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A Multi-Faceted Approach to Improving the Tribological 
Performance of Sliding Contacts 

 
Azhar Vellore, Ph.D. 

University of California, Merced, 2021 
Advisor: Professor Ashlie Martini  

 
As we strive to increase the energy efficiency of mechanical systems, it is necessary to 
find different avenues to reduce energy losses. Sliding contacts are part of most 
mechanical systems, and they are a major source of energy dissipation due to friction 
and wear. Sliding friction and wear can be mitigated using a multitude of strategies, 
including advanced surface modification techniques, new materials that exhibit better 
mechanical properties and novel lubricants (both liquid and solid). In this 
dissertation, new approaches to each of these strategies were studied using 
tribological experiments at application-relevant conditions. In the advanced surface 
modification strategy, surface properties of Ultrasonic Nanocrystalline Surface 
Modified (UNSM) Ti6Al4V alloy were characterized, revealing improved scratch 
resistance. Also, wear tests on Electropulsing-assisted UNSM treated NiTi alloy 
revealed improved wear resistance compared to untreated alloy. In the new materials 
strategy, the friction and wear performance of 60NiTi, a relatively new material 
exhibiting excellent hardenability, elastic recovery, and corrosion resistance, 
especially suited for space applications, was studied and its performance was 
characterized in the presence of various greases. This study provided a necessary first 
step to a complete evaluation of the friction and wear performance of self-mated 
60NiTi contacts. In the liquid lubricants approach, novel liquid lubricants with low 
molecular weight polyalkylmethacrylate additives functioning as viscosity index 
improvers, friction modifiers and anti-wear additives were studied for their 
tribological performance. Their friction performance was found to be on par with two 
commercial benchmarks, an anti-wear additive and a fully-formulated oil, obviating 
the need to add dedicated friction modifiers, potentially leading to cheaper lubricants. 
And, lastly, in the solid lubricants approach, the wear life of undoped and Ni-doped 
sputtered MoS2 coatings was investigated in ambient air conditions. Ni-doped MoS2 
coatings outlasted their undoped counterpart particularly at low pressures, where a 
delamination-driven debris formation was found to favor longer wear life in Ni-doped 
coatings. Also wear evolution during run-in revealed that both undoped and Ni-doped 
MoS2 appear to wear through the coating thickness at the center of the contact very 
early on, but microstructural studies revealed that new lubricious debris generated 
from the sides of the wear track provided continuous lubrication until the coatings 
failed much later. Overall, this research evaluated the performance and investigated 
the mechanisms of novel techniques to improve friction and wear behavior of 
tribological contacts using experimental methods. The results demonstrated viability 
of these techniques for enabling better energy efficiency in many different possible 
applications. 
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Chapter 1. Introduction 

1.1 Tribology 

Tribology is the study of friction, lubrication, and wear. The word tribology is 
relatively new, first coined by Professor H. Peter Jost in 1966, derived from the 
Greek word tribos which translates to rubbing. Although the term is new, the 
concept itself dates back to 3rd millennium BC [1] when some form of primitive 
lubrication was applied to prevent wear of wooden drill sticks used to light fires 
by rotating against another piece of wood. Another notable example is often 

cited from ancient 
Egypt, where a tomb 
drawing [2] shown in 
Figure 1.1, suggests 
huge statues were 
transported by 
wetting the sand with 
water.  

There are three key 
aspects of tribology: 
friction, wear, and 

lubrication. Friction is the opposing force experienced when two bodies slide 
against each other. Due to its opposing nature, a portion of the supplied energy 
is expended to overcome it. Friction is non-recoverable and is dissipated in the 
form of heat, noise, or wear of the surfaces in contact. Wear is the gradual 
deformation or removal of material at the interface of sliding surfaces caused 
by friction between moving components. It leads to failure of the components 
and results in the need for replacement of parts. Lubrication is the technique 
of using a medium to reduce both friction and wear, by creating a separation 
between the moving surfaces and allowing the components to slide against 
each other with lower resistance. Modern civilization is filled with moving 
components, ranging from the crown of a watch to wheels of a car, with 
application environments ranging from terrestrial to deep space. Overcoming 
friction and minimizing wear in all these cases has now become so crucial, that 
our way of life would literally grind to a halt without the methods that led to 
incremental tribological improvements achieved over the centuries. These 
methods primarily include modifying surface conditions, formulating better 
lubricants and developing novel materials employed in a moving interface. 
Every device, machine or a process which consists of moving components costs 
extra energy to either overcome friction or to manufacture and replace worn 

Figure 1. 1. Wall painting from 1880 B.C. on the Egyptian tomb of 
Djehutihotep, showing a figure of a person pouring a liquid in front of 
the sliding statue. 
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parts.  A massive study undertaken in 2017 [3] found that 23% of global energy 
consumption originates from tribological contacts and, of that, 20% is used to 
overcome friction. This not only puts tremendous strain on available energy 
resources, but also creates large amounts of greenhouse gases which cuts down 
on our already meagre efforts to curb global warming.  

1.2 Elements of Tribo-Contact 

A tribo-contact is the interface of two surfaces sliding relative to one another. 
Tribo-contacts may range from a single point contact observed in atomic force 
microscopy (AFM) at the nano scale to a piston-ring and cylinder contact at the 
mesoscale. Tribo-contacts may be lubricated or unlubricated and depending on 
the application, may aim for more friction or less. For example, the goal of an 
automobile engineer is to increase friction between the surface of a tire and 
surface of the road for better traction, however, the goal is to reduce friction 
between pistons and cylinders inside the engine both to burn less fuel and 
prevent excessive wear and tear of the components. So, in order to design 
mechanical components which are both energy efficient and long-lasting, it is 
necessary to understand the elements of a tribo-contact and then, developing 
techniques to optimize its tribological characteristics to produce best 
performance for its intended application.  

We start by breaking down a tribo-contact, in this case, a sliding interface, into 
its constituents using a simplified model as described in Figure 1.2.  

 

Figure 1. 2. Generalized model showing the elements of a tribo-contact. 

 It consists of two bodies having unique materials, with their respective 
surfaces sliding relative to one another with a lubricating medium in between 
them. Each of these constituents i.e., materials, surfaces and lubricant have 
unique properties which may or may not complement each other and affect the 
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overall tribological behavior of a contact. Hence, it is first important to discuss 
and understand these elements to be able to optimize them or find novel 
strategies to further improve energy efficiency of mechanical systems 
consisting of such contacts.  

1.2.1 Surface Properties 

All mechanical systems consist of components with interacting surfaces. 
Surfaces are one of the most important constituents of a tribological contact as 
that’s where any two components come in to contact and the first interaction 
between any material and its environment takes place. Surface interactions at 
the component level can be traced down to interactions at the atomic level. The 
efficiency of a mechanical system depends on the surface interactions between 
its components and the surface interactions between components depend on 
their surface properties. These surface properties include but may not be 
limited to structural or topographic, mechanical and physicochemical 
properties.  

1.2.1.1 Structural or Topographical Properties 

Most mechanical components are machine fabricated, which typically 
generates a unique surface topography or surface texture depending on the 
machining process. Surface texture is defined as ‘repetitive or random 
deviation from the nominal surface that forms the three-dimensional 
topography of the surface’[4]. Surface texture is uniquely defined at different 
scales i.e., at micro and nanoscales, it is called as roughness and at the 
macroscale it is called as waviness.  

 
Figure 1. 3. A typical machine-fabricated surface showing different levels of surface texture [5]. 

Roughness consists of hills and valleys (height or amplitude parameters) which 
are highly local with short wavelengths (spatial parameter) whereas waviness 
consists of surface deviations with longer wavelengths, see Figure 1.3. Surface 
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texture also includes lay and flaws, where lay is the primary direction of 
machining pattern (in machined surfaces) and flaws are unplanned defects in 
the texture. Machined surfaces appear to be ‘flat’ at macroscale, however, at 
the micro and nanoscale the topography is very rough. Therefore, the actual 
interaction between two component surfaces occurs between individual 
asperities at the microscale and crystallographic planes at the nanoscale 
respectively as shown in Figure 1.4.  

 
Figure 1. 4. (a) Contact at macro and microscale showing interacting asperities. (b) Contact at a single 

asperity at nanoscale showing atomic interactions. 

When a normal load is applied, more and more asperities touch each other 
some deforming elastically and some plastically. When these surfaces slide 
relative to one another, adhesion and deformation forces, both resisting 
motion, develop between the asperities, contributing to the net friction force 
[6]. Thus, it is generally understood that rougher surfaces result in more 
asperity-asperity interactions generating greater friction force due to the 
deformation component of the asperity interactions. However, friction force 
doesn’t monotonously decrease with decreasing roughness because other 
factors such as the mechanical properties of the materials have a significant 
effect on friction as well.  

1.2.1.2 Mechanical Properties 

The mechanical properties of materials in a tribo-contact play a significant role 
in the friction and wear behavior of the tribo-system. These properties include 
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but are not limited to hardness, modulus of elasticity and elastic limit, fracture 
toughness and residual stresses.  

Hardness of a material is defined as its resistance to plastic deformation 
brought about locally by indentation or abrasion. It is typically measured by 
indenting a sample material with a sharp indenter made of diamond or very 
hard reference material under a fixed normal load and measuring the residual 
surface area of the impression. The hardness is then calculated as the ratio of 
the load and residual surface area of the indent. In metals and ceramics, 
hardness directly affects friction force, i.e., the deformation component of 
friction is lower when sliding against a harder material. In metals, wear 
resistance is highly correlated to hardness, see Figure 1.5 [7].  

 

Figure 1. 5. Plot showing strong correlation of hardness and wear resistance in metals. 

However, wear resistance does not monotonously increase with hardness, for 
instance, some ceramics are extremely hard, but have very low fracture 
toughness, (a measure of resistance to brittle failure) which causes brittle 
wear. The role of fracture toughness is discussed subsequently. That brings us 
to one of the most frequently used wear models, referred to as Archard’s wear 
law. According to this, in a single asperity sliding contact, the volume of worn 
material is proportional to the energy dissipated due to friction forces during 
sliding [8]. Although originally applicable to adhesive wear modes, it has been 
extended to model other wear modes including abrasion [9] and fretting wear 
[10].  

Residual stresses are externally induced stresses on the surface of materials 
typically occurring either during manufacturing processes employed in 
generating the surface, temperature gradients or structural changes due to 
phase transformations, to name a few. Residual stresses are generally 
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classified into tensile and compressive stresses. Tensile stresses are often 
undesirable because of their tendency to facilitate crack propagation and 
causing premature failure. Compressive stresses on the other hand are 
beneficial and often induced intentionally to either reduce tensile stresses or 
to produce a net compressive residual stress[11]. This is done by different 
surface treatment methods including shot peening, high pressure torsion, 
ultrasonic nanocrystalline surface modification (UNSM) etc., which fall under 
a class of techniques called severe plastic deformation (SPD). These 
compressive stress inducing techniques are known to improve the wear 
resistance of surfaces of bulk materials [12] and coatings [13, 14]. However, 
the effect of SPD on friction coefficient is found to be material dependent [15, 
16]. 

 

Figure 1. 6. Plot showing strong correlation between surface energies of many metals and non-metals 
and their respective hardness. 

1.2.1.3 Physicochemical Properties 

Surface energy is a physicochemical property which strongly affects other 
surface phenomena including interfacial adhesion and bonding, and as a 
result, friction. Surface energy is defined as the energy per unit area required 
to cleave a solid body, creating two new surfaces [18]. These exposed surfaces 
consist of unsaturated bonds ready to react with atoms in the bulk or other 
species in the environment. This reactive nature of surfaces is responsible for 
different chemical phenomena including, formation of oxide layer due to the 
presence of atmospheric oxygen, or formation of adhesive bonds with another 
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surface in contact. Higher surface energy results in stronger bonds with the 
counter-body during sliding, thus, increasing the adhesive component of 
friction and in fact, one way lubricants reduce friction is by reducing surface 
energies of the interacting solids. Interestingly, the surface energies of many 
metals have been found to be in good correlation to their hardness, see Figure 
1.6 [17]. Oxide layers are known to reduce friction and wear at low loads by 
acting as a lubricating film and protecting the underlying surface from further 
wear [19]. At high loads or with continuous sliding however, the oxide film gets 
depleted, causing increased friction subsequently. Additionally, the surface 
energy also influences chemical reactions at the interface, between the sliding 
surfaces or between the surfaces and lubricant. These reactions and their by-
products if any can be beneficial or detrimental to the tribo-contact depending 
on the materials involved, load and speed conditions, and environmental 
factors like temperature and ambient atmosphere. For example, high surface 
energy is found to induce polymerization reactions in a-pinene molecules 
between dehydroxylated silica surfaces, which causes an increase in friction 
coefficient [20].   

1.2.2 Material Properties 

The bulk material properties in a tribo-contact significantly affect its 
tribological behavior. These properties mainly include shear strength, elastic 
modulus, and fracture toughness.   

Shear strength of a material is its ability to resist failure or deformation due 
to shear forces. Part of the friction forces developed between two surfaces 
sliding relative to each other is due to shear forces acting on each surface. A 
direct implication is that materials with low shear strength offer low resistance 
to deforming forces at the sliding interface resulting in low friction coefficient. 
Such materials are often used as solid lubricants, for example, 
polytetrafluoroethylene (PTFE) is a low shear strength polymer exhibiting low 
coefficient of friction (0.05-0.1) and is mixed with other harder polymers like 
polyether ether ketone (PEEK) resulting in a material which is both strong and 
lubricious [21]. However, low shear strength also implies, the material cannot 
resist shear induced wear, that’s why such materials cannot be used as bulk 
materials for tribo-components.  

Modulus of elasticity or Young’s modulus of a material is its resistance to 
deform elastically, quantified by the slope of the linear part of a stress-strain 
curve. Elastic limit is the maximum stress under which the material can 
recover elastically, and any further increment in stress will cause permanent 
deformation. Elastic properties of materials play a major role in a tribo-contact, 
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more particularly affecting the real area of contact. For example, when a 
spherical body is pushed against a flat surface and released, the contact area 
shrinks due to both materials recovering elastically, Figure 1.7 [22].  

 

Figure 1. 7. Showing a spherical body pushed against a flat surface and released. 

The recovery is smaller in materials with lower modulus and vice versa, 
implying that the area over which adhesion occurs is strongly influenced by 
elastic properties of the materials which has direct ramifications for friction 
and wear.  

Fracture toughness (often denoted as Kc) is a measure of a material’s resistance 
to brittle failure through crack propagation, during application of external 
stress. Brittle materials including ceramics, glass and many polymer materials 
have low fracture toughness allowing cracks to propagate rapidly causing 
material failure before any significant plastic deformation. Fracture toughness 
strongly affects the tribological properties of materials, for example, coefficient 
of friction has been found to decrease sharply with increasing toughness in 
brittle materials like ceramics, see Figure 1.8(a) [23]. Wear resistance is also a 
function of fracture toughness in addition to hardness. Higher hardness is not 
sufficient guarantee for higher wear resistance, as low fracture toughness 
allows rapid crack growth, eventually causing wear. The plot in Figure 1.8(b) 
[24] shows a direct relation between the reciprocal of wear rate (wear 
resistance) at constant load with the quantity Kc1/2H5/8 for different ceramics, 
implying, for a given hardness, higher toughness causes less wear. 

1.2.3 Lubricating Medium 

Using a lubricating medium to improve relative motion between two bodies in 
contact is one of the earliest known friction reducing strategies. Lubricants 
reduce friction force by creating a physical separation between the sliding 
bodies and enable smooth motion with low friction force. By separating the 
contacting bodies, they also reduce wear of the materials in contact improving 
the durability and reducing the occurrence of failure.  
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Figure 1. 8. a) Plot showing the effect of fracture toughness on coefficient of friction for a diamond pin 
on ceramic materials including SiC, Si3N4, Al2O3 and ZrO2 (b) Relation between the reciprocal of wear 

rate and the quantity Kc1/2H5/8 for different ceramic materials. 

Lubricants are currently available in all forms i.e., liquids, solids, and gases. 
Typical examples of liquid lubricants include mineral oils, vegetable oils and 
synthetic oils. Solid lubricants are available in power form or semisolids in the 
form of grease or solid-liquid suspension. Examples include graphite/graphene 
or molybdenum disulfide (MoS2) powders and coatings, mineral oil greases, 
silicone greases etc. Gaseous lubricants including Helium, Nitrogen or Air are 
used to lubricate bearings in some special applications [25]. Our discussion will 
mainly be confined to liquid and solid lubricants.  

1.2.3.1 Liquid Lubricants 

Liquid lubricants typically consist of more than 90% base oil and remaining 
10%, a combination of different additives. Some rheological properties of liquid 
lubricants strongly affecting their tribological behavior include viscosity, 
viscosity index, shear stability, volatility, surface tension and oxidation 
stability. Only some of these properties are addressed by the base oil and for 
further enhancements, multiple additives specifically targeting different 
properties are added. In the following paragraphs, we will briefly discuss how 
some of these rheological properties affect the tribological performance of 
liquid lubricants.  
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Viscosity and Viscosity Index 

Viscosity of a lubricant is defined as the resistance to deformation or flow, i.e., 
a lubricant with low viscosity flows easily compared to a higher viscosity 
lubricant. In a tribo-contact, lubricant viscosity directly affects its ability to 
keep the surfaces separated under external load, i.e., higher the viscosity, 
better the separation ability, which is also referred to as its load bearing 
ability; therefore, higher viscosity lubricant reduces material contact and as a 
result friction and wear. So, it is very important that the viscosity is 
maintained throughout the duty cycle of components. However, viscosity of 
liquid lubricants (and liquids in general) is temperature dependent, where 
viscosity decreases with increasing temperature, see Figure 1.9 [26, 27].   

 

Figure 1. 9. Plot showing the inverse relationship between different lubricant viscosities and 
temperature. 

Most oil lubricated mechanical systems operate at higher than room 
temperatures and consequently, the lubricating oil gradually loses its viscosity 
either temporarily or permanently during its operation. The reverse also holds 
true, where decreasing temperatures (in colder geographies, space, or distant 
planets) increases the viscosity. If the lubricating oil is too thick, for example 
cold starting a car engine in winter, it might not be able to flow fast enough to 
lubricate the engine parts in time or the pump requires more power to create 
enough flow. This might lead to fuel wastage or in extreme cases seizure of 
critical parts. So, it is of utmost importance to know how much change in 
viscosity a given lubricant undergoes, for a given change in temperature to 
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maintain normal operational performance of a mechanical system. As shown 
in Figure 1.9, the rate of viscosity drop with temperature varies from lubricant 
to lubricant, so, to compare the viscosity-temperature stability of different 
lubricants, a quantity called Viscosity Index (VI) is used. It is a dimensionless 
quantity which measures a fluid’s change in viscosity with respect to a given 
change in temperature. Higher VI indicates less tendency of the fluid’s 
viscosity to change with temperature, that means more consistency in 
performance. Between two oils, all other properties being similar, the oil with 
higher VI is a better choice.  

Shear Stability 

Shear stability of polymer-based lubricant is its resistance to shear thinning, 
i.e., temporary, or permanent viscosity loss at high shear rates. The loss is 
temporary when the shearing results in changes in the polymer configuration 
in the lubricant (generally at low shear rates), however, if it leads to scission 
of polymer chains (at high shear rates), then the loss is permanent as depicted 
in Figure 1.10 [28].   

 

Figure 1. 10. Describing permanent and temporary viscosity loss due to shear induced elongation and 
scission of a polyalkyl methacrylate (PAMA) molecule model. 

The permanent viscosity loss is known to be self-limiting i.e., as the polymers 
break into sufficiently small sizes, there is little further degradation. So, as 
seen in Figure 1.10, the loss is drastic initially, followed by a slowdown and 
finally plateauing after a critical polymer chain size/weight is attained.  
Temporary shear thinning is known to occur through alignment of polymer 
chains with the flow direction or through disruption of micelles (compact 
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spheres of polymer chains). This loss of viscosity is reversed when the shear 
rate is decreased.   

Surface tension and Wettability 

Surface tension is the net lateral force per unit length on a liquid’s surface 
molecules, a result of dominant cohesive forces from inner liquid molecules. It 
gives a liquid the tendency to minimize its surface area. Wetting of a lubricant 
on solid surfaces is strongly related to its surface tension. Greater the surface 
tension, greater a liquid’s ability to hold its shape and lesser its spread on the 
solid surface. 

Wettability is defined as a liquid’s ability to spread and maintain contact with 
a solid surface. It mainly depends on the net effect of cohesive forces (surface 
tension) within the liquid and adhesive forces between the liquid and solid [29]. 
When a liquid drop is in close proximity to another solid, for example, with a 
stronger affinity (adhesion) for the liquid molecules, the liquid spreads along 
the solid surface until the cohesive and adhesive forces are balanced; this is 
referred to as wetting. Instead of spreading over the surface, if the liquid tends 
to keep a spherical form, it is referred to as non-wetting, see Figure 1.11. [29] 
Wettability of a lubricant greatly affects its tribological performance. For 
example, recent studies have revealed that liquid-solid wettability can 
significantly influence hydrodynamic lubrication behavior at the micro/nano 
scale [30, 31]. Another study showed that for a lubricant to function well, at 
least one surface of the tribo-pair should be wettable [32].   

 

Figure 1. 11. A liquid drop on the left with strong cohesive forces (contact angle, q > 90o) and strong 
adhesive forces from solid surface (q < 90o) on the right. 

1.2.3.2 Solid Lubricants 

Solid lubricants are low-shear strength solids that include soft metals, 
inorganic, organic and self-lubricating composite materials, which are 
generally used in the form of coatings, powders or as fillers in a composite [33]. 
Solid lubricants are used in situations where liquid lubrication is not feasible, 
including very high/low temperatures, highly corrosive environments or in 
vacuum conditions like space. They are also used in mechanical systems 
lacking effective sealing, or with no pumping system for liquid lubricant flow. 
Examples of some categories of popular solid lubricants include carbon based 
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(e.g., graphite, diamond-like carbons (DLCs)), transition metal dichalcogenides 
(e.g., molybdenum disulfide (MoS2), tungsten disulfide (WS2)), polymers and 
polymer composites (PTFE and PTFE-polymer composites) and many soft 
metals (e.g., silver, indium, gold) etc. In addition to low friction and wear, solid 
lubricants are expected to exhibit a range of other characteristics, including, 
high strength, thermal and chemical stability, fatigue life, adhesive strength 
etc.  

In the following, we will discuss the theory and analytical equations through 
which Bowden and Tabor explained solid lubrication on hard elastic materials 
[34] and the conditions necessary for best tribological performance.  

 

Figure 1. 12. (a) Hard metal loaded on a soft metal (small t, large Ar). (b) Two similarly hard metals 
(large t, small Ar). (c) Two similarly hard metals separated by a soft metal film on one surface (small t 

and Ar). 

Now, consider a sliding tribo-pair of hard elastic solids, one of them coated with 
a solid lubricant having shear strength t, and real contact area, Ar, between 
them. Then, for an applied normal load L, and resulting friction force f, the 
coefficient of friction, µ, can be written as,  
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where, 𝜏! is the interfacial shear strength and a is a pressure -dependent 
parameter pertaining to the shear strength and the lowest possible friction 
coefficient for a friction pair. According to Eq. 1, the friction coefficient is the 
ratio of shear strength to contact pressure, P, and a solid lubricant can reduce 
the friction coefficient by having a low shear strength 𝜏! and resulting in a 
higher contact pressure (small contact area, Ar).  This is illustrated in Figure 
1.12 [35]. This model was validated by Bowden and Tabor by showing that 
indium metal, which is much softer than steel, can act as a solid lubricant.  

Another interesting observation from the indium study was that, although 
both oil lubricated and unlubricated steels showed independence between µ 
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and applied load L, there was a marked decrease in µ with increasing L for 
indium film on steel as shown by the plot in Figure 1.13.  

 

Figure 1. 13. Graph showing inverse relationship between coefficient of friction and applied load in the 
case of indium film on steel substrate. 

This behavior is partly explained by the illustration in Figure 1.12, whereby, 
the increase in friction force due to a modest increase in contact area at higher 
loads was significantly outweighed by the increase in contact pressure. This 
was also explained analytically using a Hertzian elastic sphere-on-flat contact 
model where coefficient of friction can be expressed as,   
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where, R is the radius of sphere and E* is the reduced modulus of elasticity. 
The inverse relationship between µ and L is evident in Eq.2, where µ µ L-1/3. 
This means, for an elastic contact, friction coefficient will decrease with 
increasing normal load. This relation has been experimentally verified in 
multiple solid lubricants including MoS2 (doped with Sb2O3), diamond-like 
nanocomposite (DLN) coatings, ultra-nanocrystalline diamond (UNCD) 
coatings [35]. So, the best conditions for low friction in solid lubricant coatings 
is to have a hard substrate to provide load support and keep the contact area 
small, wherein the coating provides a low shear strength interface. However, 
this inverse relationship has not been found to hold true at microscopic loads 
in the order of µN and nN, observed in MoS2 [36, 37] and DLN coatings [38].  

Another mechanism by which solid lubricants reduce friction and wear is, 
formation of tribo-film or transfer film on the counter-face. Tribo-films are 
known to reduce friction and wear by preventing direct contact between the 
sliding surfaces [39–41] and by a continuous supply of low shear strength 
material at the interface. Some solid lubricants are known to function without 
tribo-films, for example, near frictionless carbon (NFC) exhibits ultralow 
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friction coefficient of ~ 0.005 by passivation of contacting surfaces induced by 
hydrogenated carbon atoms[42].  

Film thickness of solid lubricants is also known to have a significant effect on 
their tribology. It has been predicted theoretically and verified experimentally 
[43] that for solid lubricants such as oxides, soft metals and MoS2 in a resin, 
there exists an optimum range of film thickness (0.01-100 µm) that exhibits 
low friction and wear. Beyond a thickness of about 10 µm, it has been found 
that the load is carried by the film instead of the substrate and the contact 
behaves as if there is no substrate. This increases the real contact area, 
resulting in more friction, while the increase in wear is caused by formation of 
large wear particles.  

In this section we discussed different constituents of a sliding tribo-contact 
including surfaces, bulk materials and lubricants and their properties which 
play a significant role in the tribological behavior of such a contact. In order to 
further push the boundaries of mechanical efficiency, a multi-pronged 
approach to improving friction and wear behavior of sliding interfaces by 
devising novel engineering techniques and understanding wear mechanisms 
at the fundamental level is necessary and this dissertation aims to achieve 
this. 

1.3 Dissertation outline  

This work aims to better understand the friction and wear mechanisms at play 
in a lubricated tribo-contact and effect further advancements in its friction and 
wear performance. Our approach is targeted towards optimizing various 
constituents of a tribo-contact i.e., surfaces, bulk materials and lubricants 
using novel strategies for each constituent respectively. Subsequent chapters 
will begin by briefly discussing some state-of-the-art optimization strategies 
for each constituent and identify areas of improvement. This will form the 
motivation for different studies in this dissertation, wherein we will discuss in 
detail, our novel approach, methodology and results of experiments performed 
as part of these strategies.  

Surface treatments are often applied to materials to enhance their tribological 
properties including hardness, wear resistance and reduce friction. Gas 
nitriding is one such treatment which has been found to result in undesirable 
effects including phase transformation and surface deterioration in Ti6Al4V 
alloy. Additionally, Ti6Al4V alloy is known to be less conducive to forming 
processes at ambient or low temperatures leading to higher processing costs. 
These issues are addressed by a new surface treatment technique called 



 16 

Ultrasonic Nanocrystal Surface Modification (UNSM) is a new surface 
treatment technique which involves imparting compressive residual stresses 
on the surface using a severe plastic deformation process. In Chapter 2, we 
perform tribological experiments including scratch and wear resistance testing 
to study how UNSM surface treatment may be able to address the undesirable 
effects of gas nitriding and also improve formability in Ti6Al4V alloy. 

Bearing materials are predominantly hardened steels and ceramics, however, 
these materials have both advantages and disadvantages for a given 
application. Novel materials which are not only on par with current materials 
but are also able to address their shortcomings need to be explored and 
investigated for developing more efficient mechanical systems. In Chapter 3, 
we discuss the tribological characteristics of a relatively new material, 60NiTi 
(also known as Nitinol) in the presence of aerospace grease lubricants, 
evaluated using linear reciprocating sliding friction tests, interferometry, 
optical and scanning electron microscopy. These studies are helpful to 
understand how this material will behave in gears and bearings lubricated by 
greases not specifically designed for 60NiTi.  

Developing next generation liquid lubricants requires further improvements 
in additives. Additives are chemicals added to liquid lubricants to improve 
certain aspects of lubrication. One area of improvement is developing 
multifunctional additives that can do the job of both viscosity and friction 
modifiers with similar or better performance compared to current 
formulations, thereby increasing benefits for the same cost. In Chapter 4, we 
study the friction and wear performance of low molecular weight 
polyalkylmethacrylates developed by Pacific Northwest National Lab (PNNL), 
which are designed to perform as multifunctional additives including viscosity 
index improvers, friction modifiers and anti-wear additives.  

Further, with increasing duration of space missions, it has become necessary 
to study and develop dry film lubricants (DFLs) that are more reliable, 
predictable, and can last longer in space. But pre-launch testing of spacecraft 
components often deteriorates the life of dry film lubricants which needs to be 
estimated, so it can be known beforehand if it can last for the mission, thus 
avoiding costly failures. In Chapter 5, we discuss the tribological performance 
evaluation of a multifunctional additive, designed to mitigate both viscosity 
loss due to increased temperature and friction and wear, using unidirectional 
sliding friction tests and interferometry. We also discuss and compare the wear 
life of undoped and Ni-doped MoS2 DFL (a popular spacecraft lubricant) 
evaluated using unidirectional sliding friction tests. We investigate the wear 
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mechanisms responsible for improved wear life in Ni-doped MoS2 using 
interferometry, scanning electron microscopy and energy dispersive 
spectrometry.   

Finally, building upon the results in Chapter 5, we propose future 
experimental work in Chapter 6 that aims to develop a cumulative damage 
model for sputtered MoS2 DFLs, which will enable more accurate prediction of 
coating life that can be expected in vacuum of space after components coated 
with these DFLs are tested on earth ambient conditions resulting in partial 
consumption of the coating life.   
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Chapter 2. Surfaces 

2.1 Ultrasonic Nanocrystal Surface Modification 

Microstructural characteristics of polycrystalline materials, particularly grain-
size greatly influences their mechanical properties. Grain sizes of 10 µm or 
more are considered as coarse grains, 1-10 µm as fine grains and <1 µm as 
ultrafine grains. According to the well- known Hall-Petch relationship, 
strength of a metal increases with decreasing grain size due to increase in 
number of grain boundaries, which hinder the movement of dislocations [44]. 
Conventional metal forming processes are not able to easily generate ultrafine 
grains in manufactured components due to limited capability in imparted 
compressive stresses [45–49], calling for alternative processes. Severe plastic 
deformation (SPD) is a class of techniques that can produce ultrafine grains by 
imparting high levels of compressive stresses without altering the material 
geometry or chemical composition. Different SPD methods have been 
developed separately for bulk metals, sheet metals and tubular components 
[12]; some of the well-known ones include, equal channel angular pressing, 
high pressure torsion, shot peening, surface mechanical attrition treatment, 
and ultrasonic nanocrystal surface modification (UNSM) techniques. 

 

Figure 2. 1. Schematic showing the UNSM process where a pin with hemispherical tip strikes the 
sample at ultrasonic frequency and scans the entire area. 

UNSM is a relatively new method in the category of SPD techniques which has 
been shown to improve surface micro-hardness and wear resistance of different 
materials including steel [50–52], titanium and its alloys [53–57], magnesium 
alloys [58, 59] and bulk metallic glasses [60]. This method consists of striking 
a surface with a ball or hemispherical pin at ultrasonic frequency as shown in 
Figure 2.1, imparting severe plastic deformation to the surface, resulting in a 
micro-layer of refined grains under compressive residual stresses with 
enhanced mechanical properties including strength and hardness. 
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Titanium and its alloys have attributes like high strength, high-temperature 
performance, corrosion resistance and biocompatibility, which makes them 
popular engineering materials for applications including aerospace, 
automotive and bioengineering. Despite such desirable properties, they suffer 
from drawbacks like high friction and wear and poor hardness which must be 
addressed for wider applicability. Surface treatment methods like boronizing, 
oxidation and nitriding, have been used to improve the surface properties of 
Ti-based materials enabled by the formation of surface compound layers of 
borides, oxides and nitrides which exhibit high hardness, corrosion, and wear 
resistance [61–63]. Gas nitriding is one such technique, although widely used, 
has been found to result in undesirable effects including phase transformation, 
surface deterioration, grain growth and precipitation [64–67] when performed 
at high temperatures, and calls for further process optimization.  

In this work, the effectiveness of UNSM as a pretreatment process for gas-
nitriding to improve scratch resistance was investigated. Gas-nitrided (at two 
temperatures 700 oC and 800 oC) specimens with and without UNSM 
treatment were provided by University of Akron. The specimens were 
substrates of α/β titanium alloy Ti6Al4V with composition of 0.08 wt% carbon, 
5.5-6.75 wt% titanium and 0-0.3 wt% other components and UNSM was 
performed as per procedure described in [68]. The scratch hardness tests were 
performed following ASTM standard G171-03 [69] using a Rtec Multifunction 
Tribometer. A constant normal load of 1 N was applied on a diamond sphero-
conical tip indenter of radius 200 µm while moving the sample 5mm laterally 
at a constant speed of 0.2 mm/s.  

 

Figure 2. 2. Measured (a) scratch hardness and (b) scratch depth, after scratch tests at 1 N normal 
load. 

The width of the scratch was then measured using white light interferometer 
images and the scratch hardness was calculated as HSp = kP/w2, where P is 
the applied normal force (gf), w is the scratch width (µm), HSp is the scratch 
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hardness number (GPa), and k is a geometric constant that takes the value 
24.98 for the unit system used here. The scratch hardness number of each 
sample was determined as an arithmetic mean of a total of nine determinations 
(that is, 3 scratches and 3 width measurement locations per scratch). The 
scratch hardness test results are plotted in Figure 2.2. 

The nitriding depth in 700 oC and 800 oC specimens of the control (without 
UNSM) and UNSM conditions are 0.1 µm, 0.2 µm, 1.2 µm and 1.9 µm 
respectively. The results reveal that the scratch hardness of Ti6Al4V after 
nitriding at 800 °C with UNSM pretreatment is higher than that of the sample 
without pretreatment (Figure 2.2(a)), which possibly originates from the 
thicker nitride layer assisted by the nano-grains. In all the other cases, the 
scratch depth (Figure 2.2(b)) was higher than the nitriding layer thickness 
possibly resulting in similar performances.  

2.2 Electropulsing Assisted Ultrasonic Nanocrystal Surface Modification 

Alloys of titanium are also known to be less conducive to forming processes at 
ambient or low temperatures which leads high processing costs [70]. To 
address this during UNSM, high static load and a large amplitude are 
necessary. However, this results in high surface roughness resulting in poor 
wear and corrosion resistance. Thermal assisted SPD could address this 
problem; however, it lowers the metal’s yield strength and reduces its 
resistance to wear in addition to formation of oxide layers, induced thermal 
stresses and also causing microstructural changes.  

 

Figure 2. 3. Schematic showing electropulsing-assisted UNSM process. 

Electrically-assisted-manufacturing (EAM) is another approach to improve 
metal formability, wherein a strong electric field is applied during deformation 
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of metals as described in Figure 2.3. Applying high density electrical pulses 
have been found to introduce both thermal and electronic effects on the 
deformation of solid metals [71]. This electropulsing induced high energy input 
method is an emerging technique in engineering treatments [72].  
Electropulsing has been shown to improve ductility of metals [70, 73] and also 
enable faster movement of dislocations [74, 75]. In another study, the 
microhardness at high strain rate was found to significantly improve in 
Ti6Al4V when assisted by electropulsing during ultrasonic shocks [76]. These 
studies indicate that electropulsing can be a promising method to improve 
metal formability.  

In this study, we evaluate and compare the wear performance of 
electropulsing-assisted UNSM specimen of NiTi alloy with a UNSM specimen 
fabricated without electropulsing and a control sample without any surface 
treatment. Tests were performed following an adaptation of the ASTM G133-
05 standard for linear reciprocating ball-on-flat sliding wear tests, with 
modifications necessitated by limitations of the available test instrumentation. 
The ASTM standard recommends lubricated wear testing with a ball of 
diameter 9.53 mm at 150 oC, 10 mm stroke length, 10 Hz oscillating frequency, 
400 m total sliding distance and a constant normal load of 200 N. However, our 
tests were performed with a 9.53 mm diameter ball at room temperature, 6 
mm stroke length, 0.4 Hz oscillating frequency, a 100 sliding distance and a 25 
N constant normal load. For each specimen, three tests were run in ambient 
air conditions. 

 

Figure 2. 4. Wear scars from each specimen type (a) Control (b) UNSM (c) EP-UNSM. 
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The representative wear scars from each specimen type are shown in Figure 
2.4. To measure wear volume, the white light interferometer was used to 
capture high quality 3D images of wear scars on the specimen after the tests. 
Prior to imaging, the surfaces were thoroughly cleaned with acetone. The wear 
volume was calculated as an average of the cross-sectional area of six profiles 
along the wear scar multiplied by the length of the scar. The length of the scar 
only includes the constant width portion. The cross-sectional area of wear scar 
was defined as the difference between the areas above and below the average 
height of the surface [77].  

 

Figure 2. 5. (a) Wear volume comparison (b) Wear depth comparison. 

The wear performance results are presented in Figure 2.5(a) and the depth of 
wear in all specimen types are compared in Figure 2.5(b). The values shown 
are average of 3 tests per specimen, with the standard deviation represented 
by the error bar. It is clear from the wear volume comparison that both UNSM 
and EP-UNSM resulted in higher wear resistance (lower wear volume) of the 
NiTi alloy surface. The wear depth results in Figure 2.5(b) also corroborated 
this result. Note that the wear depth of both UNSM and EP-UNSM specimens 
is within their respective surface treatment depths of 30 µm. Although, 
contrary to expectations, EP-UNSM treatment did not result in better wear 
resistance compared to UNSM process. This could be explained by the 
formation of fine local recrystallized grains, corroborated in the optical 
microscopy images of cross-section of NiTi compared from different specimens 
by University of Akron, shown in Figure 2.6. These local recrystallized fine 
grains are known to increase ductility with the help of the high-density 
electrical pulses. This increase in ductility, which is considered to be less 
favorable to wear resistance [70], is the likely source of increased wear volume 
in EP-UNSM specimens. 
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Figure 2. 6. Optical microscopy images of NiTi cross-sections from different specimen types. Image 
courtesy: University of Akron. 

This study shows that electropulsing-assisted UNSM is a viable method to 
enhance formability of NiTi alloy with similar wear performance compared to 
UNSM treatment which itself improves the wear resistance of untreated NiTi 
alloy.  

Overall, these studies show that UNSM can be an effective surface engineering 
technique to improve the tribological properties of Ti alloys which are 
otherwise known to exhibit poor wear resistance, limiting their applicability.  
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Chapter 3. New Materials 

3.1 Introduction 

The material properties of bodies in a tribo-contact are as essential as the 
lubricant and surface properties in the tribological performance of a system. 
As discussed in Chapter 1 and 2, material properties including hardness, 
elastic modulus, strength, toughness, and micro-structural properties 
including grain size, phase composition and chemical compatibility with 
lubricant molecules greatly influence the friction and wear behavior of a tribo- 
system. It has been well documented that in most metals in general and ferritic 
metals in particular, hardness and wear resistance are closely related, where 
harder materials resist abrasive wear better [78, 79]. It has also been shown 
that a combined effect of hardness and compressive strength is a better 
indicator of wear resistance of a material, where two similarly hard materials 
WC and TiC had very different wear behavior [80]. Grain size has been shown 
to play a crucial role in improving tribological properties, where, with grain 
sizes in the 15 to 100 nm range in nanocrystalline aluminum, the hardness-
grain size data could be well represented by Hall-Petch relationship, 
consequently reducing friction and wear with smaller sizes [81].   

New material compositions and multiphase alloys are being developed which 
can exhibit enhanced mechanical as well as tribological properties. For 
example, recently developed Al-Si eutectic alloy is being widely adopted in 
military, automobile, and general engineering industries [82, 83], where 
addition of hard Si particles to the soft Al matrix has been found to improve its 
wear resistance by dispersion hardening [84]. Nanocomposite tribological 
coatings have been designed and studied to combine toughness improvement 
by nanocrystalline structures, have functionally gradient interfaces and 
incorporate nanoscale lubricant reservoirs to be able to respond to changing 
environmental conditions [85]. Material requirements for components exposed 
to extreme conditions, including shock loads during rocket launch, and drastic 
temperature cycling from cryogenic to excess of many hundreds of degrees 
centigrade, cannot be met by single phase materials and novel multiphase 
materials are currently being explored to perform in these conditions.  

3.2 60NiTi (Nitinol) 

Bearing materials are predominantly hardened steel, austenitic stainless 
steel, and ceramics, as well as sometimes non-ferrous alloys and plastics. These 
materials have both advantages and disadvantages for a given application. For 
example, hardened steels are cheap but suffer from weak corrosion resistance; 
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austenitic steels are corrosion resistant but not very hard; ceramics are very 
light and hard but extremely brittle; and non-ferrous alloys are cheap to 
produce but cannot withstand high pressures and temperatures. However, 
some bearing applications require materials with different combinations of 
these properties. One material being considered for this purpose is 60NiTi, a 
Nickel-Titanium alloy that consists of 60 wt. % Ni and 40 wt. % Ti. 60NiTi is 
non-magnetic and has high hardness (can be hardened to 62 HRC) with 
elasticity twice that of steel, excellent corrosion resistance, tensile strength 
comparable to ceramics, and is 15% lighter than steel [86]. This combination 
of properties makes 60NiTi a potential alternative bearing material [87, 88]. 
One application where 60NiTi is being considered for bearings is moving 
components in space vehicles, where the materials have to exhibit high 
hardness, moderate elastic modulus, and large recoverable strain to enable 
components to resist impact loads that occur during launch [87]. 

Most potential applications for 60NiTi include tribo-contacts lubricated by oil 
or grease. Thus, there is a need to understand the lubrication performance of 
60NiTi in rolling and sliding contacts, which are the primary contact modes in 
bearings and gear applications. Some studies have been performed using 
unformulated oils, to minimize the number of variables and to enable isolation 
of lubrication mechanisms. Unformulated lubricant friction and wear tests 
have been performed using castor oil, seed oil, turbine oil and paraffin oil [89] 
where castor oil was found to exhibit lower friction and wear compared to the 
other oils. Similar studies showed that, at low contact pressures, a 60NiTi pin 
and 52100 steel sliding contact lubricated by castor oil can exhibit ultra-low 
friction (friction coefficient of 0.008) [89–91]. This result was later found to be 
strongly dependent on surface roughness, with the lowest friction only 
achievable with an average surface roughness of less than 20 nm [92]. 
Experiments using a 60NiTi pin sliding on 52100 steel were carried out with 
poly-alpha-olefin (PAO) oil and showed that the lubricant decreased the 
friction coefficient from 0.6 to 0.1 (relative to dry sliding) and improved wear 
resistance [93]. Tests with a linear reciprocating tungsten carbide ball on a 
60NiTi plate using castor oil lubrication identified plastic deformation-induced 
abrasion as the primary wear mode [94]. In another study, it was found that 
friction and wear resistance of 60NiTi is worse than that of 440C stainless steel 
under castor oil lubrication with a sliding tungsten carbide ball [95]; in a 
follow-up study, the authors suggested this was due to 60NiTi exhibiting 
microscopic brittleness at the contact which allowed propagation of tensile 
microcracks leading to more wear [96]. 
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Studies with fully formulated oils have also been performed. A spiral orbit 
tribometer was used to characterize multiply-alkylated cyclopentane (MAC) oil 
[87, 88, 97–99] and perfluorinated polyether (PFPE) oils [98, 99]. The MAC oil 
(commercial name Pennzane 2001A) and PFPE oils (Krytox 143 AC and 
Castrol Brayco 815Z) are commonly used in space applications. These studies 
showed that fully-formulated oils can successfully lubricate 60NiTi on 440C 
[98] and self-mated 60NiTi rolling-sliding contacts [99]. It was also found that 
60NiTi is amenable to conventional oil lubrication with a low constant 
coefficient of friction (CoF) and that this contact exhibits lubricant degradation 
rates similar to iron-based materials (440C and 52100 steels) [99]. Further, 
linear reciprocating wear testing was used to study synthetic gear oil in sliding 
contacts [94, 95]. These studies showed that a tungsten carbide ball sliding on 
a 60NiTi flat exhibited higher wear and friction than on a 440C flat, although 
the reasons for this difference are still not fully understood [95].  

To date there have been few studies of 60NiTi sliding against a similarly hard 
material (either a hardened steel or self-mated) with fully formulated oils or 
greases. Also, to the best of our knowledge, there have been no grease 
lubricated sliding contact studies using self-mated 60NiTi. Such studies are 
necessary to understand how this material will behave in gears and bearings 
lubricated by greases containing additives not specifically designed for 60NiTi. 
In this paper, we characterize the friction and wear of self-mated 60NiTi 
contact in pure sliding, boundary lubrication, conditions chosen to capture 
material wear behavior under extreme conditions, i.e., when the contact is 
lubricant-starved and ceases rolling. Tests are performed with greases 
consisting of different base oil types and thickener types to enable direct 
comparison between the greases. Results are then analyzed to explore the 
friction and wear mechanisms exhibited by grease-lubricated, self-mated 
60NiTi in sliding contacts. 

Five different greases were used in this study, as summarized in Table 1. Three 
of these (Braycote 601EF, Braycote 602EF and Nye Rheolube 2000) are 
currently being used in space/vacuum applications where low outgassing and 
low volatility are necessary. Nye Rheolube 374A is used in the aviation 
industry and SKF LGMT2 is a general-purpose grease used in automotive 
bearings, conveyor belts, small electric motors, etc. This combination of greases 
was selected to provide performance data for self-mated 60NiTi tribo-contacts 
in space/vacuum applications as well as for terrestrial applications. It should 
be noted that the base fluids of some greases tested here are the same as those 
of formulated oils characterized in previous studies of self-mated rolling-
sliding contact, i.e., the base oil in Braycote 601EF and Braycote 602EF is 
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Castrol Brayco 815Z and the base oil in Nye Rheolube 2000 is Pennzane 2001A 
[87, 88, 97–99].  

Table 1. Summary of greases used in this study. 

Grease Base Fluid Thickener Type 

SKF LGMT2 Mineral Oil Lithium Soap 

Braycote 601EF Perfluorinated polyether, PFPE 
(Castrol Brayco 815Z) 

Polytetrafluoroethylene 
Particles 

Braycote 602EF 
(Contains MoS2) 

Perfluorinated polyether, PFPE 
(Castrol Brayco 815Z) 

Polytetrafluoroethylene 
Particles 

Nye Rheolube 374A Polyalphaolefin, PAO Lithium Soap 

Nye Rheolube 2000 Multiply-alkylated cyclopentane, 
MAC (Pennzane 2001A) 

Sodium Soap 

 

Ball and flat samples used in this study were 60NiTi-Hf, an alloy containing 
one atomic percent Hafnium, and were donated by the NASA Glenn Research 
Center (subsequently referred to simply as 60NiTi). The flat samples were 
polished in two steps using an Allied High Tech Metprep 3 polisher, first with 
silicon carbide abrasive pads and second with a polycrystalline diamond 
abrasive in a hexylene glycol suspension for final surface finish. The average 
roughness of the ball and flat were 46 nm and 6 nm, respectively, as measured 
using a white light interferometer. Prior to each test, the surfaces of the ball 
and flat were thoroughly cleaned with acetone and, if fluorinated oil was 
present, with Vertrel XF. The flat was also ultrasonically cleaned in heptane 
for 5 min. Approximately 0.5 g of grease was evenly spread along the ball path 
on the flat prior to testing. 

The tribological performance of the greases was measured using an Rtec 
Instruments Multi-Function Tribometer. Tests were performed following an 
adaptation of the ASTM G133-05 standard for linear reciprocating ball-on-flat 
sliding wear tests, with modifications necessitated by limitations of the 
available test instrumentation. The ASTM standard recommends lubricated 
wear testing with a ball of diameter 9.53 mm at 150 oC, 10 mm stroke length, 
10 Hz oscillating frequency, 400 m total sliding distance and a constant normal 
load of 200 N which corresponds to 1.6 GPa maximum Hertz contact pressure 
for a self-mated 60NiTi contact. However, our tests were performed with a 4.76 
mm diameter ball at room temperature, 10 mm stroke length, 0.25 Hz 
oscillating frequency, two sliding distances (short 30 m and long 100 m) and a 
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11.49 N constant normal load corresponding to a maximum Hertz contact 
pressure of 1 GPa. For each grease, three tests were run with a 30 m sliding 
distance and one test with a 100 m sliding distance. All tests were performed 
in atmosphere with a measured relative humidity between 35–50%. 

Images of the worn surfaces were obtained from a white light interferometer 
onboard the tribometer (with data processed using Gwyddion), a Leica (Model 
DM 2500M) optical microscope, and a Zeiss Gemini 500 scanning electron 
microscope (SEM). To measure wear volume, the white light interferometer 
was used to capture high quality 3D images of wear scars on the balls and flats 
after the 30 m sliding tests. Prior to imaging, the surfaces of the ball and flat 
were thoroughly cleaned with acetone and heptane, as well as Vertrel XF if 
fluorinated oil was present, as described in the previous section.  

 

Figure 3. 1. Schematic diagram illustrating the wear calculation for a flat wear scar. 

 

Figure 3. 2. Schematic diagram illustrating wear calculation for the ball samples. 

The volume of the wear scars on the flats was calculated as an average of the 
cross-sectional area of six profiles along the wear scar multiplied by the length 
of the scar. The cross-sectional area of the wear scar was defined as the 
difference between the areas above and below the average height of the surface 
[77], as shown in Figure 3.1. It should be noted that protruding features will 
increase the area above the average surface height and decrease the wear 
volume. For small wear cases, the ball wear volume was calculated from the 
difference between the volume of an unworn ball and that of a worn ball over 
the entire scar area, as illustrated in Figure 3.2. In some cases, the wear on 
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the ball was too severe to calculate with this approach, so a spherical cap 
approximation was used to estimate wear volume geometrically [100]. Specific 
wear rates were calculated as the wear volume divided by total sliding distance 
(30 m) and normal load (11.49 N). 

The friction and wear behavior are analyzed for self-mated 60NiTi sliding 
contact with each grease. First, the CoF is shown as a function of sliding dista- 

 
Figure 3. 3. Test results for SKF LGMT2 including (a) friction traces, (b) interferometer image of the 
ball wear scar, (c) and (d) optical microscope and interferometer images of the flat wear scar, and (e) 

and (f) SEM micrographs of flat wear scar. All wear images correspond to the test shown in blue in (a). 
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-nce for four tests (three at 30 m and one at 100 m). The friction traces of the 
three 30 m tests are shown as red, black, and blue, and the 100 m tests are 
shown in magenta. Then, representative wear scars on the ball and the flat are 
shown from one of the 30 m sliding distance tests for each grease. Wear 
analyses include interferometer images of the ball wear scar, interferometer, 
and optical microscope images of flat wear scar, and in some cases, SEM 
images of the region within the wear scar on the flat.  

Test results for the SKF LGMT2 are shown in Figure 3.3. The CoF in Fig. 3.3(a) 
is initially high (~0.45) for all four cases. In one of the 30 m cases, the friction 
decreases around 20 m of sliding. This decrease is also exhibited by the 100 m 
case, albeit around 40 m of sliding. Overall, the friction is never observed to be 
consistently low with this grease (CoF in the range of 0.15 to 0.4). Figure 3.3(b) 
shows the wear scar on the ball with severe scoring marks parallel to the 
sliding direction, indicating predominantly abrasive wear [101]. The 
corresponding scar on the flat shows faint abrasive wear marks and protruding 
features, as indicated by blue regions in the interferometer image (Fig. 3.3(d)) 
and dark regions in the optical microscope image (Fig. 3.3(c)).  

The observed protruding features are likely adhered wear debris. Two regions 
are magnified in the SEM micrographs in Figures 3.3(e) and 3.3(f) which show 
that the size of the adhered features range from a few tens to hundreds of 
microns, indicating this behavior is prevalent across different scales of asperity 
contact. The large amount of material adhesion is possibly a result of galling 
[77], which would be consistent with the behavior of titanium and its some of 
its alloys [98, 102] in sliding. Despite the signs of adhesive wear on the flat, 
the scoring marks on the ball suggest abrasive wear. To explain this, we 
postulate that wear debris adheres to the flat, then it is work-hardened due to 
the severe test conditions and finally this hard material on the flat abrades the 
relatively softer ball.   

Test results for Braycote 601EF are shown in Figure 3.4. The CoF traces in 
Figure 3.4(a) for this grease are consistent across the four tests. In all cases, 
there is a short run-in period followed by low friction (average CoF of 0.14 after 
10 m of sliding) with intermittent friction peaks, possibly due to wear followed 
by removal of worn material from the wear track. The longer duration test (100 
m sliding distance) shows that the height and frequency of these friction peaks 
decrease with sliding distance. Ball wear, shown in Figure 3.4(b), was very low, 
with a groove in the center of the scar and mild abrasive marks around it. 
Unlike the SKF LGMT2, there were no protruding features found on the flat 
wear scar shown in Figures 3.4(c) and 3.4(d), which suggests this contact is 
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dominated by abrasive wear [101] as evidenced by the longitudinal grooves 
shown in Fig. 3.4(d). 

 

Figure 3. 4. Test results for Braycote 601EF including (a) friction traces, (b) interferometer image of the 
ball wear scar, and (c) and (d) optical microscope and interferometer images of the flat wear scar. All 

wear images correspond to the test shown in blue in (a). 

One outcome of this is that, although the width of the wear scar on the flat is 
much smaller than that with the SKF LGMT2 shown in Fig. 3.3(d), the wear 
depth is greater (more red and dark red regions) for Braycote 601EF, because 
there is no adhered material.  

Test results for Braycote 602EF are shown in Figure 3.5. The CoF traces for 
the 30 m tests are similar to those from the Braycote 601EF, but with fewer 
friction peaks. Also, the mean CoF after 10 m of sliding is slightly lower at 0.13, 
possibly due to the presence of MoS2 additive in the grease. The wear on the 
ball (Figure 3.5(b)) and flat (Figure 3.5(c) and 3.5(d)) are also similar to those 
of Braycote 601EF, characterized by narrow, sometimes deep wear features, 
indicating abrasive wear. SEM micrographs of the flat wear scar for this grease 
contain many micron-sized dark spots, as shown in Figure 3.5(e) and 3.5(f).  

Since the SEM was performed after ultrasonicating the sample in a heptane 
bath for 5 min and drying with forced air, it is unlikely these are residual spots 
of grease. Compositional analysis using energy-dispersive x-ray spectroscopy 
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Figure 3. 5. Test results for Braycote 602EF including (a) friction traces, (b) interferometer image of the 
ball wear scar, (c) and (d) optical microscope and interferometer images of the flat wear scar, and (e) 
and (f) SEM micrographs of flat wear scar. All wear images correspond to test shown in blue in (a). 

(EDAX) was performed on these scars to investigate the dark spots, but the 
results did not conclusively explain their origin. Similar spots were observed 
with the Braycote 601EF, but were significantly less in superficial density 
compared to Braycote 602EF, 

Test results with Rheolube 374A are shown in Figure 3.6. The CoF traces in 
Figure 3.6 (a) exhibit a decrease in friction in the first 7 m of sliding, after 
which the friction is erratic and relatively high (average friction of 0.22 as 
calculated after 15 m of sliding). This behavior is similar to that of SKF  
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Figure 3. 6. Test results for Rheolube 374A including (a) friction traces, (b) interferometer image of the 
ball wear scar, (c) and (d) optical microscope and interferometer images of the flat wear scar, and (e) 

and (f) SEM micrographs of flat wear scar. All wear images correspond to the test shown in red in (a). 

LGMT2, but the friction decreases with sliding distance more quickly with the 
Rheolube 374A. The longer duration test exhibits the same trends as those run 
for 30 m, with a rapid friction decrease leading to erratic friction with an 
average value of 0.22 after 15 m. The interferometer image of the ball wear 
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scar in Figure 3.6 (b) shows significant wear and abrasive wear marks, similar 
to the SKF LGMT2. Also, the wear scars shown in Figures 3.6(c) and 3.6(d) 
suggest a combination of adhesive and abrasive wear, as evidenced by 
protruding features that are higher than the original surface (blue in the 
interferometer image) and abrasive scoring marks (yellow streaks). Therefore, 
the mechanisms of wear may be similar for the SKF LGMT2 and Rheolube 
374A. SEM micrographs of the protruding features from the wear scar are 
shown in Figures 3.6 (e) and 3.6 (f) and suggest that the material adhered to 
the flat has been sheared and flattened due to cyclic shear stresses.  

Test results with the Rheolube 2000 are shown in Figure 3.7. This grease 
exhibits a high CoF (between 0.4 and 0.5) until 25 to 30 m of sliding, after 
which it drops to a constant value of 0.13, as shown in Figure 3.7 (a). The inte- 

 

 

Figure 3. 7. Test results for Rheolube 2000including (a) friction traces, (b) interferometer image of the 
ball wear scar, and (c) and (d) optical microscope and interferometer images of the flat wear scar. All 

wear images correspond to the test shown in black in (a). 

-rferometer image of the ball wear scar in Figure 3.7 (b) shows severe abrasive 
wear, similar to that observed with Rheolube 374A and SKF LGMT2. The 



 35 

Rheolube 2000 ball wear scar differs, however, in that it exhibits micro-sized 
pits along with the scoring marks. The flat wear scar width and appearance 
resemble the Rheolube 374A with protruding features and mild abrasive 
scoring marks. However, unlike the Rheolube 374A and SKF LGMT2, here the 
presence of adhered material inside flat wear scar and severe abrasion on ball 
did not result in high, erratic friction in the 100 m test.   

To compare the wear behavior of each grease quantitatively, we calculated the 
wear volume of the ball and flat from the 3D interferometer images of the wear 
scars after all three 30 m tests. The results are shown in Figure 3.8. The wear 
volume comparison shows that flat wear (Figure 3.8 (a)) is nearly the same in 
all cases, except for Rheolube 2000 which has nearly twice the wear of the other 
greases. However, the similarity in the wear volume is misleading since the 
SKF LGMT2 and Rheolube 374A wear tracks are wide with significant adhered 
material, while the flat wear scars of the two Braycote greases are narrower 
and deeper. The difference in wear performance is more obvious in the 
comparison of ball wear, shown in Figure 3.8 (b). The two Braycote greases 
have an order of magnitude lower wear than the other greases. This is followed 
by the Rheolube 374A, and then the SKF LGMT2 and Rheolube 374A that have 
the most ball wear. For SKF LGMT2 and Rheolube 374A, the ball wear is 
greater than that of the flat, likely due to material that adheres to the flat 
during testing. 

 

Figure 3. 8. Wear volume averaged over the three 30 m test for each grease as measured from the (a) 
flat and (b) ball. Error bars reflect the standard error of three tests. 

The specific wear rates with each grease for the ball, the flat and for both 
surfaces from the 30 m tests are summarized in Table 2. The trends in specific 
wear rate for the ball and flat reflect the trends observed in Figure 3.8. Also, 
the flat wear rates in our tests are comparable to those reported in other 
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studies [94–96] with 60NiTi sliding against tungsten carbide ball with castor 
oil or fully-formulated PAO gear oil. The combined wear rates enable direct 
comparison of the greases and show that, in terms of wear, the greases tested 
here compare as follows: Nye Rheolube 2000 < SKF LGMT2 < Nye Rheolube 
374A < Braycote 602EF ≈ Braycote 601EF. 

Table 2. Specific wear rates (x10-5 mm3/m·N) calculated from the 30 m tests. 

Grease Flat Ball Combined 

SKF LGMT2 6.3±1.1 14.4±1.7 20.7±2.0 

Braycote 601EF 5.4±0.7 0.2±0.1 5.6±0.7 

Braycote 602EF 5.7±1.2 0.3±0.1 5.9±1.2 

Nye Rheolube 374A 6.2±0.7 4.9±0.4 11.1±0.8 

Nye Rheolube 2000 10.5±0.9 15.8±0.7 26.3±1.1 

 

The results from this study can be analyzed in the context of previous reports 
of 60NiTi tribo-performance. First, our Rheolube 2000 tests can be compared 
to spiral orbit tribometer measurements of self-mated 60NiTi using Pennzane 
2001A oil lubrication [97], which is the base fluid in Rheolube 2000. Unlike the 
results shown in Figure 3.7, the previous study reported that 60NiTi is 
amenable to lubrication with Pennzane 2001A and rolling-sliding contact was 
measured with a low, steady CoF of approximately 0.06 and no material 
adhesion. The Hertz contact pressure was ~1 GPa in both studies, so the 
differenced are likely due to the severity of the test conditions, i.e., our tests 
are pure sliding which is much more severe than rolling-sliding contact. 
Another comparison can be made related to the adhered material features we 
observed in the flat wear tracks for SKF LGMT2, Rheolube 374A and Rheolube 
2000. These features are similar to those found in the flat wear tracks after 
sliding a tungsten carbide ball on 60NiTi in unlubricated conditions at similar 
contact pressures [95]. The composition of the protruding features was 
measured using energy dispersive x-ray spectroscopy and showed that the 
material mainly consisted of Ni, Ti, O, and a negligibly small amount of ball 
material, which suggested that the protruding features did not form due to 
material transfer from ball to flat. In our study of self-mated 60NiTi, it is likely 
that the protruding features consist of material that was originally from both 
the ball and the flat. However, no such features were observed in the rolling-
sliding spiral orbit tribometer tests for self-mated 60NiTi lubricated with 
Pennzane 2001A oil [97]. These observations suggest that the protruding 
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features observed in this study may have formed while the ball was sliding 
against the flat in starved lubrication conditions. It is known that grease 
lubricated contacts are susceptible to starved lubrication conditions when the 
grease is unable to supply the contact with a sufficient amount of oil [103–106], 
which would explain the similarity between our tests and the unlubricated 
tests from [95].  

Overall, the PFPE-based vacuum greases (Braycote 601 and 602 EF) 
performed the best, with the lowest friction and wear. Of those two, the 602EF 
exhibited slightly lower average friction and wear, possibly due to the presence 
of the MoS2 additive, but the difference was not statistically significant. 
Comparing the other three greases, the mineral-oil-based general purpose 
grease (SKF LGMT2) and MAC-based vacuum grease (Rheolube 2000) 
performed the worst, exhibiting high friction throughout the test and 
significant wear. The PAO-based high temperature grease (Rheolube 374A) 
was moderate in both friction and wear. The results of this study are the first 
step towards a complete evaluation the friction and wear performance of self-
mated 60NiTi contacts. Future investigations should include rolling-sliding 
contacts and other pressure conditions. A comprehensive set of data for 60NiTi 
will facilitate use of this material for more and a wider variety of potential 
bearing applications.  
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Chapter 4. Liquid Lubricants 

4.1 Introduction  

Using a liquid lubricating medium to improve relative motion between two 
bodies in contact is one of the earliest known friction reducing strategies. 
Liquid lubricants reduce friction force by creating a physical separation 
between the contacting bodies and allow smoother relative motion due to their 
low shear strength. By separating the contacting bodies, they also reduce wear 
of the materials in contact improving the durability and reducing the 
occurrence of failure.  

Liquid lubricants range from organic liquids, including mineral oils and 
vegetable oils, to inorganic solids of polytetrafluoroethylene (PTFE), graphene 
etc. Typically, liquid lubricants consist of more than 90% base oil and 
remaining 10%, a combination of different additives. Additives are used to 
either enhance an existing property of the base oil or introduce a new property 
essential for a given application. Different types of additives are in use 
currently including additives for viscosity (viscosity modifiers, pour point 
depressants), lubricity (anti-wear additives, friction modifiers, extreme 
pressure agents), controlling chemical breakdown (detergents, antioxidants, 
rust inhibitors, metal deactivators) and contamination control (dispersants, 
anti-foam agents, anti-misting agents) [107]. 

Other commonly used additives are viscosity index improvers (VIIs), which 
mitigate the decrease of viscosity with temperature, and friction modifiers 
(FMs), that reduce friction in boundary and mixed lubrication or provide a 
stable friction profile. Most VIIs are high molecular weight polymers, designed 
to reduce viscosity losses at high temperatures. But VIIs also suffer from 
permanent shear thinning, i.e., cleavage of long polymer chains due to shear 
thus reducing their effectiveness. Therefore, new VIIs are needed to achieve 
the benefits of viscosity index improvement, friction and wear reduction yet 
having low molecular weight for superior shear stability.  

4.2 Multifunctional Polymer Additives 

The effectiveness and efficiency of lubricant and hydraulic fluids is largely 
determined by additives, chemicals that are introduced into lubricant 
formulations to improve specific aspects of performance. Some of the most 
commonly used additives are viscosity index improvers (VIIs), which mitigate 
the decrease of viscosity with temperature, and friction modifiers (FMs), that 
reduce friction in boundary and mixed lubrication or provide a stable friction 
profile. Typical VIIs are relatively high molecular weight polymers that reduce 
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viscosity losses with increasing temperatures. There are several different types 
of FMs, including organic friction modifiers, functionalized polymers, soluble 
organo-molybdenum additives and, more recently, dispersed nanoparticles 
[108]. It has been demonstrated that polymeric molecules with the right 
amount of polarity can adsorb onto metal surfaces and promote surface-
polymer protective layers [109, 110]. This mechanism is particularly beneficial 
in the mixed and boundary lubrication regimes, where the engine encounters 
large frictional losses. Functionalized polymer additives have gained 
popularity in recent years owing to their organic/ashless and more 
environmentally friendly nature, as opposed to phosphorus, zinc and sulfur 
small molecule analogs [111]. 

In the past, polymeric systems intended to be a dual additive were explored: a 
VII and FM [112]. Those polymers were designed to have a relatively high 
molecular weight as their primary function was as viscosity index improvers. 
However, another consideration for VIIs is shear thinning, a common 
phenomenon among high molecular weight polymers due to mechanical 
cleavage of chemical bonds during shear [113–116]. Furthermore, the 
architecture of the polymer has a significant influence on the stability of the 
polymer under shear stress, with the linear architecture being the least stable 
and dendritic or hyperbranched being the most stable [117, 118]. 

Previous studies have shown that functionalized polyalkylmethacrylates 
(PAMA)s also formed boundary films if the polymer had a block topology, 
rather than if it was randomly distributed; however, recent work demonstrated 
that enough polarity can overcome a topology bias [112, 119]. The topology of 
the polymer will influence the interaction with metal surfaces and therefore 
the conformation of the polymer near or on the surface. Block copolymers have 
been shown to induce mushroom and brush conformations, while random 
copolymers lead to a pancake conformation [14]. Indeed, functionalized PAMAs 
reduced friction significantly in the mixed and near boundary lubrication 
regimes [120]. 

This work focuses on investigating the friction and wear performance of a 
multifunctional additive designed by PNNL to achieve the combined benefits 
of viscosity index improvers, friction modifiers and anti-wear additives with 
excellent shear stability using low molecular weight polymers. Homopolymers 
of dodecyl methacrylate, 2-ethylhexyl methacrylate and co-polymers of 
functional methacrylates (polar) were synthesized via a free radical process, to 
generate a wide range of molecular weights with the lower molecular weight 
fraction being more efficient towards friction/wear reduction while the larger 
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molecular weight portion would be contributing towards a higher viscosity 
index. The polymers were added to the base oil at a fixed concentration of 
12.5% w/w and then characterized in terms of their friction and wear. The 
performance of these polymer analogs was compared to that exhibited by two 
benchmarks: a commercial VII and a fully-formulated oil containing a 
previously developed VII polymer [111].  

Polymers used in this study, designated AW-1 through AW-6 (shown in Table 
3), were dissolved into 4Yubase at a concentration of 12.5% w/w. This fixed 
concentration was chosen to reach kinematic viscosities between 30 and 60 cSt 
at 40 °C, and VIs near 200. The performance of these multifunctional analogs 
was compared to benchmarks B-1 and B-2, where B-1 was a 
polyalkylmethacrylate diluted at 4.1% w/w concentration (donated by Evonik) 
and B-2 was a fully formulated blend, containing1.5% w/w viscosity index 
improver. All analogs were blended at concentrations which yielded similar 
kinematic viscosities at 40 °C between 30 and 60 cSt.  

Table 3. Polymer analog and benchmark solutions studied in this research. 

Sample  Composition Concentration in 4Yubase 

AW-1 PA12MA-DMAEMA 12.50% 

AW-2 PA12MA-MEMA 12.50% 

AW-3 PA12MA 12.50% 

AW-4 PEHMA 12.50% 

AW-5 PA12MA-EHMA-DMAEMA (low AIBN) 12.50% 

AW-6 PA12MA-EHMA-DMAEMA (high AIBN) 12.50% 

B-1 N/A 4.10% 

B-2 N/A 1.50% 

 

The friction and wear properties of the different lubricant samples were 
evaluated at 100 °C using a ball-on-disk setup on an Rtec Instrument Multi-
Function Tribometer. Both ball and disk were of 52100 alloy steel material. 
The ball was 9.53mm in diameter and the ball and disk had an average surface 
roughness of 50 nm and 23 nm, respectively. Prior to each test, the surfaces of 
ball and disk were thoroughly cleaned with acetone. Approximately 0.5 mL of 
sample was evenly distributed onto the disk surface for testing. A constant 
normal load of 40 N, which correspond to a maximum Hertz contact pressure 
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of 1.6 GPa, was applied on the ball. The disk was then rotated at a constant 
speed of 80 mms−1, and the ball was slid for a total distance of 336 m. Each test 
was repeated at least three times. To verify that the tests were conducted 
under the boundary lubrication regime, a Stribeck curve was generated for one 
of the samples by varying speed and at a constant normal load of 40 N. The 
test conditions corresponded to the plateau region of the Stribeck curve, 
consistent with a boundary lubrication regime. In this regime, the CoF should 
be independent of viscosity. During the experiment, the instantaneous CoF of 
each compound was recorded throughout the experiment at a frequency of 10 
data points per second. The average CoF was then calculated by averaging over 
all instantaneous CoFs, excluding data from the initial run-in distance, of 70 
m. At the end of each run, the wear scar on the ball was cleaned with acetone 
and 0.05M EDTA solution to remove wear debris and tribo-film if any, prior to 
imaging [121]. High quality 3D images of the wear scar were then captured 
using a white light interferometer that was built-in to the tribometer. The 
white light interferometer recorded raw pixel height data, which provided 
detailed information on the topography of the ball and wear scar. By fitting the 
raw topography data to a spherical shape fitting tool, the expected initial 
geometry of the ball could be obtained. Wear was then calculated from the 
difference in height between the initial geometry of the ball and its projection 
on the ball with the wear scar, multiplied by the pixel area. 

Figure 4.1 summarizes the average CoF at 100 °C for each analog. Most the 
samples exhibit good repeatability from test to test (standard deviation less 
than 7% of the mean value), except AW-3 and the base oil, for which more  

 

Figure 4. 1. Average COF for each sample where the error bars represent the standard deviation of the 
results from multiple tests. 
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variation is observed. The polymer analogs and benchmark fluids all exhibit 
average CoF values between 0.08 and 0.11, better than the pure base oil, and 
comparable to the range of CoFs observed with typical fully-formulated 
lubricants [108, 122]. Therefore, the results indicate that the polymers can 
reduce friction in boundary lubrication at least as well as traditional friction 
modifiers. At the end of each test, the surface of the ball was analyzed under a 
white light interferometer to capture a 3D image of the wear scar. The detailed 
topographic information was used to estimate a wear volume. Figure 4.2 shows 
the average wear volume for each sample. The average wear volume of the 
polymer compounds ranges from 121 to 367×103 µm3, which is comparable to 
the average wear exhibited by benchmark B-1 (132×103 µm3) but higher than 
that of B-2 (31×103 µm3). This is expected since B-2 is a fully formulated oil 
additized with ZDDP anti-wear package, while the other solutions contain base 
oil and polymer only, without an anti-wear package.  

 

Figure 4. 2. Average wear volume for each sample where the error bars represent the standard 
deviation. 

Although the polymer analogs did not perform as well as the fully formulated 
benchmark B-2, as expected, their ability to reduce wear could be evaluated by 
comparing results to the base oil and between the various polymer analogs. On 
average, all analogs except AW-3 and AW- 5 exhibited less wear than the base 
oil, indicating that the new compounds can provide wear protection. Also, since 
AW-3 is the most nonpolar analog and displays the highest wear among the 
polymer candidates, the results suggest polarity plays a substantial role in the 
ability of polymers to reduce wear. The lowest wear among the polymer analogs 
is exhibited by AW-1, AW-2, AW-4, and AW-6. Of these, the first three are the 



 43 

most polar of the six analogs tested, which supports the hypothesis that polar 
polymers are more effective at reducing wear. However, AW-6, one of the more 
polar analogs tested, also exhibited lower wear. This may be explained by its 
relatively low Mw; the Mw of AW-6 is half that of the next smallest polymer. 
Therefore, these results indicate that low molecular weight and low polarity 
may enable polymer to improve wear performance. This may be a direction to 
pursue in future research to identify polymers that can decrease wear as much 
as the anti-wear containing fully-formulated oil. 

Thus, this study showed that the polymers exhibited behavior better than the 
base oil without polymer and comparable to that of the benchmarks. This 
indicates that the polymers are able to moderately decrease friction, without 
the need for friction modifiers that are present in most lubricant formulations. 
Lastly, the wear results showed the polymers were not able to decrease wear 
as much as the fully-formulated oil which contained an anti-wear additive. 
However, several of the polymers exhibited better wear than the base oil alone. 
Further, comparison of the results between the various polymers suggests that 
lower molecular weight and enhanced polarity was beneficial for wear 
reduction. This indicates that the analogs may be further tuned to exhibit wear 
performance comparable to that of the fully-formulated benchmark.  
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Chapter 5. Dry Film Lubricants 

5.1 Introduction 

Dry films are solid state lubricants that are used as lubricating media when 
the operating environment is extreme i.e., very high or very low temperature, 
vacuum or highly corrosive for liquid lubricants to function effectively or 
simply because it is not feasible. Examples of applications range from 
consumer devices like disk drives to industrial components like bearings and 
engine parts. Another area of application is in deep space missions to outer 
solar system planets where there is little source of energy to spare towards 
maintaining liquid lubricants at their normal operating temperatures. There 
are several solid lubricants currently in use including soft metals like Ag, Au, 
Sn, Cr and Ni, transition metal dichalcogenides (TMDs) like MoS2, WS2, 
Graphite, polymer composites of PTFE and PE, Diamond Like Carbon (DLC), 
carbides of Ti and W, oxides of Al, Ti, Zn [123] etc. Most of these can be applied 
on surfaces in the form of coatings with a few exceptions, for example, PTFE, 
owing to its high wear rate. In the following we will discuss some of these 
lubricants and their respective categories. 

5.2 Carbon-based lubricants 

Graphite is one of the most well-known examples of solid lubricants, exhibiting 
a low coefficient of friction due to its stacked-sheets like crystal-structure with 
weak van der Waals forces holding the stack together [35]. These sheets are in 
a hexagonal lattice structure, with the carbon atoms at each vertex of the 
hexagonal rings held together by strong covalent bonds, see Figure 5.1.  

 

Figure 5. 1. Crystal structure of graphite showing ABAB stacking [35]. 

Presence of humidity and oxygen are known to benefit interlamellar shear 
particularly when these basal planes get damaged during sliding. Cleaved 
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basal planes create highly reactive edge sites, resulting in increased adhesion 
with the counter-body, causing increased friction. It has been proposed that 
presence of water vapor helps counter this friction increase due adsorption of 
water molecules passivating such edge sites [124, 125].  

Diamond-like carbon (DLC), in contrast to graphite, is an amorphous carbon 
material having high hardness, wear resistance, elastic modulus and in some 
specific conditions, low friction. DLCs exhibit a large range of friction 
coefficients from 0.01 to 0.5 depending on conditions including contact 
pressure, speed, temperature, and environment. For example, hydrogen-free 
DLCs perform with low friction coefficient of 0.1 in humid conditions, whereas 
hydrogenated DLCs perform best in dry conditions. Pure DLCs exhibit very 
high compressive residual stresses, and low toughness and are thus doped with 
light weight elements including hydrogen, nitrogen, silicon and silicon oxide, 
and some transition metals including Cr, W and Ti which form metal carbides 
to improve strength, wear resistance and hardness.  

5.3 Polymers 

One of the most popular low friction polymers is polytetrafluoroethylene, 
referred to as PTFE with a typical coefficient of friction of 0.1 on steel surfaces 
[126]. It lubricates the contact by forming a transfer film on the counter-body 
and slides over itself with low friction. However, in neat form, it has poor wear 
characteristics with a high wear rate of K ∼ 7 × 10−4 mm3/(N•m) [127] making 
it difficult to achieve both low friction and wear. It has low surface energy and 
thermal conductivity that causes melting due to heat build-up, limiting its use 
to low-speed applications. To address its poor wear resistance, fillers of 
metallic oxides are generally added to the PTFE matrix which improve its wear 
performance by forming a strongly adhering tribo-film on the counter-body. 
PTFE is also used in the form of filler material itself, as fibers or powder, in 
composites, for example Ni-PTFE composite films are used as dry film 
lubricant [128].  

5.4 Transition metal dichalcogenides (TMDs) 

TMDs are known for their unique properties due to their high degree of 
anisotropy of layered crystal structures. These materials exist in the form MX2, 
where M is a transition metal (Mo, W, Nb) and X can be any chalcogen from S, 
Se and Te [129]. Their layered crystal structure is especially suitable for 
tribological applications in the form of solid lubricants or DFLs, where, weakly 
held basal planes are able to slide over one another without much resistance. 
Of these, MoS2 and WS2 are more popular for their low friction characteristics 
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than for example, NbS2 and NbSe2, as they suffer from poor lubrication 
properties due to a different electronic structure compared to MoS2 [130]. Both 
MoS2 and WS2 exhibit very low friction and long wear life in vacuum or dry 
oxygen free conditions and suffer from poor performance in the presence of 
oxygen and water vapor. Often TMDs are doped with other elements, for 
example, Au, Sb2O3, Ni, Ti, Co etc., to increase their useability in different 
environments. However, the mechanisms through which dopants improve the 
host properties are still unclear and are an active area of research. 

Due to its excellent friction and wear life characteristics in vacuum, sputtered 
MoS2 is still widely preferred for lubricating space components. Examples of 
some aerospace components coated with MoS2 based DFL (Microseal 200-1) are 
shown in Figure 5.2. However, mechanical systems used in spacecraft, 
containing these coated components, are stored or ground-tested in lab or 
transported to launch site, sometimes in fully assembled condition. These 
activities are known to degrade the tribological performance of DFLs coated on 
these components exacerbated by exposure to atmospheric oxygen and 
humidity [131]. Due to the unavoidable nature of these activities, it is crucial 
to quantify the extent of coating degradation that has a direct effect on the 
functional life of the coating in space where it is expected to perform.  

 

Figure 5. 2. Showing aerospace components coated with MoS2 based DFL, Microseal 200-1. 

To do this, it is imperative to first study the wear behavior of MoS2 
experimentally, in earth-ambient environment at application specific load and 
speed conditions. This is a necessary first step towards the ultimate goal of 
being able to estimate the loss of ‘useful’ coating life during ground operations 
and developing a cumulative coating damage model for a duty cycle consisting 
of a combination of ambient and vacuum operations. This would help us 
effectively predict the failure of these coatings during their operation in space 
after a given number of cycles of operations on earth. 
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5.5 Undoped and Ni-doped MoS2 Wear Mechanism Study 

5.5.1 Introduction 

MoS2 has a long history as a lubricant [132] and is currently used both in space 
and terrestrial applications as an additive in greases and lubricating oils, and 
as a DFL [133] . The lubricity of MoS2 is provided by its crystal structure where 
stacked layers of MoS2 basal planes (002) are held together by weak 
interplanar van der Waals attraction which is easily overcome when the layers 
experience shear [134]. There are various techniques of fabricating MoS2 dry 
films, including burnishing, sputtering, resin bonding and impingement. 
However, sputtered MoS2 coatings are preferred for space applications [135] 
due to their tribologically superior performance in the absence of oxygen and 
humidity [136], good adhesion to substrates [137, 138] and absence of any 
binding agent that can outgas in vacuum conditions [139]. In a lab 
environment, the vacuum of space is often approximated by testing in dry 
nitrogen [140–147]. Dry nitrogen simulates space vacuum conditions that are 
devoid of oxygen, water vapor and other elements that might affect the tribo-
chemical processes occurring at the sliding interface [148]. Sputtered MoS2 
films exhibit excellent tribological performance in dry nitrogen with very low 
coefficient of friction (CoF) [149] and long wear life [141].  

Despite the outstanding properties of sputtered MoS2 coatings in 
environmental conditions devoid of oxygen and humidity, its tribological 
performance degrades significantly in ambient conditions[146, 150–154]. This 
degradation is often attributed to oxidation resulting in MoO3 and MoO2 
byproducts which impede the smooth sliding of MoS2 basal planes. However, 
the topic is still a subject of debate and other mechanisms have been proposed, 
including water-restricted-growth of shear-induced highly ordered tribo-films 
[146, 155] and viscous friction due to water molecules between basal planes 
[156, 157]. Further, it was shown that water and oxygen in the atmosphere 
affected friction differently [142]. At room temperature, atmospheric oxygen 
had very little impact due to a low rate of oxidation, whereas physisorption and 
diffusion of water molecules increased friction. However, the opposite was 
observed at higher temperatures (>100 oC) where the thermal energy-driven 
oxidation rate exceeded the wear-driven surface oxide depletion rate, resulting 
in a net increase in oxidation byproducts and higher friction, whereas water 
molecules desorbed readily and had little role to play [142].     

The microstructure of sputtered MoS2 is understood to play a significant role 
in its tribological behavior as well as its resistance to environmental 
conditions. Sputtered MoS2 is known to have two possible morphologies, 
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referred to as Types I and II, depending on the sputtering technique employed 
[158]. Type II consists of basal planes oriented parallel to the substrate 
resulting in dense packing and a low fraction of exposed edge sites. Type I 
morphology consists of basal planes oriented perpendicular to the substrate 
surface resulting in high porosity and exposed reactive edge sites. This Type I 
growth morphology is believed to have three distinct zones: starting from the 
substrate, there is a ridge structure, followed by a dense equiaxed zone, and 
finally a region of vertically oriented crystallites or columnar structures [159]. 

Most commercially produced MoS2 DFLs are expected to exhibit Type I 
morphology due to the Direct Current (DC) sputtering technique used to 
produce them.  

Many previous studies have characterized the friction and wear performance 
of Type I MoS2. The Type I microstructure causes an oxidation-driven friction 
increase, beginning during the run-in period when the columnar crystallites 
are oriented perpendicular to the substrate, before being forced to reorient in 
the direction of sliding, trapping the oxidation byproducts between the 
crystallites and impeding shear [159, 160]. The friction after run-in depends 
on the rate of thermally driven formation of surface oxides and the rate of 
depletion of these oxides due to wear from the contact zone [142]. The wear 
behavior of Type I sputtered MoS2 coating was studied by Spalvins [161] who 
showed that, at the onset of sliding, the vertical MoS2 lamellae are first 
reoriented in the sliding direction and then later fracture at the base where 
they are attached to the equiaxed zone. Another study showed that basal plane 
reorientation occurs early in the sliding process, within 5% of the total wear 
life of the coating  [139]. Based on this, it was proposed that the detached 
lamellae were depleted from the contact zone and subsequently did not 
contribute to the operational life of the coating. Lubrication after that point 
was therefore proposed to be provided by a thin (≈ 200 nm) lubricating film 
remaining on substrate after the lamellae detached [161].  

Co-depositing or doping certain metals with MoS2 is known to affect the coating 
microstructure and can alleviate the detrimental effects of humidity and 
oxygen on the tribological behavior of sputtered coatings. Dopants are believed 
to improve the tribological properties of sputtered MoS2 films through different 
mechanisms, including increased oxidation resistance [141, 162, 163] and 
increased hardness, [164–170] depending on the dopant material used. In an 
early study, Stupp [171] evaluated multiple transition metal dopants and 
found Cr, Co, Ni and Ta to be the best overall performers in terms of friction, 
wear life, ease of co-deposition and aging-related degradation. 
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Particularly for space applications, Ni is a preferred dopant [172] due to its 
ability to mitigate the increase of friction at low temperatures  [173] and its 
low cost and availability [171]. In one study, [141] higher concentrations of Ni 
dopant (up to 20% by weight) were investigated and it was found that, above 
11%, the coating becomes brittle and fails prematurely. For maximum coating 
life and stable friction, 5-7% Ni was recommended [171]. Co-depositing MoS2 
with Ni has been found to affect the morphology of the film as well. Specifically, 
pure MoS2 and MoS2 with 3% Ni showed Type I morphology, whereas doping 
with 9% or more Ni resulted in a ``Zone T'' microstructure which has a non-
porous fibrous interior and flat tops [174]. However, how these changes in 
morphology due to Ni doping affect coating life is not known.  

In summary, sputtered MoS2 DFLs are preferred for space applications due to 
their excellent tribological performance in vacuum conditions devoid of oxygen 
and humidity. Sputtering results in MoS2 microstructures that are believed to 
provide long life through processes that occur during run-in. Also, MoS2 DFL 
performance, particularly friction at low temperatures, has been shown to 
improve with Ni doping. Although this improvement is attributed to the 
microstructure, the effect of Ni dopant on the morphological changes that occur 
during run-in is not understood. To address this, in the present study, we 
characterized the friction and wear behavior of sputtered doped and undoped 
MoS2 films at different pressure and speed conditions. Long tests were run to 
determine coating life, as characterized by a drastic friction increase reflecting 
complete coating failure. Then, short tests were run to characterize and 
understand the run-in period during which it has been proposed that 
microstructural evolution occurs that plays a critical role in determining 
coating life. Results were analyzed in terms of both coating thickness, which is 
often assumed to correspond to life, and friction, reflecting actual useful life. 
Finally, findings were interpreted by analysis using microstructural and 
material characterization tools, including scanning electron microscopy (SEM) 
and energy dispersive spectroscopy (EDS).  

5.5.2 Methodology 

Materials 

Two coatings were investigated in this study: undoped MoS2 and ≈7% wt Ni-
doped MoS2. Both types of coatings were fabricated via DC sputter deposition 
with electron beam assist. Stainless steel (440C) disks of 0.25” thickness, 
hardness 45–50 HRC or 58–62 HRC with average surface roughness of 80 nm 
were used as substrates. The coating thickness varied slightly from disk to disk 
but was in the range of 0.8–2.0 µm for all disks. A burnishing process was 
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applied to the coated disks to obtain a smooth reflective surface finish. 
Burnishing involved sliding a wool-like material against the sputtered disks 
until coated surface had a uniform appearance and there was no more loose 
debris coming off the surface onto the wool.  

Test Conditions 

Tribological testing to measure friction and wear was performed using an Rtec 
Instruments tribometer and white light interferometer. Unidirectional sliding 
tests using a ball-on-disk set-up as described by the ASTM G-99 standard were 
performed to measure CoF. 440C stainless steel balls with Rockwell C60 
hardness were used as the counter-body. The radius of the circular sliding path 
on the disks was between 15 and 30 mm. All tests were carried out at room 
temperature and ambient air conditions with relative humidity ranging 
between 30% and 50%.  

Table 4 shows the load and speeds used in the testing and the calculated 
maximum Hertz contact pressures. Note that the sliding speed was also varied 
to simulate the inverse stress (analogous to torque) and speed relationship 
typical in a gear-driven system. Two types of sliding tests were performed in 
this work, end-of-life and run-in. End- of-life tests were used to determine the 
wear life in terms of number of revolutions/cycles to failure. This test involved 
sliding on the coated disk until the CoF increased above ≈0.4, became 
characteristically noisy and did not drop back to lower values. Run-in tests 
were short duration sliding tests (between 5 and 250 cycles) used to study the 
evolution of wear and wear mechanisms. Only 300 and 1100 MPa contact 
pressures were studied for run-in. Another distinction between the end-of-life 
and run-in tests is that, in the former, the disk was already rotating before the 
ball was pressed against it whereas in the latter, the disk was rotated after 
loading. Three repeat end-of-life tests and four repeat run-in tests were 
performed per case.  
Table 4. Experimental parameters used in the ball-on-disk tests. High pressures are matched with low 

speed, and vice versa, to mimic the operating conditions of a gearing system. 

Normal Load (N) Contact Pressure (MPa) Sliding Speed (ms-1) 

0.27 300 1 

2.5 500 0.77 

5.1 800 0.44 

13.3 1100 0.1 
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Analysis 

3D surface images of the wear tracks were obtained using a white light 
interferometer. The interferometer was calibrated to be within 1% of reference 
values. Wear depth was measured from 2D profiles taken at different positions 
on the wear track using the image processing software Gwyddion. The mean 
wear depth at four angular positions on each wear track was calculated and 
reported with error bars representing the standard deviation from the mean. 
EDS using EDAX Genesis spectrometer attached to a FEI Quanta 200 
Environmental scanning electron microscope (SEM) was used to obtain 
elemental composition in wear tracks. The microstructure of the coating before 
and after sliding was characterized using a Zeiss Gemini 500 SEM.  

5.5.3 Results and Discussion 

The microstructures of undoped and Ni-doped MoS2 coating surfaces were 
characterized before tribological testing. The burnishing process applied after 
sputtering flattened the tops of the coatings, so images were taken at scratches 
on the burnished layer to reveal the microstructure of the material. The SEM 
micrographs in Figure 5.3 show that the undoped and Ni-doped coatings have 
similar microstructures, with highly columnar crystallites consistent with 
Type I coatings. The microstructures shown here are representative of images 
taken on multiple samples imaged at several different locations on the surface.  

 

Figure 5. 3. SEM micrographs of a) undoped and b) Ni-doped MoS2 coating morphologies showing 
columnar structures consistent with Type I coatings and flat tops resulting from burnishing. 

The performance of the undoped and doped MoS2 coatings was measured at 
four different pressure/speed conditions. In the end-of-life tests, the CoF during 
sliding was tracked until the coating failed completely. Representative traces 
of the CoF as a function of number of cycles of rotation of the disk for undoped 
and Ni-doped coatings are shown in Figure 5.4. For these cases, the number of 
cycles until failure, that is, wear life, is greater for the lower contact 
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pressure/higher speed conditions. Also, the results indicate that Ni-doped 
coatings have longer life than the undoped coatings and that difference 
appears to be most significant at the lower contact pressures.  

 

Figure 5. 4. Representative CoF traces at a) 300 MPa and 1 ms−1, b) 500 MPa and 0.77 ms−1, c) 800 
MPa and 0.44 ms−1, and d) 1100 MPa at 0.1 ms−1 for undoped and Ni-doped MoS2 coatings run until 

coating failure. 

Coating failure was identified as the CoF exceeding and remaining above ≈0.4. 
We confirmed that the coating life identified using this criterion was 
reasonable by analysis of the elemental composition of unworn, partially worn 
and fully worn regions on the surfaces using EDS. The results for an undoped 
coating are shown in Figure 5.5. In this case there are two wear tracks shown: 
the track on the left corresponds to midway through a test (prior to failure) and 
the one on the right was taken at the end of a test (after failure). It is clear 
from the compositional maps of molybdenum (Mo) and sulfur (S) that the MoS2 
coating is fully worn on the right wear track with negligible Mo and S signal, 
while both Mo and S are observed on the left wear track obtained prior to 
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failure. This is confirmed by observation of prominent iron (Fe) and chromium 
(Cr) signals from the steel substrate on the right wear track, after failure. A 
similar EDS compositional map of unworn and full worn (after coating failure) 
regions of Ni-doped coating is shown in Figure 5.6.  

 

Figure 5. 5. EDS compositional maps showing partially worn (left wear track), unworn (center region), 
and fully worn (right wear track) regions of undoped MoS2 coating. The partial and fully worn tracks 

were generated in sliding tests at 300 MPa contact pressure after 18000 and 80000 cycles, respectively.  

 

Figure 5. 6. EDS compositional maps showing two fully worn wear tracks and unworn regions on a Ni-
doped MoS2 coating. The left and right tracks were generated in sliding tests at 500 MPa contact 

pressure after 34 000 and 43 000 cycles, respectively. 
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As expected, both fully worn tracks show have negligible Mo and S signals, 
indicating the coating has been removed and indicating prominent Fe and Cr 
signals from the steel substrate. 

Wear life was measured from long duration tests at each pressure/speed 
condition for undoped and Ni-doped MoS2 coatings. The results are shown in 
Figure 5.7, where the symbols represent the mean of three tests and the error 
bars reflect the standard deviation. The results indicate that Ni dopant 
improves the life of the MoS2 coating at the lower contact pressures of 300 and 
500 MPa, but the difference between doped and undoped coating life is not 
statistically significant at the higher contact pressures of 800 and 1100 MPa. 
Also, the life of the Ni-doped coatings exhibits higher variability than the 
undoped coatings, particularly at the lower pressures. This may be attributed 
to non-uniformity in the distribution of Ni dopant in the coating on individual 
samples or from sample to sample, or greater variability in coating thickness 
for the doped samples.  

 

Figure 5. 7. Wear life of undoped and Ni-doped MoS2 at different contact pressure/sliding speed 
conditions. The results are plotted against pressure on the abscissa, but the speed is also different for 

each case. Ni dopant improves wear life compared to the undoped samples at low pressures.  

Short duration tests were performed to study coating wear during run-in as a 
means of understanding wear mechanisms and how they are affected by the 
Ni dopant. For this, the rotating disk was stopped at different intervals of 
sliding and the 3D surface topography of the wear track at a fixed angular 
position was measured using an interferometer. Then, the sliding was 
restarted from the location at which it was stopped. This technique enabled 
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tracking of the evolution of the coatings during the wear process. In these tests, 
the coatings did not fail, as determined by the friction coefficient criterion used 
in the end-of-life tests. Representative cross-sections of the wear track 
obtained from the interferometer images at different number of cycles during 
run-in at the highest and lowest pressure are shown in Figure 5.8.  

 

Figure 5. 8. Wear profiles for (a) undoped MoS2 at 300 MPa and 1 ms−1, b) undoped MoS2 at 1100 MPa 
and 0.1 ms−1, c) Ni-doped MoS2 at 300 MPa and 1 ms−1, and d) Ni-doped MoS2 at 1100 MPa and 0.1 

ms−1 showing the evolution of the wear tracks during the run-in tests. 

These results indicate that wear depth generally increases with number of 
cycles and is greater for the higher pressure. The wear depth was measured as 
the maximum depth of wear profiles such as those in Figure 5.8 from four tests 
on two different samples. The wear depth was then normalized by the coating 
thickness for each disk such that a normalized wear depth of 1 indicates that 
the coating has been completely removed. The average normalized wear depth 
is plotted as a function of number of cycles in Figure 5.9, where error bars 
represent the standard deviation. As expected, in all cases, the wear depth 
increases with number of cycles and is larger at the higher pressure. Also, 
notably, at either pressure, the wear tracks on the Ni-doped MoS2 are 
shallower than those on the undoped MoS2. This agrees qualitatively with the 
longer life of the Ni-doped coatings observed in the end-of-life tests at low 
pressure.  
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Figure 5.9 also reveals different run-in behavior at low and high pressures. 
Specifically, the wear rate, that is, rate of change of depth with cycles, is nearly 
constant throughout run-in at the low contact pressure. In contrast, at high 
pressure, the wear rate is initially very rapid but then decreases after about 
100–150 cycles to a value similar to that observed at the low pressure. For the 
undoped coating at 1100 MPa, the normalized wear depth is unity (depth = 
coating thickness) after only 180 cycles. For the other cases, we used the rate 
of decrease of normalized wear depth with cycles after 150 cycles to estimate 
the number of cycles at which the normalized wear depth would reach unity. 
It was found that the wear depth would be equal to the coating thickness after 
940±374 cycles for the undoped coating at low pressure and 1226 ±787 and 725 
± 274 cycles for the Ni-doped coating at low and high pressure, respectively. 
This approximation assumes a linear wear rate, but we confirmed that the 
trend remained linear with additional tests to 1000 cycles on undoped coatings 
at high stress. Further, even if the rate becomes slightly sub-linear, these 
results predict that the wear depth would still exceed the coating thickness 
after hundreds of cycles, whereas the wear life was on the order of tens of 
thousands of cycles in Figure 5.7. This means that, for most of the life of the 
coating, very little of the “bulk” material is present in the wear track.  

 

Figure 5. 9. Wear depth as a function of cycle during run-in tests at 300 and 1100 MPa contact 
pressures on undoped and Ni-doped MoS2. Wear tracks are shallower (less wear) on the Ni-doped 

sample at both pressures. 

The implication of the above analysis is that the sliding contact is lubricated 
by local MoS2 flakes or debris that form as the coating is worn. This was 
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supported by the observation of MoS2 on the ball observed via optical 
microscopy (not shown) after tens of thousands of cycles. We also characterized 
the coatings using SEM at the initial stages of run-in. Representative SEM 
micrographs of the wear tracks on the undoped and Ni-doped MoS2 films after 
10 cycles at 1100 MPa and 0.1 ms−1 are shown in Figure 5.10. On both the 
doped and undoped samples, we observe significant wear, even after only 10 
cycles. However, the wear mechanism appears to differ between doped and 
undoped. Specifically, while both coatings exhibit cracking, there is also 
delamination in the case of the Ni-doped sample (Figure 5.10b) that is not 
observed on the undoped sample (Figure 5.10a). Based on the microstructure 
of these Type I coatings, it is presumed that the columnar zone is cracking 
and/or delaminating. This difference in failure mode has also been reported in 
a previous study where sputtered MoS2 with 9% Ni exhibited more 
delamination in indentation tests than pure or low Ni concentration MoS2 
[175]. 

 

Figure 5. 10. SEM micrographs of (a) undoped and (b) doped MoS2 coatings after 10 cycles at 1100 MPa 
and 0.1 ms−1. The images on the right show close-up views of the partially worn material. These images 

show representative features where the undoped coatings exhibit cracking and delamination. 
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It has been suggested that the columnar zone of Type I MoS2 sits on a lower 
layer of material, called the equiaxed zone [159] SEM images of the regions 
between the cracks on the doped and undoped coatings after 10 cycles are 
shown in Figure 5.11. These examples, that are representative of images taken 
at various locations on the worn surfaces, exhibit clear differences between the 
coatings. Notably, the material under the cracked or delaminated columnar 
zone for the undoped coating is smooth while that for the Ni-doped coating is 
rough. This may be attributable to differences in the microstructure of the 
doped coating that arise during sputtering. Alternatively, it could be related to 
the delamination that was observed only for Ni-doped coatings and may have 
occurred through breaking of columnar structure, leaving partial columns on 
the surface.  

 

Figure 5. 11. SEM micrographs of the regions between the cracked or delaminated columnar zone for 
(a) undoped and (b) Ni-doped MoS2 coating after 10 cycles at 1100 MPa and 0.1 ms−1. The material 

underneath the failed columnar zone is distinctly rougher for the Ni-doped coating. 

The fact that the wear depth appeared to exceed the coating thickness after 
very few cycles (compared to the wear life) suggested the contact was 
lubricated by localized MoS2 flakes or debris. Based on the images in Figure 
5.10 these flakes could have formed through cracking or delamination of the 
columnar zone. Representative images of some of flakes from tests run to 10 or 
250 cycles are shown in Figure 5.12. First, in all cases, the thickness of the 
flakes (as approximated from these images) is on the order of a few hundred 
nanometers. This is less than the expected coating thickness, suggesting that 
the columnar zone gets denser due to the contact pressure. Also, the flakes at 
10 cycles (Figure 5.12a, b) appear to retain more of the original columnar 
structure (Figure 5.3) than the flakes imaged at 250 cycles (Figure 5.12c, d). 
This difference may be attributable to crystalline reorientation suggested in 
previous studies [139, 159, 160]. However, there is no obvious difference 
between the cross-sections of the flakes from the undoped (Figure 5.12c) and 
Ni- doped (Figure 5.12d) coatings.  
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The SEM evidence supports the hypothesis that most of the life of the coating 
is provided by flakes of material. However, these flakes must be supplied 
continuously throughout the life of the coating. Since the depth of the wear 
track exceeds the coating thickness at the high pressure, the flakes cannot be 
coming from the bottom of the wear track. Rather, it is likely that they are 
replenished from the sides of the wear track, that is, as the width of the worn 
region increases, additional cracking, and/or delamination provides newly 
available lubricious material. We tested this hypothesis by measuring the wear 
track width (full width at half maximum) during the run-in tests. 

 

Figure 5. 12. SEM micrographs of dense flakes of MoS2 within or near the wear track from run-in tests 
of (a, b) Ni-doped coatings after 10 cycles, (c) an undoped coating after 250 cycles, and (d) a Ni-doped 

coating after 250 cycles. All images from tests at 1100 MPa and 0.1 ms-1. 

The results shown in Figure 5.13 indicate that wear width increases with 
cycles, but at a much slower rate than the wear depth in Figure 5.9. Note that, 
although the wear width appears to plateau after a few hundred cycles at 300 
MPa, in fact the width continues to increase throughout the test (e.g., the 
widths of the wear tracks in the EDS images in Figure 5.5 are several times 
larger than the apparent plateau in Figure 5.13). Generally, the observation of 
increasing wear width is consistent with the hypothesis that worn material is 
gradually removed from the sides of the wear track to lubricate the contact.  
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Figure 5. 13. Wear width as a function of cycle during run-in tests at 300 and 1100 MPa contact 
pressures on undoped and Ni-doped MoS2. Wear tracks widths are larger at the higher pressures. In all 

cases, the width increases gradually with sliding cycles. 

All of the above suggests a mechanism by which MoS2 coatings provide low 
friction and wear by generating flakes of lubricious material at the edges of the 
wear track. The remaining question is why Ni-doped coatings wear more slowly 
during run-in and have longer wear life at low pressures. One explanation is 
the Ni-doped coatings are harder, since increased hardness is one mechanism 
by which dopants have been proposed to improve the tribological performance 
of MoS2 [171, 176]. However, the different failures modes observed in Figure 
5.10 as well as the differences in the material underneath the 
cracked/delaminated columnar zone in Figure 5.11 suggest there may be 
another contributing factor. The observation that coating performance is 
enabled by flakes of worn material suggests that the Ni-doped coating 
generates more lubricious and/or longer-lasting flakes. Specifically, it is likely 
that delamination yields more and potentially larger and denser flakes of 
columnar material than cracking.  

To investigate this hypothesis, we performed progressive load scratch testing 
following the ASTM C1624-05 standard. This test involves scratching the 
surface using a sphero-conical diamond indenter of radius 200 µm at normal 
load progressively increased from 5 to 80 N at a sliding speed of 10 mm min−1. 
The lateral force on the indenter was recorded and plotted against time as 
shown in Figure 5.14a. There is no abrupt change in the lateral force during 
any of these tests, indicating that either there was no “damage event” due to 
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coating failure or the coating failed at the onset of sliding. Also, the lateral 
force on the Ni-doped coating is slightly (although statistically significantly) 
lower than that on the undoped coating.  

This difference was investigated using SEM and EDS of the scratched region. 
Representative images taken from the beginning of the scratch (around 5 N 
load) are shown in Figure 5.14b, c. From the SEM images, the difference in the 
wear modes of these coatings is apparent: the undoped coating is almost fully 
worn in the contact zone, whereas Ni-doped coating is still partly intact with 
some signs of delamination. This was confirmed by the elemental composition 
maps that show Mo remains in the scratched region only in the case of the Ni-
doped coating; similarly, the Fe signal is much stronger for the undoped 
coating.  

 

Figure 5. 14. (a) Average lateral force during progressive load scratch tests on doped and undoped 
samples. Lines represent the average of three tests and the band represents standard deviation. SEM 
images and Mo/Fe signals from EDS taken at the start of the test on (b) undoped (c) Ni-doped coatings. 

SEM images taken later in the test at higher loads (about 62 N) are shown in 
Figure 5.15. These results confirm both the coatings are fully worn. In the 
middle of the wear track, both surfaces have semi-circular features oriented in 
the sliding direction that are the result of conformal accumulation of plastically 
deformed substrate material. However, the two surfaces differ at the edge of 
the wear track where there is more spallation and delamination for the Ni-
doped coating. This corroborates the hypothesis that the Ni-doped coating 
generates more material from the sides of the wear track.  

The evidence presented strongly suggests that the Ni-doped MoS2 coatings 
have longer wear life because of their ability to generate more lubricious 
material from the sides of wear track. This mechanism is likely complemented 
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by increased hardness, as observed for doped MoS2 coatings in previous 
studies. 

 

Figure 5. 15. SEM micrographs of (a) undoped and (b) Ni-doped MoS2 coatings during a representative 
progressive load scratch test (at ≈ 62 N load). The doped and undoped coatings are distinctly different 

at the edges of the wear tracks (e.g., the regions identified by the dashed lines).  

The complete proposed mechanism is illustrated in Figure 5.16. The columnar 
zone is compressed in the first few cycles and then begins cracking (undoped) 
or delaminating (Ni-doped), leading to the formation of lubricious flakes. 
Although the coating is worn through in the center of the wear track, the track 
width gradually increases with cycles, resupplying lubricating flakes to the 
contact over the remaining life of the coating.  

 

Figure 5. 16. Schematic illustration of the proposed wear process that occurs through densification 
followed by cracking and, for Ni-doped MoS2, delamination. The flakes generated during the cracking 
and/or delamination process lubricate the contact subsequently as they are continuously supplied as 

the wear track widens and more flakes are made available to facilitate sliding. 

5.5.4 Conclusion 

In this study, the effect of Ni dopant on wear life and morphological evolution 
of sputtered MoS2 coatings was investigated. Tribological experiments at 
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different pressure and speed conditions were performed to measure and 
compare the wear life of Ni-doped and undoped MoS2 coatings. The results 
showed that Ni dopant at ≈ 7% by weight concentration improved wear life of 
MoS2 coatings significantly at low contact pressures. However, Ni-doped 
coatings exhibited higher variability in wear life than undoped coatings, 
possibly due to non-uniformity in Ni distribution or coating thickness in doped 
samples.  

Similar tests were performed for short duration (5–250 cycles) at low and high-
pressure conditions to study the evolution of wear during run-in. This process 
was characterized in terms of wear depth, wear width, and coating 
microstructure. At both low and high-pressure conditions, the wear depth 
either exceeded or was expected to exceed (based on extrapolation of the wear 
rate) the coating thickness early in the run-in process, suggesting that very 
little of the “bulk” material was left in the wear track for most of the life of the 
coating. This result implied that the contact was being lubricated by detached 
MoS2 debris or flakes, which was supported by SEM micrographs showing 
cracked and/or delaminated coating in the wear track after the first 10 cycles. 
The gradual increase of wear width of the coating suggested that lubricious 
flakes of MoS2 were supplied to the contact from the sides of the wear track as 
the width of the worn region increased.  

SEM imaging suggested that the undoped and Ni-doped coatings exhibited 
different wear mechanisms, with the former wearing by cracking while the 
latter demonstrated cracking and delamination. Analysis of progressive load 
scratch tests confirmed that wear behavior differed between the doped and 
undoped coatings, particularly at the edges of the worn regions. The 
delamination exhibited by the Ni-doped coatings may explain its longer wear 
life since delamination yields more and possibly larger and denser flakes than 
those generated by cracking of undoped coatings.  

More generally, the findings of this study illustrate that the wear life of MoS2 
coatings cannot be correlated to wear track depth, in contrast to the usual 
concept of wear for traditional engineering materials. Further, the results 
suggest a new mechanism by which dopants can extend MoS2 DFL life, that is, 
facilitating delamination, that might be leveraged to further understand and 
then improve the performance of these materials. Lastly, the coating life 
estimates from this study can be further used in studying the consumption of 
‘useful’ coating life during earth-ambient testing, which can allow us to 
estimate the remaining coating life in space operations.  
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Chapter 6. Summary and Future Work 

6.1 Summary 

Novel friction and wear reducing strategies in different tribological contacts 
were studied in this work using experimental tools including tribometry, 
surface, material/microstructure, and mechanical characterization. Different 
approaches were utilized including surface engineering, new materials, 
multifunctional additives in base oil and, dry film lubricants.  

In the surface engineering approach, the effectiveness of Ultrasonic 
Nanocrystalline Surface Modification (UNSM) as a pretreatment process for 
gas nitriding for improved scratch resistance was investigated. The scratch 
resistance of Ti6Al4V specimens, gas-nitrided at two temperatures (700 oC and 
800 oC) with and without UNSM treatment was measured using scratch 
hardness tests. The results revealed that the scratch hardness of Ti6Al4V after 
nitriding at 800 °C with UNSM pretreatment was higher than that of the 
sample without pretreatment which possibly originated from a thicker nitride 
layer assisted by nano-grains formed due to UNSM process.  

In a related study, wear resistance improvements of electropulsing-assisted 
UNSM (EP-UNSM) process were studied on NiTi alloy using ball-on-flat 
sliding wear experiments. The wear performance was compared with an 
UNSM specimen fabricated without electropulsing and a specimen without 
any surface treatment used as control. It was found that both UNSM and EP-
UNSM resulted in higher wear resistance, however, electropulsing did not 
improve wear resistance over UNSM process. This is explained by the 
formation of fine local recrystallized grains in EP-UNSM specimen 
corroborated by optical microscopy images of NiTi cross-section. These local 
recrystallized fine grains, known to increase ductility due to high-density 
electrical pulses are the likely source of reduced wear resistance.  

In the novel materials approach, a relatively new material known as 60NiTi 
was investigated for its friction and wear behavior sliding against itself in the 
presence of terrestrial and aerospace greases for space applications. A 
terrestrial general-purpose grease, and 4 aerospace greases were characterized 
using linear reciprocating sliding ball-on-flat tests and interferometry, optical 
microscopy and scanning electron microscopy tools were used to explain their 
tribological behavior. It was found that PFPE-based vacuum greases (Braycote 
601 and 602 EF) performed the best with lowest friction and wear, the PAO-
based high temperature grease, Rheolube 374A was moderate and MAC-based 
vacuum grease, Rheolube 2000 and the general-purpose terrestrial grease, 
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SKF LGMT2) performed the worst. The results from this study are a first step 
towards a comprehensive evaluation of the tribological performance of 60NiTi 
as a potential new bearing material for space applications with much better 
set of properties.  

In the liquid lubricants approach, functionalized polyalkylmethacrylates 
(PAMAs) are investigated as multifunctional additives, i.e., as viscosity 
improvers, friction modifiers and anti-wear additives along with shear 
stability. Homopolymers of dodecyl methacrylate, 2-ethylhexyl methacrylate 
and co-polymers of functional methacrylates (polar) were studied for their 
friction and wear performance using unidirectional sliding friction and wear 
tests in a ball-on-disk configuration. It was found that these polymers were not 
only better than neat base oil but also were comparable to fully-formulated 
commercial benchmarks. Also, low molecular weight and enhanced polarity 
was found to be beneficial for wear reduction.  

In the solid lubricant approach, the wear life of sputtered MoS2 dry film 
lubricants, both undoped and Ni-doped, were evaluated and compared using 
unidirectional sliding friction tests and the wear mechanisms possibly 
responsible for the improved performance of Ni-doped MoS2 were investigated 
using SEM, EDS, interferometry, and scratch adhesion testing. The results 
showed that Ni dopant at ≈ 7% by weight concentration improved wear life of 
MoS2 coatings significantly at low contact pressures. SEM micrographs 
captured during the run-in process and scratch adhesion tests, strongly 
suggested that delamination driven wear in Ni-doped coatings provided longer 
lasting lubricious MoS2 flakes as compared to cracked wear debris produced in 
undoped MoS2 coating. Also, interestingly, irrespective of coating type, contact 
pressure and speed conditions, the wear depth was found to either exceed or 
was expected to exceed the coating thickness much earlier than the coating life 
values. Interferometry performed during run-in cycles indicated that, although 
the wear depth exceeded coating thickness quickly, the wear width wore much 
slowly, suggesting the lubrication was maintained by the sides of the wear 
track. The findings of this study illustrated that the wear life of MoS2 coatings 
cannot be correlated to wear track depth, in contrast to the usual concept of 
wear for traditional engineering materials. Further, the results suggest a new 
mechanism by which dopants can extend MoS2 DFL life, that is, facilitating 
delamination, that might be leveraged to further understand and then improve 
the performance of these coatings. 

In summary, this dissertation aimed to employ different engineering 
techniques and fundamental studies to understand and improve the friction 
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and wear behavior of sliding contacts. The strategies discussed here targeted 
the three most important constituents of a tribo-contact i.e., the surfaces, the 
bulk material and lubricants that determine the mechanical efficiency of a 
system consisting of such contacts and in doing so, was able to discover that 
novel surface engineering techniques including UNSM and EP-UNSM, new 
materials including 60NiTi, multifunction liquid lubricant additives including 
low molecular weight PAMAs, dry film lubricants including Ni-doped MoS2 are 
promising new avenues of further research that can push the boundaries of 
energy efficiency.  

6.2 Future Work 

Damage Accumulation Model for MoS2 DFLs 

As discussed earlier, it is crucial to quantify the extent of coating degradation 
in DFL coated components during ground testing, which has a direct effect on 
the functional life of coating in space where it is expected to last the entire 
mission. The investigative study of the wear life of undoped and Ni-doped MoS2 
discussed in previous section, provided a close look at the wear behavior of 
these coatings in earth-ambient conditions at application specific load and 
speed parameters. More specifically, this study provided substantial evidence 
of cracking and delamination driven wear mode of sputtered undoped and Ni-
doped MoS2 coatings in the presence of atmospheric humidity and oxygen. 
Since these coatings are eventually used in vacuum of space, the effect of in-
air testing on the subsequent wear performance in vacuum must be estimated 
in vacuum and their wear mechanisms investigated in order to potentially 
develop a coating damage model that can reliably predict coating wear life for 
a combined duty cycle of in-air and vacuum operation. Some work in this 
direction has been performed by European Space Agency (ESA) [131]. In this, 
the damage on MoS2 coating due to in-air testing was assessed by measuring 
the change in coating wear life in vacuum after varying amounts in testing in 
air and the coating wear life (sputtered MoS2 in bearings) continuously 
degraded with increasing operation in air. A hybrid lubrication approach was 
then proposed, where the coated components are plated with another fluid 
lubricant to act as a barrier to atmospheric oxygen and water vapor which are 
the key drivers for coating life degradation in earth ambient conditions. The 
fluid and solid lubricant complement each other depending on the 
environment, where the fluid protects the DFL and provides lubrication in 
ambient air conditions and the MoS2 DFL takes over in vacuum of space. 

However, a predictive model of coating life for in-air-followed-by-vacuum 
operations is much needed for a more reliable estimation of coating failure 
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which will advise better design criteria for space missions, where it may not be 
feasible to service components. To do this, we suggest a more systematic and 
fundamental tribological study to determine the coating wear modes and 
damage accumulation in vacuum after being subjected to sliding in air.  

          

Figure 6. 1. (a) CAD Model of the controlled environment chamber. (b) Final assembly after retrofitting 
on tribometer including all peripherals. 

Typically, an inert environment such as gaseous nitrogen, can act as a proxy 
for vacuum and is often used to perform such tests [140–147]. Since the 
tribometer used in this study was not readily capable of performing such 
testing in a controlled environment, we designed and developed an enclosure 
in-lab for this purpose, as shown in Figure 6.1. A pilot test revealed that the 
chamber worked as intended and a pin-on-disk sliding test in full nitrogen 
environment prolonged the coating life as expected (see Figure 6.2). 

The interferometry data of the wear track from the nitrogen environment test 
after more than 200K cycles revealed, only 30% of the coating thickness was 
worn, see Figure 6.3. This is in stark contrast to the behavior observed earlier 
during ambient air testing where at the same load and speed conditions (300 
MPa and 1 ms-1), the wear depth would be 100% of coating thickness in only 
≈1000 cycles. This is an important observation from a failure prediction 
standpoint. Two types of damage accumulation can be proposed to occur in this 
scenario. One is the damage due to continuous and gradual wear of the coating, 
and the other, simultaneous wear and gradual buildup of fatigue at the 
coating-substrate interface eventually causing delamination of the coating. 
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Wear damage accumulation can be modeled by tracking the wear depth with 
increasing number of cycles. 

 

Figure 6. 2. Pin-on-disk sliding tests on Ni-doped MoS2 showing the effect of nitrogen environment on 
the friction coefficient compared with ambient air tests with and without the chamber. 

      

Figure 6. 3. Interferometry data of the wear track from nitrogen environment test showing wear depth 
after 200K cycles, in comparison to the coating thickness. 

Fatigue damage accumulation on the other hand can be modeled using 
cumulative fatigue damage models used for metallic components. One of the 
most widely used fatigue damage models is the Palmgren-Miner’s Rule [177], 
which assumes a linear accumulation of fatigue damage with number of stress 
cycles. The total accumulated damage is the summation of damage at each 
stress level which is defined as the ratio of number of cycles at a stress level to 
the number of cycles to failure at that stress level. And when this accumulated 
damage reaches unity, typically in ideal conditions, the component is predicted 
to fail. 

There is already some ground-work done by another group in University of 
Florida regarding damage modeling in coatings [178]. It is explained in their 
work that in a continuous sliding contact, for example, an uncoated ball on a 
coated substrate, the coating may fail in three scenarios. One, due to interfacial 
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fatigue alone due to stress at the coating substrate interface, with almost no 
wear, causing delamination. Two, a combination of interfacial fatigue and 
gradual wear. And lastly, wear dominated failure with minimal interfacial 
fatigue, i.e., the coating is still bonded and just wears off like rubber on tires. 
A numerical model was developed to couple wear and fatigue accumulation to 
predict coating life using Miner’s linear damage accumulation model. However, 
this model works well with coatings that wear gradually and fail due to fatigue 
accumulation.  

So, we suggest that the failure mechanism of these MoS2 coatings in nitrogen 
environment be investigated first, which requires that the coating be tested in 
nitrogen until failure. If the failure mode in nitrogen is delamination after 
gradual wear, then cumulative fatigue damage using Miner’s rule could be 
used to predict coating life. The University of Florida study also found that the 
interfacial fatigue is a function of coating thickness, i.e., at a given contact 
stress, the interfacial stress exponentially increases with decreasing coating 
thickness. This is especially relevant because the coating thickness reduction 
due to sliding is much more gradual in nitrogen environment, so there is 
enough time for fatigue to buildup. However, if the failure mode is gradual 
abrasion of the coating without delamination, then the damage accumulation 
is only due to wear and can be modeled simply by wear rate estimation.  

6.3 Concluding Remarks 

This dissertation has (a) demonstrated the use of experimental techniques for 
measuring the friction and wear performance of solid lubricants, liquid 
lubricants, greases and surface treatments using tribometry and 
interferometry, (b) demonstrated the use of electron microscopy, energy 
dispersive spectroscopy and mechanical testing techniques to investigate wear 
modes, wear mechanisms, and coating microstructure, (c) shown the 
applicability and viability of different approaches of optimizing a tribo-contact 
including, using  low molecular weight polyalkylmethacrylates as multi-
functional liquid lubricant additives that can function as both viscosity and 
friction modifiers; characterizing the tribological performance of a novel 
material, 60NiTi, which is stronger, harder and lighter than current bearing 
materials and doping MoS2 DFLs with Ni for better coating wear life in space 
components. 

Current materials used in bearings including steels and ceramics suffer from 
drawbacks which limit their applicability in space vehicles. 60NiTi is a 
relatively new material with excellent set of properties including corrosion 
resistance, hardenability, and large elastic range which makes it a potential 
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alternative to current bearing materials. This dissertation characterizes its 
friction and wear performance when lubricated with different greases 
including those used in space and provides a comprehensive set of data for 
60NiTi that will facilitate use of this material for more and a wider variety of 
potential bearing applications.  

Liquid lubricants consist of base oil and various additives each of which 
increase cost and complexity to formulate and make them. Multifunction 
additives consisting of polyalkylmethacrylates, developed by PNNL were 
studied in this dissertation and their viability as viscosity index improvers, 
friction modifiers and anti-wear additives is determined, which can lead to the 
development of more advanced lubricants with equal or better performance 
than current benchmarks and still be cheaper and easier to make.  

Sputtered MoS2 coatings are currently one of the most widely used DFLs in 
space mechanisms. However, these coatings are known to degrade in the 
presence of oxygen and water vapor, particularly encountered during ground 
testing, resulting in a reduced wear life in space where they are expected to 
operate. The tribological studies in this dissertation not only quantify the 
coating life enhancements achieved by doping MoS2 with Ni, but also reveal 
the underlying mechanisms that possibly enable these enhancements. Also, 
this dissertation outlines a method to develop a damage accumulation model 
considering a combined in-air and inert environment duty cycle analogous to 
ground testing and space vacuum operation of coated components. This will 
allow more accurate prediction of coating life enabling the design and 
development of more reliable space mechanisms.  

Our goals are already set towards a cleaner and greener future, and this 
requires further advancements in energy efficiency. Tribological interfaces are 
still a huge contributor to frictional and wear losses in mechanical systems and 
require novel and multipronged approach to improve mechanical efficiency. 
Every element of a tribo-contact i.e., the bulk material, lubricant and 
interacting surfaces is a unique avenue to improve tribological performance 
and the techniques studied, and potential solutions proposed in this 
dissertation can be applied in different mechanical systems ranging from 
automobiles to space vehicles to further improve their energy efficiency. 
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