load). It is clear that the wear tracks and the wear marks on the balls are mitigated when
XG 750 is used compared to when PPG graphene is used (except for graphene deposition at the
end of the wear track). The darker feature in the PPG graphene wear track, compared to XG 750,
can be caused by the roughness of the wear track (Figure 8.8). The root mean square roughness
is in the range 0.017-0.021 μm and 0.03-0.035 μm for XG 750 and PPG wear tracks,
respectively. The root mean roughness and average roughness for the pure hexadecane wear
track are 0.089 μm. The high roughness of the pure hexadecane track indicates that the black
color of the wear track is due mainly to roughness.

Figure 8.7: Images of wear tracks (to the left) and wear marks on the ball (right) for the hexadecane

friction test (top row), the PPG test (middle row), and the XG 750 test (bottom row) at 1 N and 0.1 N
loads at room temperature. Scale bar for all images. On the left side of each wear track is the line profile
along the width of the track.
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The ball wear mark formed during the PPG test is darker than the ball wear mark formed
during the XG750 test (this can be observed more clearly for the 1 N load). The ball tested with
XG750 looks worn rather than showing any deposit, but the black wear mark on the ball tested
with PPG appears to be from deposited materials. This black transfer film may be another reason
(in addition to roughness) for the high and unstable friction coefficient during the PPG tests.

Figure 8.8 Profilometry of wear tracks created during the friction tests at room temperature under 1N load

for (a) XG 750 graphene and (b) PPG grapheme.

8.6.2 Effect of graphene at high temperature
Figure 8.10 compares the friction coefficients obtained when pure hexadecane (C16) was
used with the friction coefficients when PPG graphene and XG 750 graphene were used at 70 oC.
As Figure 8.10 shows, the graphene addition to the hexadecane oil does not affect friction at
70oC. Pure hexadecane gives a low and stable friction coefficient of ~0.1 at 70oC.
The shape and the line profile of the wear tracks created during pure hexadecane, PPG, and
XG 750 tests at 70oC are almost identical (Figure 8.9). All the wear tracks show ploughing
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behavior. From profilometry, the pile-up height at the side of the wear track was found to be 0.20.3 μm at the 1 N load, 0.03-0.05 μm at the 0.1 N load.

Figure 8.10: Friction coefficient of a stainless steel ball on a stainless steel substrate in pure hexadecane (black),
0.02 wt% PPG graphene in hexadecane (red), and 0.02 wt% XG 750 graphene in hexadecane at 70 oC at two
different loads; 1 N (to the left) and 0.1 N (to the right).

Figure 8.9: Images of wear tracks created during the hexadecane friction test (top row), the PPG test (middle row),
and the XG 750 test (bottom row) at the 1N load (to the left) and the 0.1 N load (to the right). Tests performed at 70
o
C . Scale bar for all images: 100 μm. On the left side of each wear track is the line profile along the width of the
track. Scale bar is for the x-axis of the track line profile.
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Raman spectra collected from the wear tracks after tests using PPG and XG 750 graphene
(Figure 8.11) show that at this temperature graphene is not present in the middle of the wear
track. Graphene is mostly piled up around the wear track (a halo-like area surrounding the wear
track). The difference between the amount of graphene incorporated inside the wear track at
room temperature and at 70oC is clear from Figure 8.11 by comparing the red (room
temperature) with the blue (70oC) spectra. At 70oC, the Raman spectra show very small or no
graphene features when collected from the middle of the wear tracks created during PPG and XG
750. This explains why graphene effect is observed at room temperature but not at 70oC.
Detecting no graphene inside the wear tracks after the friction tests at high temperature indicates
that graphene/substrate interaction at 70oC is weak compared to the interaction at room
temperature. This weak interaction may result in the graphene being easily removed from the
contact point by the sliding action of the ball.

Figure 8.11: Raman spectra for sliding tracks created during the PPG graphene tests at 70oC (green and blue)
compared to spectra from the middle of the track created during the PPG test at room temperature (red). (b) Raman
spectra for sliding tracks created during the XG 750 graphene tests at 70oC (green and blue) compared to spectra
from the middle of the track created during the XG 750 test at room temperature (red). All spectra were taken at the
same laser power. Excitation frequency used: 488 cm-1.
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8.7

Conclusion
The effect of graphene on friction and wear was studied at room temperature and at 70oC.

It was found that at room temperature XG 750 graphene, which contains 10% atomic oxygen by
weight, lubricates better than PPG grapheme, which contains 0.5% atomic oxygen by weight.
When PPG graphene is used, the friction coefficient starts low, but after 50-100 runs, it starts to
increase and become unstable. The settling of the PPG graphene during the friction test was not
responsible for the increased, unstable friction coefficient. Clean contacting surfaces give the
initial low friction coefficient, but the friction coefficient increases as graphene deposits
(probably heavily damaged) are formed in the wear track. When the sliding surfaces become
rough and deposited materials accumulate, the friction coefficient increases and becomes
unstable. At 70oC, on the other hand, the graphene effect was suppressed when either PPG or XG
750 were used. Very little graphene was found in the middle of the wear tracks at 70oC; instead
most of the graphene was pushed outside (to the edges) of the wear tracks, and thus it had no
effect on friction.
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