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ABSTRACT 

Liquid lubricants are precluded in an exceedingly large number of consumer as 

well as extreme applications as a means to reduce friction and wear at the sliding 

interface of two bodies. The extraterrestrial environment is one such example of an 

extreme environment which has motivated the development of advanced solid 

lubricant materials. Mechanical systems for space require fabrication, assembly, 

transportation and testing on earth before launch and deployment. Solid lubricants for 

space are expected to not only operate efficiently in the hard vacuum of space but also 

withstand interactions with moisture or oxygen during the terrestrial storage, 

transportation and assembly prior to deployment and launch. Molybdenum disulfide 

(MoS2) is considered the gold standard in solid lubricants for space due to its excellent 

tribological properties in ultra-high vacuum. However in the presence of 

environmental species such as water and oxygen or at elevated temperatures, the 

lubricity and endurance of MoS2 is severely limited. Past studies have offered several 

hypotheses for the breakdown of lubrication of MoS2 under the influence of water and 

oxygen, although exact mechanisms remain unknown. Furthermore, it is unclear if 

temperature acts as a driver solely for oxidation or for thermally activated slip and 

thermally activated desorption as well. The answers to these questions are of 

fundamental importance to improving the reliability of existing MoS2-based solid 

lubricants for space, as well as for guiding the design of advanced lamellar solid 

lubricant coatings. This dissertation aims to elucidate: (1) the role of water on MoS2 

oxidation, (2) the role of water on MoS2 friction, (3) the role of oxygen on MoS2 



 xix 

friction, (4) the contribution of thermal activation to ambient-temperature friction, and 

(5) effects of length-scale. The results of this study showed that water does not cause 

oxidation of MoS2. Water increases ambient-temperature friction of MoS2 directly 

through a combination of both surface adsorption and diffusion into the coating 

subsurface. Thermally activated desiccation effectively dries the bulk of the coating, 

yielding low values of friction coefficient even at ambient humidity and temperature. 

Friction of MoS2 decreases with increasing temperature between 25°C and 100°C in 

the presence of environmental water and increases in the presence of oxygen alone. At 

temperatures greater than 100°C, friction generally increases with temperature only in 

the presence of environmental oxygen; at these elevated temperatures, friction 

decreases with increasing humidity. The transition from room-temperature increase to 

elevated-temperature decrease in friction with increasing humidity is found to be a 

strong function of the contact history as well as coating microstructure. Lastly, the 

contribution of nanoscale tribofilms to macroscale friction was studied through 

nanotribometry. Friction measured on the worn MoS2 coating with a nano-scale AFM 

probe showed direct and quantifiable evidence of sliding-induced surface modification 

of MoS2; friction measured on the perfectly ordered single crystal MoS2 was nearly an 

order of magnitude lower than friction on worn MoS2. Although friction coefficients 

measured with a nanoscale probe showed high surface sensitivity, micron-sized AFM 

probes gave friction coefficients similar to those obtained in the macroscale, 

suggesting the formation of surface films in-situ during sliding with the colloidal 

probe. A reduction in friction is observed after annealing for both the nanoscale and 

microscale probes, suggesting a strong overriding effect of the desiccated bulk over 

surface adsorption in driving the friction response at these length-scales. 
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Chapter 1 

INTRODUCTION 

 Tribology and the Importance of Lubrication 

Complex mechanical systems consist of and rely on constituent subassemblies 

for the transmission of motion and power. Movement in these mechanical systems 

require relative motion between contacting bodies. These sliding interfaces introduce 

opportunities for frictional energy dissipation, surface failure and wear of the 

interacting materials. 

Tribology is the study of materials in sliding contact and associated 

phenomena such as friction, wear, and contact mechanics, and includes the design and 

development of lubricants and bearing materials. The term tribology came to be 

widely known following ‘The Jost Report’ in 1966, which was constituted to 

investigate increasing failures in industrial machinery due to friction and wear, often 

causing substantial financial losses [1, 2]. The Jost Report, and several other findings 

that succeeded it highlighted the role of tribology in the efficiency and reliability of 

industrial machines. The cost of frictional losses to the US economy has since been 

pegged anywhere between several hundred million to several hundred billions of 

dollars annually. Rabinowicz [3] notes that most early authors severely underestimated 

the economic impact of tribological losses by ignoring cost of wear; the economic cost 

associated with the wear of materials, including cost of downtime and replacement has 

been projected to be as high as ten times the cost of frictional losses.  
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Although studies of friction and wear date back to the work of daVinci [3], 

friction and interfacial phenomena remain among the least appreciated or thoroughly 

understood of physical sciences. Friction is recognized as an interfacial force which 

resists mechanical motion. At the microscopic level, friction and wear between two 

bodies arises due to the mutual contact of their respective microscale asperities. A 

common strategy to reduce friction and wear at the interface is to reduce the likelihood 

of direct asperity contact during sliding. Lubricants such as oils and greases work by 

creating a physical barrier between the sliding surfaces, separating individual 

asperities and reducing the likelihood of wear. Furthermore, lubricants such as oils and 

greases impart a low shear strength interface at the sliding contact which also 

facilitates low friction coefficients. In the absence of effective lubrication (which can 

include contaminant and oxide layers) clean surfaces can adhere strongly resulting in 

high friction, surface failure, and eventual system failure. 

The underlying goal of modern day tribology research is to identify the 

fundamental mechanisms of interfacial friction and wear of materials and mitigate 

their consequences through materials design. At the most fundamental level, 

macroscale friction and wear originates at the atomic and nano-scale. Understanding 

the atomistic and molecular origins of friction and wear of materials at the macro-scale 

has emerged as a key area for tribological advancement today. An understanding of 

friction and wear mechanisms across length-scales is a key prerequisite in the 

development of materials with reduced friction and wear. 
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Introduction to Solid Lubricants 

Liquid lubricants appear in visible applications like the automobile and 

industrial machinery where the cost of failures is high.  However, the added cost and 

complexity of pumps, chillers, filters, and plumbing in a lubricant system is not 

justified in nearly every other consumer product. Furthermore, there are applications 

where failures are disastrous but traditional lubrication strategies are precluded by 

environmental extremes. Space is one such example. 

Soft solid films interposed between harder surfaces limit the interfacial shear 

strength and effectively lubricate the tribological contact; this solid lubrication 

strategy is employed in many demanding environments. The first solid lubricants were 

thin soft coatings of materials like PTFE and indium [4]. These thin solid lubricant 

coatings are functionally similar to liquid lubricants in that they reduce interfacial 

shear strength while the harder substrate limits the real area over which contact occurs. 

This effect however does not explain low bulk friction observed for PTFE and graphite 

and it initially remained unclear if low friction of unsupported solid lubricants 

conformed to existing theories of friction. Bulk lamellar shear, the solid analogue to 

fluid flow was for long the accepted model for low friction sliding.  

An insight into this anomaly has been offered by several recent microstructural 

and chemical studies of solid lubricant surfaces which reveal the presence of highly 

ordered tribological films at the sliding interface. Tribological films are ubiquitous 

features of low friction sliding; they form in response to the tribological action 

between two sliding surfaces. They are formed either due to entrapment and 

consolidation of solid lubricant wear debris during sliding on the counter body, known 

specifically as transfer films; or as in tribofilms, due to mechano-chemical 

modification of the solid lubricant surface itself. These films have in general been 
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strongly correlated to tribological performance; thinner transfer films are often more 

coherent and achieve higher friction and wear performance [5-11]. It is widely 

hypothesized that transfer films reduce wear rates of solid lubricants by acting as 

barriers to abrasion against surface asperities. Sawyer [12, 13] further showed that the 

surfaces created by these films are fantastically stable (100's of cycles for a single 

atomic layer to be removed) even during environmental transitions where friction 

coefficients increase by an order of magnitude.  This is in direct contrast with the bulk 

lamellar shear model of conventional wisdom. The ability of tribological films formed 

during sliding to reduce friction coefficients across the interface is widely attributed to 

‘interfacial sliding’ [14]; films once formed provide a lower shear strength interface 

which sustains low coefficients of friction across the interface [15, 16]. Recent 

nanomechanical and high resolution electron imaging studies have also confirmed the 

presence of highly anisotropic tribofilms the thickness of a few tens of nanometers, 

present on the surface of low friction nanocomposite solid lubricants [17-19]. Given 

the relative length-scales of tribofilms, solid lubricants and the bulk substrate, the 

tribofilms may be viewed as the superficial lubricant layer above the solid lubricant 

‘substrate’, since the chemical and/or microstructural heterogeneity of tribofilms is 

expected to render them with vastly different mechanical properties. 

While the importance of tribofilms to low friction and low wear solid 

lubricants has been established, there remains a lack of understanding of the properties 

and functional mechanisms of these films. This lack of understanding is underscored 

by the fact that most studies probe the chemical and compositional structure of 

tribofilms; an effort at characterizing mechanical properties of these thin films and 

their role on macroscale friction and wear has thus far been lacking.  
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Solid Lubricants in Extraterrestrial Environments 

Mechanical systems for space application require fabrication, assembly and 

testing on earth before launch and deployment. Although the operational kinematics of 

these sub-assemblies remain unchanged between terrestrial and extra-terrestrial 

operation, the latter occurs in the absence of atmospheric pressure and constituents 

such as water vapor and oxygen. The lack of atmospheric pressure precludes the use of 

conventional lubricants – liquid lubricants such as oils desorb and evaporate in a hard 

vacuum environment, leaving behind bare, unlubricated interfaces which would 

quickly seize. This has motivated the development of a variety of solid lubricants, 

most notably surface coatings of materials such as molybdenum disulfide [20]. 

 

Figure 1 Successful operation in space presents several tribological challenges, as 

illustrated (image source: NASA). 
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Many solid lubricants have been shown to exhibit strong tribological 

sensitivity to the operating environment. For example, lubrication by graphite is 

benefitted from the presence of moisture in the environment. Friction coefficients of 

graphite may reduce by an order of magnitude or more with the introduction of water 

vapor, presumably due to the weakening of the π-bond interactions across individual 

lamellae [21]. In contrast, lubrication in molybdenum disulfide is benefitted from the 

absence of environmental contaminants, which make it the gold standard for space 

lubrication. The operational challenge arises due to the fact that space components are 

fabricated, tested, transported and launched in the presence of atmospheric 

contaminants, but deployed and operated in their absence. As a consequence, solid 

lubricants which give exceptional performance in space run the risk of premature 

damage during pre-launch assembly and testing. A classic example of this was the 

failure of the high-gain antenna of the Galileo spacecraft, which was later determined 

to have been caused by pre-launch storage and transport of environmentally-sensitive 

bearings [22]. 

Together with environmental contamination, space vehicles are also subject to 

a wide range (often ±100°C) of thermal extremes, occurring during launch and re-

entry, as well as during orbit. This is in addition to challenges of material and 

functional degradation by atomic oxygen, cosmic radiation and the long service 

lifetimes necessitated by inaccessibility for replacement and repair. The key challenge 

in the design of bearing materials for such demanding applications is an understanding 

of both the mechanisms of lubrication as well as the mechanisms responsible for the 

breakdown of lubrication. 

 



 7 

Chapter 2 

MOLYBDENUM DISULFIDE AS A SOLID LUBRICANT 

Molybdenum disulfide (MoS2) is a member of the family of transition metal 

dichalcogenides (TMD), which includes other solid lubricants such as molybdenum 

diselenide, and tungsten disulfide and diselenide. Generally, TMDs are of the form 

MX2, where M is any of the transition metals Mo, W, Nb or Ta and X is any of the 

group16 elements S, Se or Te [23]. As shown in figure 2, MoS2 exhibits a hexagonal, 

layered lattice structure where each Mo
(4+)

 occupies the center of a trigonal prismatic 

geometry, while each S
(2-)

 occupies the apex of a pyramidal geometry and is connected 

to three molybdenum atoms [24-26]. In this layered lattice structure, the strong S-Mo-

S covalent bonding alternates with a weak S-S van der Waals bond; the easy shear at 

the S-S plane is credited with the low shear strength and thus, lubricious nature of 

basally oriented MoS2 [26, 27]. The basal-slip mechanism of MoS2 lubrication is often 

compared to a similar mechanism in graphite, however while graphite requires the 

presence of intercalated species (such as water) to reduce the shear strength across its 

basal planes, easy shear is intrinsic to MoS2 [21, 24].  

MoS2 has been used as a solid lubricant since before the 20
th

 century although 

interest in MoS2 lubrication was renewed in the mid-20
th

 century in large part due to 

its unique ability to provide low friction in evacuated environments. The ability of 

MoS2 to sustain ultra-low friction in vacuum made it an ideal candidate for lubrication 

in space; expectedly, some of the pioneering work into understanding the tribology of 
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MoS2 was carried out by governmental organizations such as the USAF and NACA 

(later as NASA) [24].  

 

Figure 2 MoS2 exhibits a hexagonal layered lattice crystal structure where each 

molybdenum atom is equidistant from six sulfur atoms. The large inter-

lamellar distance (0.31nm) enables easy lamellar shear in MoS2. 

Through the mid-20
th

 century, tribological studies of MoS2 were performed on 

films which may broadly be classified as either bonded or unbonded. Unbonded films 

were formed either by evaporating MoS2 solutions applied onto surfaces or by the 

mechanical ‘rubbing’ of pulverized MoS2 powder on the sliding surface. Bonded films 

traditionally consisted of MoS2 mixed with a resin paste, which was applied on the 

sliding surface followed by high temperature curing to form an adherent film [28-32]. 

Although resin-bonded MoS2 films are in use to the present day, a significant 

development in the synthesis of adherent MoS2 solid lubricant films came with the 

advent of advanced deposition methods, such as chemical and physical vapor 
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deposition in the 1980s [25, 33-38]. Sputter deposition not only improved the adhesion 

of MoS2 coatings to the substrate, but also helped drive fundamental research into the 

role of MoS2 microstructure on its tribology. From the early beginnings of sputter-

deposition, variations were observed in the tribological properties of MoS2 as direct 

consequence of the deposition technique or deposition parameters. An extensive body 

of research has been dedicated to understanding the effects of deposition parameters 

and conditions which lead to improved lubrication, as well as those which cause 

higher friction and rates of wear.  

MoS2 lubricity shows a strong dependence on the operating environment and 

temperature, which has presented a challenge to the reliability of systems employing 

MoS2 as a bearing material. MoS2 is known to sustain ultra-low friction and wear in 

clean environments, such as ultra-high vacuum although it is known to break into high 

friction in the presence of moisture [16, 26].  Although several hypotheses have been 

proposed to explain the breakdown of lubrication in certain environments, as will be 

later discussed, exact mechanisms remain unclear. Hybrid MoS2 solid lubricant 

nanocomposites have also been recently developed and show reduced friction and 

wear sensitivity to the operating environment [17, 39]. Nevertheless, understanding 

lubrication and failure mechanisms in MoS2 is critical to understanding design 

limitations.  

Tribofilms and Interfacial Friction 

Easy shear along the S-S basal plane of MoS2 is widely credited with its ability 

to sustain ultra-low friction, as noted earlier. Most applications of MoS2 however 

employ a polycrystalline form of MoS2 where individual grains are often randomly 

oriented within the MoS2 coating, without preferential orientation of the basal planes. 
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A mechanism of reorientation is often hypothesized where sliding across the MoS2 

coating with disordered grains leads to the formation of highly oriented grains, aligned 

with the direction of sliding. Once aligned, these basally-oriented surface layers, also 

known as tribofilms sustain the easy shear that results in the ultra-low values of 

friction typical of MoS2.  

 

Figure 3 An in-situ TEM image of a sliding interface. Sliding causes the 

reorientation of interfacial grains, thus forming a thin surface tribofilm 

(adapted from [18]). 

Several authors have recently suggested the role of oriented tribofilms and 

incommensurability of MoS2 in achieving low friction [40]. For a MoS2-WSe2 

composite coating, Hu et al. [18] demonstrated the presence of tribofilms at the sliding 

interface of an immobilized contact, as shown in figure 3. After sliding a silicon 

carbide pin on the surface of the coating, the contact was welded in place and the tip 
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then sectioned off using a FIB mill. Subsequent to a lift-out procedure, observing the 

frozen contact under a TEM clearly demonstrates the presence of a very thin (~10nm) 

surface tribofilm at the contact. These tribofilms have been hypothesized to 

accommodate interfacial shear in tribological contacts, although a direct probe of the 

properties of tribofilms has not been made. 

Effect of Water on MoS2 Tribology 

A characteristic feature of MoS2 lubrication is its sensitivity to the sliding 

environment, in particular the presence of moisture.  Operation in the hard vacuum of 

space precludes any direct interaction of MoS2 with moisture, however storage, 

transportation and assembly of spacecraft components after coating deposition and 

before deployment offers numerous opportunities for such an interaction. During this 

period, the MoS2 coating may be subject to long durations of varying water vapor 

concentrations (during storage), mechanical strains due to fretting (transportation and 

pre-launch testing), as well as thermal fluctuations during lift-off, orbital flight and re-

entry. Orbital operation of coatings previously exposed to moisture in the terrestrial 

environment run the risk of premature failure, jeopardizing mission success. The 

failure of the high gain antenna in the Galileo spacecraft is one such example, where 

premature failure of the bearings during deployment was traced to prolonged storage 

and transportation of the spacecraft components [22]. As a result, understanding 

mechanisms that drive breakdown of lubrication on earth is critical to successful 

operation in space.  

Variable environment and variable humidity studies spanning several decades 

show that dry sliding friction of MoS2 increases with increasing partial pressure of 

water in the sliding environment [24]. The frictional sensitivity to moisture has been 
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observed irrespective of the film deposition method. In spite of the universal 

observation of increased friction with increasing humidity, there is a lack of agreement 

about the mechanisms driving such an increase in friction. Mechanisms proposed to 

explain the increase in friction with humidity are broadly classified into two categories 

– one where water promotes the formation of high friction oxides and the other where 

water physically disrupts lamellar shear. With the oxidation hypothesis, exposure of 

MoS2 to water vapor in the sliding environment ostensibly leads to the formation of 

MoO3, usually at the grain boundaries which disrupts the easy lamellar shear of MoS2 

thereby causing increased friction. Ross and Sussman [41] were among the first 

authors to propose the ability of water to cause oxidation of MoS2. Using a method of 

calorimetric determination, they studied the formation of surface oxides in low 

humidity (at 100°C) and high humidity (at 85°C) and observed that a higher humidity 

environment caused the formation of greater MoO3. Haltner and Oliver [42] measured 

friction at various partial pressures of water and observed an increase in friction with 

increasing water vapor. They postulated that water causes the oxidation of MoS2 to 

MoO3, together with the release of SO2 and H2S. It was hypothesized that flash 

temperatures due to frictional heating at the real asperity contact facilitate the required 

rates for such a reaction. In measurements of friction of cured films of MoS2 in humid 

environments by Pardee, an increased friction with humidity was attributed to the 

formation of the oxide MoO3 [43]. Pardee hypothesized that low shear-strength layers 

of MoS2 successively oxidize to high shear-strength layers of MoO3 instantaneously at 

mechanically activated surfaces, resulting in high friction. Panitz observed increased 

friction of RF-sputtered MoS2 coatings after prolonged storage in humid environments 

which was attributed to the water-driven oxidation of MoS2 lattice edge sites [44]. 
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Stewart and Fleischauer [45] used a combination of AES and XPS to detect oxidation 

of RF-sputtered MoS2 in humid environments. They found evidence of accelerated 

oxidation, presumably at the grain boundary reaction centers [46] in the presence of 

excess water vapor, which caused deterioration of the lubricating properties of MoS2 

films. More recently, a study by Dudder et al. probed the environmental dependence 

of a MoS2-Sb2O3-C composite coating [47]. Friction was measured in vacuum, humid 

air and in environments with either only oxygen or only water; additionally, surface 

chemistry was probed using XPS. For the composite coating, it was shown that 

friction coefficients increased in water and air, but remained low in oxygen and 

vacuum, suggesting that water was responsible for the frictional increase. The authors 

note that although frictional increase in humid environments was likely driven by 

tertiary components (such as Sb2O3) rather than oxides expressing at the surface, 

between oxygen and water environments, the latter was most likely to bring about 

whatever little oxidation did occur. 

Several other studies suggest that water increases MoS2 friction through 

mechanisms which do not rely on the water-driven formation of oxides. Midgely [31] 

measured friction on thick (500µm), unbonded MoS2 films formed by applying an 

MoS2 suspension in ethyl alcohol to bearing surfaces of steel. A decrease in friction 

with increased sliding cycles was attributed to the drying of the MoS2 surfaces due to 

frictional heat, suggesting that water is physically adsorbed at the sliding interface. 

Johnson and Moore [48] measured changes in the mass of a pulverized MoS2 sample 

when exposed to air with varying values of relative humidity. They found evidence of 

water being both physisorbed and chemisorbed on MoS2; changes in mass only due to 

physisorbed water could be reversed by reversing the humidity of the environment. 
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Roberts measured changes in friction of RF-sputtered MoS2 in order to elucidate the 

dependence of friction on sputtering conditions and environment [35]. Low friction 

was observed in a vacuum environment, into which water vapor was slowly 

introduced. Friction coefficient of the MoS2 coating was observed to abruptly increase 

at two distinct water partial pressures which Roberts attributed to the physisorption of 

water to two distinct sites in the lattice with differing heats of adsorption. After re-

establishing vacuum, low friction was only partially recovered and the residual 

increased friction was attributed to adsorption at the site of the higher heat of 

adsorption.  Holinski and Gänsheimer [49] credited the increases in MoS2 friction in 

the presence of water vapor to the strong polarity of sulfur in MoS2. It was suggested 

that water adsorbs to the highly polar sulfur surface through a hydrogen bond linkage, 

disrupting the nominally easy shear at the S-S interface and thereby increasing 

friction. The increase in the water partial pressure (relative humidity) was 

hypothesized to directly increase the quantity of water available for adsorption, 

leading to the increased friction. Several other authors have performed sliding 

experiments where the environment is cycled between a dry state and a wet state [50, 

51]. These ‘pump and purge’ experiments with MoS2 or MoS2 composites coatings 

show an almost instantaneous response to the change in environment (high friction for 

humid and low friction for dry), suggesting a reversible adsorption-desorption process 

in favor of an irreversible process like oxidation. 

Effect of Temperature on MoS2 Tribology 

In general, friction of MoS2 is observed to increase with increasing 

temperature of the interface [24]. Godfrey and Nelson [52] determined rates of 

oxidation of a compacted MoS2 sample using XRD and also measured friction on a 
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resin-bonded MoS2 coating at elevated temperatures. Rates of oxidation of MoS2 were 

observed to be low below 400°C in air and 540°C in vacuum, with appreciable rates 

observed above 550°C in air. It was noted that MoS2 oxidation is a function of 

temperature, exposure time, and oxygen concentration. Sliney showed that friction 

coefficients of resin-bonded MoS2 only increased above 400°C in air and 600°C in 

argon [53-55]. Muratore et al. [56] made in situ Raman spectroscopy measurements of 

a sputtered MoS2 coating during sliding in air and observed the appearance of an 

MoO3 Raman intensity peak with an abrupt increase in friction at 350°C. These results 

suggest a direct relationship between friction and oxidation. Other studies have 

observed distinct transitions in the frictional response to temperature. Kubart et al. 

[57] noted that increasing temperature of a sputtered MoS2 coating initially decreases 

the friction, followed by a subsequent increase. These measurements were made in an 

ambient humidity environment and the initial decrease was attributed to a ‘reduced 

relative humidity of the environment surrounding the coating’, while the higher 

friction at higher temperatures was attributed to oxidation. Similar trends of frictional 

increase following an initial reduction have been reported by other authors [58]. 

Interestingly, frictional studies at elevated temperatures have only been conducted in 

either an absence or surplus water vapors – the effect of varying humidity on the 

temperature-dependent friction of MoS2 remains unknown. Furthermore, it is unclear 

if temperature acts as a driver for oxidation or thermally activated friction reduction 

[59]. 

Lubrication Mechanisms: Motivation for Current Studies 

Despite the decades of research, several fundamental questions about the 

tribological response of MoS2 to humidity remain unanswered. The answers to these 
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questions are of fundamental importance to improving the reliability of existing MoS2-

based solid lubricants for space, as well as for guiding the design of advanced lamellar 

solid lubricant coatings. This dissertation aims to elucidate the tribological 

mechanisms responsible for MoS2 lubricity and their limitations.  
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Chapter 3 

FRICTION AND WEAR IN MATERIALS 

Background: Adhesive Theory of Friction 

The history of tribology as a science traces its origins to the study of friction by 

da Vinci in the 15
th

 century when through a series of experiments, he observed that 

‘frictional effort’ was directly proportional to the applied normal load and was 

independent of the contact area between sliding bodies. Amontons in the 17
th

 century 

formulated these observations into what are now the first two laws of friction. The 

mechanism of friction was proposed to stem from an interlocking of microscopic 

asperities on the surface of sliding materials, as shown in figure 4. 

 

Figure 4 An illustration of the asperity interlocking mechanism of friction 

proposed by Amontons. 

Friction was described as the effort that was required to overcome the 

interlocking across the peaks and valleys of two mated surfaces, thus explaining the 
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dependence on normal loads and the independence of contact areas. In 1734, 

Desanguliers hypothesized the contribution of adhesion between contacting surfaces to 

the measured force of friction. Given the theoretical dependence of adhesion on 

contact area and the observed independence of friction on area (daVinci’s 

experiments), the adhesion hypothesis was rejected in favor of the conventional 

‘asperity interlocking’ mechanism [3]. Pump-purge studies in the 1920's showed that 

friction increased by an order of magnitude when the environmental gasses were 

removed.  These results helped reject the roughness hypothesis on the basis that the 

environment has no effect on roughness. Only the adhesion hypothesis could explain 

this result but it remained unclear how friction could be proportional to load and 

independent of area in such a model.  It was not until the mid-20
th

 century and the 

pioneering work of Bowden and Tabor that the contributions of adhesion were 

elucidated.  

Bowden and Tabor measured contact resistance across the interface and 

showed that the resistance decreased when the load was increased [60]. They proposed 

that the ‘real’ contact area is very small when compared to the ‘apparent’ contact area 

because surfaces are rough and meet only at the highest opposing asperities. Further, 

due to the small contact areas, the contact pressures at these asperities are significantly 

higher which causes them to deform plastically to accommodate the impressed loads. 

At the contact of a hard and a relatively softer body, the effect of increasing load is to 

cause a proportional increase in the real contact area, due to deformation of the softer 

body. Archard showed this relationship held even for elastic contacts when increased 

loads bring more asperities into contact rather than increase the areas of existing 

contacts [61]. As an illustration, real-contact area measured in-situ between a ¼” 
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diameter polyethylene ball and a glass slide is shown in figure 5. Although apparent 

contact between a sphere and a flat surface would appear to be a circle, the real contact 

consists of discrete patches which grow in size and number with increasing normal 

load. As in figure 5, the real contact area is found to be much smaller than the apparent 

contact area. 

 

Figure 5 In-situ measurement of real contact area between a ¼” polyethylene ball 

indenting on a glass slide. Increase in normal load causes an increase in 

the real contact area (shown in purple). 

When sliding motion is imposed on these loaded asperities, the shear strength 

of asperity junctions acting over the ‘real’ contact area produces the adhesive force of 
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friction. Bowden and Tabor’s work on the adhesive theory of friction not only helped 

elucidate the contact mechanics of the sliding interface, but their work also underlined 

the importance of surface mechanics in tribology. Friction coefficient is usually 

defined as the ratio of the friction force and normal load. Friction at a contact area A 

due to a shear stress τ can be written as Ff= τ ·A; the contact area of two bodies in 

contact is governed by the hardness, given by H=Fn/A. From these two expressions, 

the friction coefficient (=Ff/Fn) can be rewritten as: 

      ⁄   

Recognizing that shear strength is roughly 0.5 times the yield strength [62], 

and hardness is thrice the yield strength [63]; we see that µ ≈ 0.2. With progressive 

sliding, due to the asperities having already been plastically deformed, the contact area 

increases in what is known as junction growth, causing the contact area and friction 

coefficient to increase [4]. An enormous number of systems have been shown to 

initiate sliding at friction coefficients around this theoretic estimate before increasing 

due to contributions from junction growth, ploughing and debris.  

Figure 6 shows the surface evolution of a steel flat when slid against a steel 

ball [13].  Initially, the friction coefficient is around 0.25 and increases rapidly as 

protective surface contaminants and oxides are removed.  At cycle 50, the friction 

coefficient is significantly higher and the surface is characterized by pits from 

cohesive failure and the resulting debris. By 125 cycles, large-scale cohesive failure is 

evident, resulting in wear track growth and drastically increased friction. 
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Figure 6 Steel-on-steel un-lubricated sliding shows starting friction coefficients of 

~ 0.25 which quickly increase due to contributions from junction growth 

and cohesive welding/failure [13]. 

A broad range of polymers, metals and ceramics begin to slide at friction 

coefficients above 0.2 and increase over time to a steady state value; this behavior is 

well-explained by modern friction theories. The adhesive theory suggests that friction 

can be reduced by increasing substrate hardness while limiting the shear strength at the 

interface. It is this very interfacial shear strength that is limited by boundary lubricants 

like oils and greases; the rationale is that the substrate resists deformation and limits 

the contact area while the lubricant limits shear strength.  
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Elastic Contact Mechanics 

The contact of two opposing bodies, even in the absence of interfacial shear 

leads to subsurface stress and deformations with finite contact geometries and poses a 

classical mechanics problem for which various mathematical models and solutions 

have been postulated. The most fundamental of these was given by Hertz for the 

contact of a sphere on an elastic half-space, in the absence of any surface forces [64]. 

The Hertzian contact model provides mathematical expressions for determining 

contact parameters of ball-on-flat elastic contacts. Three quantities most relevant to 

tribological contacts, as defined by the Hertz model [65] are: 

                 √   
   

⁄
 

 (1) 

                    √
   

     
 ⁄  (2) 

                             √
    

    ⁄ 
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Where P is the applied normal force, Er is the reduced modulus and R is the 

radius of the effective sphere. Real interfaces however are subject to non-zero surface 

forces. The two most widely used contact models which take into account surface 

adhesion are the Johnson-Kendall-Roberts (JKR) and the Derjaguin-Muller-Toporov 

(DMT) models of elastic contact [66]. Both JKR and DMT models are derived from 

the Hertz contact model, however they differ in their treatment of surface forces – the 

DMT model proposes that long-range adhesive forces act outside the area of contact, 

giving rise to tensile stresses whereas in the JKR model, adhesive forces and all 

associated stresses act within the area of contact. The DMT model is applicable in stiff 



 23 

materials with low surface energy, whereas the JKR model is applied to soft materials 

with high surface energy [66]. 

Single and Multi-Asperity Contact 

At the most fundamental level, macroscale friction originates due to a 

combination of elastic and inelastic atomic-scale interactions of surfaces in relative 

motion. A simplified, one-dimensional model of this interaction in the absence of 

stresses and deformation was described first by Prandtl in 1928 and later in 1929 by 

Tomlinson, commonly referred to as the ‘Prandtl-Tomlinson’ model of dry friction 

[67-69]. This model envisages the relative motion between a single atom against a 

surface, which is represented in the form of its energy landscape, consisting of energy 

peaks and valleys. When the atom is translated across this surface with a constant 

velocity, energetics favor the settling of the atom into the lower ‘energy wells’; when 

the spring force exceeds the local energy derivative with respect to position (i.e. the 

local adhesive force), the atom breaks away and suffers slip. As a result, the atom 

undergoes periods of intermittent sliding due to displacement from a local energy 

maxima to a local energy minima, and stiction caused by the ‘entrapment’ of the atom 

in a local energy minima – this gives rise to ‘atomic stick slip’ motion. 

Realistic single asperities, even those with sub-nanometer radii consist of many 

atoms. These individual asperities exhibit the 2/3
rd

 power law relationship between 

contact area and normal load, as postulated by Hertz. Archard noted that in a contact 

where increasing load increases the number of contacting asperities, contact area 

trends linearly with normal load even during elastic deformation. In practical systems 

however, the normal loads experienced by individual asperities are rarely small 

enough to justify a purely elastic contact; instead, these lead to the plastic deformation 
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of individual asperities. Additionally, the application of an increasing normal load 

causes a greater number of individual asperities to come into mutual contact, several 

of which also undergo plastic deformation leading to a growth in the overall real 

contact area. Although ideal single asperity contacts can be simulated under controlled 

laboratory conditions, for instance with the Atomic Force Microscope, nearly all 

interfaces larger than the atomic scale are in fact multi-asperity contacts. The 

contribution of nano- and micro-scale adhesion, abrasion, plastic deformation, 

junction growth and fracture at the multi-asperity contact between rough surfaces 

contribute to the macroscale observations of friction and wear.  

 Tribological Characterization  

Single asperity contacts 

Originally used as a tool for measuring the topography of surfaces with a sub-

nanometer resolution, the Atomic Force Microscope (AFM) has since been 

extensively used for measuring interfacial forces and characterizing mechanical 

properties at the nanoscale. The earliest example of an AFM study of friction at the 

nanoscale was carried out by Mate et al. [70]. Mate et al. showed that a nanoscale 

tungsten stylus sliding across an atomically flat surface of highly oriented pyrolytic 

graphite (HOPG) gives rise to a characteristic saw-tooth stick-slip pattern of the lateral 

deflection signal, shown in figure 7. The periodicity of the peaks and valleys 

correspond to the lattice spacing of the surface.  
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Figure 7 These friction loops obtained on a graphite surface with a tungsten probe 

were the first demonstration of atomic stick-slip (adapted from [70]). 

The schematic of a typical AFM is shown in figure 8. The essential 

components of AFM sensing include a laser source, a microfabricated cantilever, 

guide mirrors and a photosensitive diode (PSD), together with the electronics 

interface. The primary component of motion control in an AFM is the piezoelectric 

stage, which is used for precise translation along any or all three axes of motion. 

Changes in the normal force applied at the probe-end of the cantilever, either due to 

vertical translation of the piezo or due to topography encountered on the scanned 

surface cause the cantilever to bend about the fixed end in the normal direction. A 

normal deflection at the free end of the cantilever causes the reflected laser spot on the 

PSD to shift in proportion to the slope of the cantilever free end, which is proportional 

to the force applied. In closed-loop AFM scanning, the tip-surface force is maintained 

at a constant ‘set-point’ value, specified by the user.  
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Figure 8 A schematic illustration of key components of the atomic force 

microscope. Interfacial friction at the tip creates a torsional moment, 

which is registered as lateral deflection on the PSD. 

Changes in this force due to changes in the surface topography are registered 

by a change in the vertical position of the laser on the PSD; this change (measured as a 

change in vertical PSD voltage) serves as error signal for the piezoelectric feedback 

control system. The piezo moves vertically in proportion to this error signal in order to 

restore the tip normal force to its set-point; this vertical displacement of the piezo then 

serves as a measure of the height of the surface feature.   

In addition to its use as a profilometer, the AFM is also used as a nanoscale 

tribometer to make fundamental measurements of friction at the probe-surface 

interface. These measurements of friction simulate a single-asperity contact, allowing 

the measurement of surface forces in the absence of gross wear. The reciprocating 

contact of an AFM probe and a surface results in torsional deflections of the cantilever 

free-end (figure 8), which cause a proportional horizontal deflection of the laser spot 

on the PSD. An increase in interfacial friction causes a greater torsional moment on 
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the cantilever, resulting in larger horizontal deflections of the laser spot on the PSD. 

The reciprocating motion of an AFM probe on a surface also results in the formation 

of friction loops, which can be used for determining the friction coefficient [71].  

In addition to nanoscale friction measurement, the AFM is also frequently used 

for determining nanoscale mechanical properties such as hardness, modulus and 

adhesion [66, 72-76]. The measurement of these properties follows from the general 

technique of nanoindentation, where an AFM probe is indented on a surface to 

generate force-distance curves. By modulating indentation depth, area and force, these 

techniques allow the accurate quantification of mechanical properties with high 

surface specificity [77]. 

Multiasperity contact 

Macroscale, multiasperity tribological characterization traces its roots to 

daVinci’s seminal experiments investigating the effects of load and contact area on 

friction. A tribometer is any instrument which enables relative motion between two 

surfaces of interest and allows a measurement of contact forces. A tribological contact 

is typically characterized by its friction coefficient (µ) and/or wear rate (k). Friction 

coefficient of a contact is defined as the ratio of frictional force to the applied normal 

force, while wear rate of a material is defined as the volume of material lost, 

normalized to the product of the applied normal load and total sliding distance 

required to generate the lost volume. Mathematically, 

        
  

  
⁄  (4) 

          ⁄     
    ⁄  (5) 
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Where Ff and Fn are friction and normal force, respectively, ΔV is volume loss and S is 

the corresponding sliding distance. Typically, tribological contacts are classified as 

either unidirectional or bidirectional/reciprocating depending on the direction of 

relation motion. In reciprocating contacts, the interfacial friction force vector 

alternates its direction at a half-cycle frequency.  

A cycle-wise plot of instantaneous friction as a function of position along the 

sliding wear track results in the formation of a ‘friction loop’, depicted in figure 9. 

From the friction loop, friction coefficient (or force) is defined as the mean of the 

absolute values of forward and reverse friction coefficient (or force). This is often 

referred to as the method of reversals and has been shown to eliminate uncertainty in 

measured friction due to angular misalignments between the load cell and the substrate 

[78]. In the calculation of friction or friction coefficient values using the method of 

reversals, measurements from only the central part of the wear track are considered to 

avoid bias from measurements during the stick events at reversals and resulting 

transients.  

 

Figure 9 An illustration of a friction loop obtained in a reciprocating contact. 

Friction coefficient is calculated as the average of the forward and 

reverse values of friction coefficient, as shown. 
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For the calculation of wear rate, different strategies are employed depending 

on the configuration of the sliding contact [79, 80]. For ball-on-flat reciprocating 

contacts, optical profilometry measurements give a direct measure of worn volume for 

both the ball as well as the counterface. For these, wear volume of the counterface is 

sampled only from within a measurable window; this volume is assumed to be 

representative of the remainder of the track. In the case of pin-on-flat tests typical of 

polymer nanocomposites, mass or volume loss measurements of the polymer pin are 

used to determine worn volume.  Mass loss measurements of the pin give a direct 

measure of the actual, total volume lost without any assumptions. In an alternative 

technique, the vertical position of the pin may be tracked with an LVDT to yield a 

measure of the uniform mass/volume lost at its surface. Wear rate is defined as the 

wear volume normalized with the product of normal force and corresponding sliding 

distance. A common graphical method of determining wear rate plots the wear volume 

against the product of normal force and sliding distance. The slope of this plot when 

populated, gives the instantaneous wear rate at any given number of sliding cycles. 

Multi-Scale Tribometry of Molybdenum Disulfide 

In the context of MoS2 tribology, multi-scale tribometry offers a unique 

opportunity to investigate not only the individual contributions of water, oxygen and 

temperature to MoS2 lubricity, but also to establish the role of nanoscale tribofilms in 

driving these macroscale phenomena. Through multi-scale tribometry with MoS2, this 

dissertation tests for: (1) the role of water on MoS2 oxidation, (2) the role of water on 

MoS2 friction, (3) the role of oxygen on MoS2 friction, (4) the contribution of thermal 

activation to ambient-temperature friction, and (5) effects of length-scale. 
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Chapter 4 

EXPERIMENTAL MATERIALS AND METHODS 

Materials 

Pure molybdenum disulfide (MoS2) coatings in this study were commercially 

sputter-deposited by Tribologix Inc. (Golden, CO). The pure MoS2 coatings were 

deposited on a 440C stainless steel coupon measuring 25 mm by 38 mm, which was 

polished to an average surface roughness Ra ~ 30±5 nm prior to deposition. The MoS2 

coating was deposited to a nominal thickness of 1 µm (figure 10). Commercial 440C 

steel ball bearings with an average surface roughness Ra ~ 110 nm were used as the 

counterbody for all tests. 

 

Figure 10 Cross-sectional micrograph of sputtered MoS2 showing (a) the interface 

between the coating and the steel subsurface and (b) the interfacial 

tribofilm with a distinct lamellar microstructure. 
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Friction measurements in this work were made on interfaces consisting of 

either conditioned or unconditioned sputtered coatings. Unconditioned coatings had 

been previously exposed to thermal cycling between 25°C and 250°C, but no sliding 

either on MoS2 or the steel ball. A ‘conditioned coating’ consisted of an interface 

which had experienced sliding contact during thermal cycling from 25°C to 250°C, 

thus resulting in the formation of a thermally seasoned wear track as well as transfer 

films prior to testing. Conditioned and unconditioned coatings are illustrated in figure 

11. 

 

Figure 11 Schematic illustration of conditioned and unconditioned MoS2 coating. A 

‘conditioned coating’ is subject to sliding as well as an additional thermal 

cycle compared to the ‘unconditioned coating’. 
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Macroscale Tribometry 

Macroscale friction measurements were made on the High Temperature 

Tribometer (HTT). For all sliding tests performed on the HTT, a nominal normal force 

of 1N was maintained at the contact which is equivalent to a mean contact pressure of 

100MPa, derived from the measurement of wear track width. The stepper motor was 

driven to generate a saw-tooth patterned motion with a wear track length of 5mm, and 

sliding velocity of 5mm/s. Stepper motion control was enabled with a custom 

LabView
TM

 routine, which also allowed on-the-fly changes in the motion parameters, 

if required. Instantaneous values of contact forces and pin position were recorded with 

a second custom LabView
TM

 routine, which was also used for generating cycle-wise 

friction loops and determining values of friction coefficient.  

Each friction coefficient measurement, unless specified, consisted of 50 sliding 

cycles. Transient behavior during the 50 sliding cycles was identified using a 

definition from the literature, where deviations higher than 20% of the nominal value 

are considered transient. Steady state values of friction coefficient reported in this 

study were calculated from the final 30 of these 50 cycles, which were observed to 

consistently conform to this definition of steady-state behavior. Single cycle friction 

coefficients were determined using the method of reversals, described earlier, by 

considering only the central 60% of the friction loop. Temperature-dependent friction 

measurements were made by heating the substrate from 25°C to 250°C at an 

approximate rate of 25°C/minute.  

High temperature tribometry 

Macroscale friction measurements were carried out on a custom-built high 

temperature tribometer (HTT), shown schematically in figure 12. The tribometer 
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employs a reciprocating ball-on-flat contact configuration, with a ¼” 440C stainless 

steel ball sliding on an MoS2 coated coupon. The tribometer consists of three key sub-

assemblies, namely the force transduction stage, the thermal management stage and 

the reciprocating stage.  

 

Figure 12 Schematic illustration of the custom-built High Temperature Tribometer 

(HTT) used for macroscale friction measurements.  

Normal and tangential forces at the contact are measured by two strain-gage 

based load cells (Strain Measurement Devices Inc.) connected in series. The load cells 

are calibrated using mass standards, which have an uncertainty of 50µg. The overall 

uncertainty of the load cell transducers is 0.1mN. The load cell sub-assembly is fixed 
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to a manual vertical stage, which is used for loading and unloading the contact. Forces 

at the contact are transmitted to the load cells through a thin aluminum cantilever and 

PEEK spacers, which are incorporated to reduce thermal conduction pathways to 

transduction elements. As a result, the temperature of the load cell sub-assembly 

remained at 27±3°C throughout testing. Strain measured at the load cells is transmitted 

through a signal conditioning unit (National Instruments SCC-SG24), which is 

mounted integral to the data acquisition board (National Instruments SCC-68).  

The thermal stage consists of a copper heater block, built to accommodate 

cartridge heaters. The MoS2-coated coupon is mounted on top of the copper block and 

a K-type bolt-on thermocouple is attached to the surface to measure the surface 

temperature.  The cartridge heaters are connected via a solid state relay to a PID-

feedback temperature controller that allows accurate temperature control of the MoS2 

coating surface. The heater block itself is mounted on two steel C-sections, which 

connect to the reciprocating drive and help minimize thermal conduction into the 

stepper motor. The reciprocating stage consists of a leaf-flexure design, driven by a 

stepper motor through a leadscrew. A Linear Variable Differential Transformer 

(LVDT) attached to the stage is used for accurate position sensing. 

In-situ wear measurement 

MoS2 and MoS2-doped coatings are known to yield ultra-low wear in clean 

environments, similar to its lubrication response in such environments [59]. Accurate 

measurement of ultra-low wear with low uncertainty is inherently challenging due to 

the propagation of instrumental and measurement errors [80]. Accurate measurement 

of ultra-low wear with low uncertainty in MoS2 does however provide the opportunity 
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for insights into lubrication mechanisms, which may rely on sacrificial wear of the 

MoS2 surface layers.  

Accurate measurements of MoS2 coating wear were performed with the 

combination of a custom-built in-situ tribometer, shown in figure 13, and a scanning 

white light interferometer (SWLI). Similar to the HTT, the in-situ tribometer also 

employs a ball-on-flat reciprocating contact configuration which is driven by a stepper 

motor drive. 

 

Figure 13 The in-situ tribometer in a (a) generic stationary-contact configuration 

and (b) in-situ coating wear measurement configuration. 

The MoS2 coating is fixed to a sample holder mounted on a 6-axis miniature 

load cell (ATI Industrial Automation), which is connected to the rigid base via a 

double leaf flexure support. A spherical steel ball serves as the countersurface and is 

attached to an aluminum cantilever, identical to the HTT, and fixed rigidly to the 

translating stage. In the in-situ tribometer, the SWLI objective, MoS2 coating and load 

cell are held stationary and the steel ball reciprocates at a specified velocity. A Veeco 



 36 

Wyko NT9100 SWLI is used for measuring the wear rate of MoS2 coatings. Prior to 

measurement, the in-situ tribometer is mounted directly under the objective of the 

SWLI. The tribometer base and sample stage is adjusted such that the projected wear 

track lies directly under the SWLI beam.  

 

Figure 14 Illustration of in-situ wear measurement using reference subtraction. The 

topographical image of the wear track is normalized to a pre-sliding 

image in order to determine the actual wear volume. 

Wear rate is determined by using a method of ‘reference subtraction’, 

illustrated in figure 14. In this method, the topographic image at a given number of 

sliding cycles is compared to an image collected at the same location prior to sliding. 

Translational and rotational transformations are applied to the two images based on 

two or more fiducial markers to align the images and ensure they directly overlay each 

other, within limits of uncertainty. Wear volume is next determined by calculating the 

simple pixel-wise difference of the z-values of the two images. As illustrated in figure 

14 however, small offsets in the alignment step can contribute to subtraction artifacts 

which are proportional to the surface roughness.  
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Figure 15 Illustration of the row-wise reference subtraction technique used for wear 

quantification. The representative cross-sections of the worn and unworn 

image (left) are normalized, yielding the actual wear cross section (right). 

The equivalent wear is given by the area enclosed by the track below the 

reference line. 

The sensitivity of the wear measurement can be increased by reducing the 

‘false wear volume’ contributions from poorly-matched asperities outside the wear 

track. The latter can be minimized by considering a representative wear profile at a 

given number of cycles which is evaluated by row-wise averaging of z-values, in a 

direction parallel to the wear track, as shown in figure 15. The representative wear 

profile is normalized to the unworn profile, similar to the pixel-wise normalization 

discussed earlier. The normalized wear profile shows distinct regions of positive wear 

volume, marked by the wear track and ‘negative wear volume’ consisting of the 

material pile-up near the track edge. In this study, wear is explicitly defined as the 

removal of material strictly under the reference line (figure 15), which also avoids 

confounding effects of loose debris and plastically deformed regions (small in this 

study) of pile-up.  In order to determine the net wear volume, the area under the y=0 

line is evaluated and multiplied by the image depth.  
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Nanoscale Tribometry 

A key hypothesis in the lubrication of MoS2 is that basally oriented nanoscale 

tribofilms drive its macroscale friction response [18]. Similar to the accurate 

measurement of ultra-low wear rates, accurate and quantitative measurement of 

nanoscale friction of sliding-induced tribofilms is critical to an improved 

understanding of their contributions to macroscale lubrication. Although AFM-based 

techniques in nanoscale friction measurements are uniquely suited to making such a 

probe, the absence of nanoscale force calibration standards make quantitative lateral 

force microscopy prohibitively challenging. In this section, existing calibration 

techniques and limitations are reviewed to create a foundation for method developed 

for this work.   

Lateral force calibration: Background and challenges 

As noted earlier, changes in the normal force or interfacial friction force in an 

AFM result in changes in the laser spot position on the PSD in the vertical and 

horizontal directions, respectively. The position of the laser spot and any changes due 

to interfacial forces are however registered as a voltage signal on the PSD. Calibration 

of the raw PSD voltage signal to units of force is a prerequisite to any meaningful 

quantification of nanoscale forces [74, 81, 82]. For the purpose of quantitative 

nanotribology, such calibration needs to be performed for both the normal as well as 

the torsional/lateral directions. 

The development of calibration methods for normal force measurement has 

generally preceded development of lateral force calibration methods. The conversion 

of a raw voltage signal generated by pure bending of the cantilever to units of force 

essentially consists of two components – the relationship between force and tip-
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deflection (i.e. bending stiffness) of the cantilever and the relationship between PSD 

laser position and PSD voltage output (i.e. PSD voltage sensitivity). The bending 

stiffness of a cantilever can be determined by using the geometry and material 

properties of the cantilever and expressions derived from the Euler-Bernoulli beam 

theory. In practice however, uncertainty in the measured dimensions (especially 

thickness) of the cantilever together with non-ideal material properties result in 

theoretical bending stiffness differing substantially from the actual value [74]. Several 

other methods have been proposed to circumvent these problems, such as the reference 

cantilever method; these methods however, either require specialty calibration 

components or involve complicated test setups [74]. A relatively straightforward 

method of calibrating AFM normal deflection proposed by Sader et al. [83] utilizes 

the cantilever plan-view dimensions together with resonant frequency and Q-factor – 

quantities which are easily determinable using a frequency drive feature available to 

most AFM systems. According to the Sader method, the stiffness k of a rectangular 

cantilever with an effective mass Me, dimensions L, b and h, and density ρc is given as  

              
  (6) 

where ω is the fundamental resonant frequency of the system in vacuum [83]. 

In order to determine the voltage sensitivity of the PSD in the vertical 

direction, a force-displacement curve is generated on a nominally rigid substrate 

which resists elastic and inelastic deformation. With ‘indentation’ on a rigid substrate, 

changes in the position of the piezo (i.e. the horizontal axis on the force-distance plot) 

in the contact region reflect only the deflection of the cantilever. The slope of the 

force-distance plot in the contact region of such an indentation therefore yields a direct 

measurement of the sensitivity of the PSD to a given deflection of the cantilever. The 
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product of the PSD sensitivity and the cantilever stiffness then yields the required 

calibration for converting changes in the PSD voltage to the contact normal force in 

Newton.  

The extension of these calibration strategies to lateral force measurement is 

beset by the difficulty in imposing a knowable pure torque at the tip (to induce a 

purely lateral motion of the laser on the PSD) as well as in accurately determining the 

torsional resonant frequency of the cantilever. As a result, calibration of AFM probes 

for lateral force measurement has remained a challenge in quantitative nanotribology. 

Several methods for quantifying measured lateral forces in an AFM have been 

developed, which adopt a variety of techniques for determining lateral calibration 

sensitivities.  

The ‘wedge method’ for lateral force calibration, proposed by Ogletree et al. 

was perhaps the first methods for calibrating the AFM for quantitative nanotribology 

[84]. In the wedge method, calibration of an AFM cantilever probe is performed by 

the reciprocating motion of an AFM probe on the two sloped surfaces of a calibration 

substrate of annealed SrTiO3. As shown in figure 16(a), the friction loops generated as 

a result are offset from the zero position by a value which is proportional to the wedge 

angle and direction; the value of the friction loop width (or half-width) is proportional 

to the friction at the interface, as before. 
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Figure 16 Illustration of the Ogletree method for LFM calibration (adapted from 

Ogletree et al. [84]). (a) Lateral scanning on the calibration ridges yields 

a corresponding friction loop, and (b) the values of W and Δ from the 

friction loop, as a function of impressed normal load are used as inputs to 

the method. 

Calibration by the wedge method involves the generation of such friction loops 

for a range of applied normal loads, as shown in figure 16(b), in order to determine the 

rate of change of the friction loop offset and half-width with respect to normal load. A 

force balance during forward and reverse sliding at the tip-surface interface reveals 

two equations which are then solved for the unknown friction coefficients and the 

calibration ratio. Since the value of the calibration ratio is determined directly from the 

scanning motion of an AFM tip, the wedge method eliminates the need for separate 

calibration for spring torsional stiffness and the PSD voltage sensitivity. 

The nature of the SrTiO3 calibration grating precludes the calibration of AFM 

probes larger than the size of its facets. Varenberg et al. [85] proposed a method of 

calibration known as the ‘improved wedge method’ where the nanoscale facets of the 

SrTiO3 substrate were replaced with a silicon calibration grating which allowed the 

calibration of probes with larger diameters. The formulation of the improved wedge 
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method also followed from the solution of the force balance at the tip-substrate 

contact. Li et al. [86] noted that the validity of these equations used in the wedge 

methods breaks down if the apex of the probe is offset from the shear center axis of 

the cantilever. Tip offset can be especially pronounced in colloid probes where the 

probes are mounted manually to the cantilevers, although variations in cantilever 

material properties and manufacturing imperfections often cause significant offset 

even in integrated tips. Li et al. propose a diamagnetic levitation based calibration 

technique for the direct calibration of lateral and normal forces. Other methods have 

been proposed which eliminate the need for tip contact during calibration which is 

useful for functionalized probes which are susceptible to damage during calibration. 

Cannara et al. [87] proposed a calibration technique where the probe is moved 

horizontally against a GaAs rigid support to induce a torsional deflection thereby 

reducing the probability for tip damage. However, with all classical calibration 

methods, pre-measurement adjustments of the laser position and PSD mirror tilt 

directly alter the calibration by changing the optical lever arm, thus introducing 

measurement uncertainties. 

Lateral force calibration: Method development 

Existing calibration methods preclude accurate measurement of nanoscale 

friction due to both the inherent complexity of force transduction as well as 

propagated uncertainties in an AFM. In order to facilitate accurate measurement of 

quantitative friction at the nanoscale, an in-situ method of lateral force calibration is 

required which reduces measurement uncertainties due to prior adjustment of the AFM 

components and to account for manufacturing artifacts such as shear-center offset. 

Such a method should (1) allow simultaneous measurement and calibration to 
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eliminate the possibility of changes to the optical lever arm or damage to tip 

functionality, (2) eliminate measurement uncertainties due to shear-center 

misalignment, piezo-tube misalignment and PSD crosstalk, (3) enable friction 

calibration for all forms of reciprocating contacts, irrespective of probe geometry 

without reliance on calibration substrates. 

 

Figure 17 An illustration of the general contact of an AFM probe, showing (a) the 

resulting friction loop from sliding on a nominally tilted substrate, which 

results in non-zero W and Δ, and (b) typical instrument misalignments 

which affect measured friction. 

A representative friction loop obtained during the reciprocating motion of the 

AFM probe is shown in figure 17(a). The friction loop obtained in the AFM is 

identical to macroscale tribometer friction loops (discussed earlier) with the exception 

that the normal and lateral deflections are measured in volts rather than Newton. 

Similar to earlier friction loops, the average and standard deviation within the central 

portion of the friction loop is evaluated to eliminate the effect of direction reversals at 

the two ends of the wear track. As before, the friction coefficient may be determined 
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from the friction loop as:         ̅    ̅     ̅ .  Using the law of propagation of 

uncertainty and the standard deviation in friction coefficient measurement, an estimate 

of measurement uncertainty may also be determined [88]. 

As illustrated in figure 17(a), we define the friction loop width (W) and friction 

loop offset (Δ) as:     ̅    ̅      and      ̅    ̅     . These definitions of 

loop width and offset have been adopted from the original wedge method [84].  

Qualitatively, the friction loop width is a measure of the interfacial friction while the 

friction loop offset derives from a combination of shear-center offset and angular 

misalignment between the cantilever and substrate. The wedge methods by Ogletree et 

al. and Varenberg et al. rely on calibration substrate with known wedge angles [84, 

85]. In the current ‘Extended Wedge Method’, the closed-loop motion of the piezo, 

which adjusts z-height to maintain a constant normal force (measured as Vz) is used to 

directly measure the substrate tilt angle (θ) relative to the piezo x-axis.   

The extended wedge method incorporates instrument misalignments in order to 

reduce or eliminate measurement uncertainty in friction. One of the sources of error in 

measured friction is an angular misalignment (γ) between the cantilever horizontal 

axis and the piezo horizontal axis, illustrated in figure 17(b). Additionally, angular 

misalignment δ of the PSD relative to measurement axes, shown in figure 17(b), 

contributes to transducer crosstalk and has been identified as an important source of 

measurement error [81].  In the wedge method, Ogletree et al. note that although the 

determination of friction coefficient and calibration ratio can be made using a single 

wedge angle, a two-slope technique becomes necessary to eliminate errors due to 

crosstalk. Although the AFM is susceptible to measurement errors from a variety of 

sources, the experimental nanotribology literature suggests that the most significant 
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measurement errors are driven by transducer-piezo misalignment, tip-cantilever shear-

center offset, and non-zero probe radii [81, 86, 89-91]. As a result, piezo misalignment 

(γ), shear-center offset ratio (O/h) and probe radius (R/h) are explicitly included in the 

formulation of the extended wedge method. 

 

Figure 18 Free-body diagram of the AFM probe in sliding contact with a tilted 

substrate, showing interfacial forces as well as the forces and moments 

applied at the cantilever shear center. The length of the cantilever extends 

into the plane of paper. 

A free-body diagram of the AFM probe in sliding contact with a generalized 

substrate is shown in figure 18. For derivational purposes here, the motion of the 

probe from left to right is referred to as ‘forward sliding’ (subscript f) while the motion 

right to left is referred to as ‘reverse sliding’ (subscript r). The direction of contact 

forces changes between the two sliding directions; their combination yields a friction 

loop and is used for deriving the expressions for friction coefficient and calibration 

ratio.  
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The wedge angle α shown in figure 18 represents the effect of misalignment 

between the wedged surface and the horizontal axis of the transducer (PSD), and 

consists of the physical tilt of the surface θ and the angular misalignment γ of the 

piezo relative to the cantilever horizontal axis. Mathematically then, α = (θ – γ). In this 

schematic, the length of the cantilever extends into the plane of paper. Due to a lateral 

sliding motion, the tip experiences contact forces Fnf and µFnf, while the cantilever 

shear center also experiences a torsional moment My. The schematic shown here 

applies to any probe geometry; in integrated pyramidal probes, the probe radius R 

approaches 0 (typically < 10nm). A force balance in the vertical direction gives  

                              

     
  

                 
  

A force balance in the horizontal direction, together with the expression for Fnf gives, 

                             

  

     (
                

                
)        

Where A is defined for conciseness as                             -          .  

A moment balance about the point of contact yields, 

         (              )                   

          (                    )            (7) 

Where O is the tip-offset, R is the probe radius and h is the probe height, as illustrated 

in figure 18. Similarly, writing the force and moment balance equations for reverse 

sliding yields: 
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        (              )                  

         (                    )            (8) 

Where B is defined for conciseness as  -                                      .  

Next, we define calibration constants Cz and Cx for the normal and lateral PSD 

deflections, respectively, as        ⁄  and        ⁄ , where Fz and Fx are the 

corresponding vertical and lateral forces at the contact. Similarly, the moment about 

the shear center My can be rewritten in terms of the calibration constant Cx as    

    , or alternatively as           . Substituting these for Fz, Myf and Myr in (7), 

we obtain 
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Where       ⁄  is the ratio of lateral and normal calibration constants. Similarly, for 

the reverse sliding we obtain 
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Recalling that friction loop and offset are defined as     ̅    ̅      and 

     ̅    ̅     , the values of W and Δ can be determined using the expressions for 

Vxf  and Vxr in (9) and (10). In the original wedge method, the quantities W’ and Δ’ are 
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defined as the rate of change of friction loop width and offset with respect to the 

normal force voltage, such that                  ⁄  and                  ⁄ . 

Retaining these definitions of W’ and Δ’, from (9) and (10), we obtain 
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The effects of transducer crosstalk due to PSD misalignment in the original wedge 

method were circumvented by adopting a two-slope calibration approach. Ogletree et 

al. measured the values of both the quantities W’ and Δ’ on the two facets of their 

SrTiO3 calibration grating. A similar approach is adopted in the extended wedge 

method, whereby the quantities in (11) and (12) are evaluated on two opposing wedge 

angles of the substrate. Recognizing S that the calibration ratio remains unchanged if 

the AFM optics are not perturbed, rearranging (11) and (12) to reveal an expression 

for S, and writing the resulting equations for both wedge angles, we obtain: 
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Where subscripts 1 and 2 denote first and second wedge configuration with α1 = (θ1 – 

γ) and α2 = (θ2 – γ). With these four equations in S, the quantities W1’, W2’, Δ1’, Δ2’, θ1 

and θ2 are determined directly from the experimental measurements with the AFM. In 

the system of four equations however, the number of unknowns (µ1, µ2, γ, O/h, R/h 

and S) needs to be reduced from six to four in order to obtain a unique solution. The 

radius of the probe R and tip length h are typically either known in advance, or 

determined with SEM imaging. As a result, R/h is considered a known quantity in the 

extended wedge method. Measurement errors due to uncertainties in estimated values 

of R/h are evaluated later.  

From the remaining unknowns, one more parameter needs to be eliminated in 

order to make the system of equations tractable. The sensitivity of the measured 

friction coefficient to the omission of each variable is mathematically determined to 

ascertain which parameters may be neglected without appreciable errors in calibration. 

Interfacial friction coefficients were simulated to yield corresponding simulated values 

for W1’, W2’, Δ1’ and Δ2’. The actual physical conditions which were simulated were 

µ2=2·µ1, γ = 1°, O/h = 1, R/h = 0, and θ = ±8.5°. These imposed friction coefficients 
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were then compared with the values calculated by the extended wedge method; the 

error in friction coefficient was separately determined for each of the following three 

assumptions: µ1 = µ2; γ = 0; and O/h = 0. The results for this analysis are shown in 

figure 19. 

 

Figure 19 Results of the sensitivity analysis of the extended-wedge method 

showing (a) the error in evaluated friction coefficient as a result of 

assumed values of µ1, µ2, O/h or γ, and (b) the error in evaluated friction 

coefficient as a function of angular piezo-tilt misalignment angle (γ). The 

actual physical conditions which were simulated were µ2=2·µ1, γ = 1°, 

O/h = 1, R/h = 0, and θ = ±8.5°. Only the omission of piezo-tilt 

misalignment yields negligible error in measured friction for values 

between 1° and 10°. 

As shown in figure 19(a), the assumption of equal friction coefficients on the 

two wedge angle leads to large (~ 85%) errors in calculated friction coefficient.  Next, 

the effects of neglecting tip-offset are considered. Although the errors in calculated 

friction coefficients are reduced, as shown in figure 19(a), they are still significant at 

~60%. Finally, the effect of neglecting piezo-tilt misalignment on calculated friction 
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coefficient is considered for γ = 1° in figure 19(a). The results suggest that while 

omitting tip-offset and frictional variability lead to high errors in measured friction 

coefficient, the errors associated with omitting a piezo-tilt misalignment are relatively 

small. Next, the value of the simulated piezo tilt was increased to 2°, 5° and 10° to 

determine error sensitivity. As shown in figure 19(b), error in measured friction 

remains low for nearly all values of friction coefficient and γ. As the actual friction 

coefficient value approaches unity, the error due to an unrealistically high (=10°) 

piezo-tilt misalignment approaches ~40%. Since this assumption yields reasonably 

low errors in measurement for expected ranges of friction coefficients and piezo-tilt 

misalignments (~1°) only the assumption that γ = 0 is adopted in the extended wedge 

method. No assumptions are introduced for frictional variability (i.e., µ1 ≠ µ2) and tip-

offset (i.e., O/h ≠ 0). 

The value of tip radius and the ensuing ratio R/h was considered a known 

quantity, since its value may be determined using optical or electron imaging methods. 

The error in measured friction associated with tip-radius measurement uncertainty was 

determined using simulated values of R/h and friction coefficient, as before. Three R/h 

values of 0.4, 0.04 and 0.004 were considered; these correspond to a colloidal probe 

(2.R ~ h), an intermediate tip (2.R < h) and a sharp, integrated tip (2.R<<h). As shown 

in figure 20, frictional errors associated with integrated tips remain below 5% for a 

radius uncertainty as high as 1000%.  
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Figure 20 Simulated error in friction coefficient determined by the extended wedge 

method as a function of error in R/h. Uncertainty in R/h values of 

integrated probes (where R/h ~ 0.004) results in a negligible error in 

friction. A 10% error in measurement of colloidal probe R/h (where R/h ~ 

0.4) yields frictional uncertainty of 10%. 

On the other hand, a 10% error in the measurement of a colloidal probe radius 

results in a nearly commensurate error in friction. It is important to note that R/h 

values of 0.4 are typical of large colloidal probes, where the typical probe diameter 

often exceeds 1µm. Due to the large probe size, errors associated in the measurement 

of probe diameters are typically less than 10%. Assuming an uncertainty of 20% in 

cantilever thickness and propagating these errors in the measurement of R/h, we find 

that typical uncertainty in the value of R/h for colloidal probes is better than 5%. For 

the integrated probes where tip radius is much smaller relative to tip height, the error 

in friction measurement remains small even for large uncertainty in radius 

measurement. 
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Lateral force calibration: Experimental validation 

The extended wedge method consists of solving the system of four equations 

13-16 for the unknown values of µ1, µ2, O/h and S, given a known value of R/h and the 

assumption that γ = 0. Validation of the extended wedge method with an AFM is 

precluded by a lack of traceable force standards and the indeterminate misalignments 

within the instrument. Since the method is general, validation of the extended wedge 

method was performed on a calibrated microtribometer. Additionally, the transducer 

stage on the microtribometer can be misaligned (γ ≠0) to test sensitivity to nonzero γ. 

A schematic of the microtribometer is shown in figure 21.   

 

Figure 21 Schematic of the microtribometer configuration used for validation of the 

extended wedge method (a) control measurement, where γ = 0° and (b) 

test measurement, where γ = -13°. 

The microtribometer is functionally identical to the AFM. It consisted of a 

transducer stage and two nanopositioning stages, one each for the horizontal and 
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vertical directions. Contact forces were measured with a six-axis load cell (ATI 

Industrial Automation), which was factory-calibrated to an uncertainty of 3mN. The 

horizontal and vertical nanopositioning stages (PI piezoelectric stage) had a nominal 

uncertainty of 5nm and 1nm, respectively. Experiments were conducted with a ¼” 

440C steel ball sliding against a silicon wafer, mounted to tilt stage and lubricated 

with lithium grease. A 200µm wear track was created with a sliding speed of 500µm/s. 

Normal force was increased between 0.2V and 1V, in increments of 0.2V 

(corresponding to 0.2-1N, in increments of 0.2N) using closed-loop feedback on the 

vertical piezo-stage. Similar to an AFM, the tilt angle was determined using the 

motion of the vertical piezo stage relative to the horizontal piezo stage.  

Microtribometer validation of the extended wedge method consisted of three 

measurements, namely the standard, control and test measurement. For the standard 

measurement, the friction coefficient was measured directly from the calibrated load 

cell. For the control measurement, the extended wedge method was used to evaluate 

the friction coefficient based on recorded values of raw voltage in the normal and 

lateral directions. In the control measurement, the transducer stage was kept 

orthogonal to the translating stage, as shown in figure 21(a). The test measurement 

was identical to the control measurement with the exception that the transducer stage 

was tilted to an angle γ = -13° to simulate a non-zero piezo-tilt in the instrument, 

although per the extended wedge method, γ was set as 0 in equations 13-16.  
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Figure 22 Results of the validation measurements performed on the 

microtribometer, showing (a) values of W obtained for the control and 

test measurements and (b) values of Δ obtained for the control and test 

measurements. The raw data for the control and test measurements are 

given in Appendix A. 

The values of W1, W2, Δ1 and Δ2 obtained from the control and test 

measurement are plotted as a function of Vz in figure 22. The values of W1’ and W2’ 

are similar, suggesting that the friction coefficients in both aligned and misaligned 

configurations (and for both wedge angles) are similar. Using the values of W1’, W2’, 

Δ1’ and Δ2’ obtained from these plots, friction coefficients of 0.141 ± 0.007 and 0.125 

± 0.010 were obtained for the control and test measurement, respectively. These 

compare well with the standard test friction coefficient of 0.132 ± 0.008 obtained from 

the calibrated load cell. The friction coefficients determined by the extended wedge 

method were not statistically different from each other or from calibrated values. 

Therefore, the method is robust and insensitive to unknown values of γ in the range (-

13°, 13°). 
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Figure 23 Results of the nanoscale friction measurements performed as part of the 

extended wedge method validation, showing (a) friction coefficients 

obtained on four substrates over a prolonged testing period, (b) friction 

coefficients measured on single crystal MoS2 but with different AFM 

platforms, and (c) friction coefficient measured on single crystal MoS2 

but with different probes. The extended wedge method gives repeatable 

measurement of friction across several orders of magnitude on different 

substrates, and irrespective of measuring apparatus or probe size on 

single crystal MoS2. 

Measurements of nanoscale friction were also made using different probes, 

with different platforms (described later) and on different substrates to assess 

measurement repeatability with the extended wedge method and an AFM. Figure 23 

shows friction coefficient values obtained for polished aluminum alloy (A6061), 

graphitic carbon, cleaved MoS2 single crystal and cleaved highly oriented pyrolytic 



 57 

graphite (HOPG). These measurements were performed over a period of several days, 

as indicated, and the results show statistically significant trends in friction coefficient 

which vary across three orders of magnitude for the four materials. Measurements 

using different probes and on different AFM platforms with the single crystal MoS2 

substrate also show repeatable friction coefficients, reflecting the applicability of the 

method to nanoscale friction measurements regardless of tip shape or instrument 

choice. It is worth noting that unlike the Caliber and the Dimension, which are scan-

by-probe AFM, the Multimode V is a scan-by-substrate AFM where the measurement 

optics remain stationary while the substrate is translated via a piezoelectric stage. 

LFM measurements 

Nanoscale tribological measurements were made with commercial AFM 

platforms. Nanoscale friction measurements were performed either on a Bruker 

Dimension 3100 AFM or a Bruker Caliber AFM, indicated as applicable, both 

operating in contact mode. These two AFMs were used interchangeably as 

experiments showed no difference in the measured friction (tested on single crystal 

MoS2) between instruments (as shown in figure 23). Friction measurements were 

performed with either an integrated silicon probe or a colloidal borosilicate glass 

(BSG) probe, both attached at the end of a silicon cantilever with a manufacturer 

reported nominal stiffness of 1.6 N/m (FORTA series cantilever from AppNano Inc.). 

The integrated silicon probe has a nominal height of 14 µm and unworn tip radius < 

10nm. The silicon probes were preworn against the intended substrate to reduce wear 

during measurements. SEM measurements of the worn probes gave an estimated, 

actual tip radius of 70 ±50 nm (R/h ~ 0.006). Colloidal BSG probes affixed at the end 

of FORTA cantilevers had a nominal diameter of 12 µm ± 2 µm.  
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Initial measurements of friction on different substrates were aimed largely at 

validating the extended wedge method and ensuring repeatability, and were performed 

with the integrated silicon probe. Subsequent measurements probing the nanoscale 

tribology of MoS2 were conducted with both the colloidal probe as well as the 

integrated probe.  

Nanoscale friction measurements (with a given AFM) were made by repetitive, 

single-line scans (10µm track at ~ 1 Hz sliding frequency) under the ambient air 

conditions, at 25°C. The substrates were wedged on a custom rotary stage with 

locating positions (via spring-loaded ball in socket joints), separated by 180° to 

produce two different wedge angles. Multiple scans were performed at nominal force 

set-point voltages of 1, 3, and 5V for both wedge configurations. Values from the two 

wedge angles of W’ and Δ’ thus determined at these three set-point voltages is then 

used for determining the calibration ratio S and the friction coefficient µ. Repeat 

measurements were performed for any given substrate at different spatial locations to 

determine a nominal value and the associated standard deviation.  

Environmental Control 

Macroscale friction measurements for both ambient and elevated temperature 

tribometry were performed in an environmentally controlled glovebox (Vacuum 

Atmospheres Co.). It was of interest to study the tribological response of MoS2 when 

subject to oxygen and water exposure, both individually as well as with a combination 

of both. To enable this, tribometry was performed in four different environments, 

namely dry nitrogen (lacking both O2 and water), humid nitrogen (water-only), dry air 

(oxygen-only) and standard lab air (combination of both oxygen and water).  
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A dry nitrogen environment was introduced by initially purging the glovebox 

with 99.998% pure nitrogen gas until the moisture content was reduced to below 400 

parts per million (ppm). This was followed by constant closed-system recirculation of 

this environment through a purifier system, which enabled desiccation of the glovebox 

to below 10ppm of water content. In all dry nitrogen tribological tests, the water 

content was maintained below 300ppm.  

The isolated effects of water on friction were studied in a ‘humid nitrogen’ 

environment, which was established by passing the 99.9998% dry nitrogen through a 

water bubbler. The humidified nitrogen gas with the desired water content was then 

introduced to the chamber. A dry air condition on the other hand was established by 

passing standard lab air through a silica gel desiccant before being introduced to the 

glovebox. As with dry nitrogen, the dry air water content of the glovebox was kept 

below 300ppm. Finally, standard lab air was passed into the glovebox to study the 

combined effects of oxygen and water. 

Water content in any given environment was accurately measured using a 

combination of two instruments. Moisture content for low humidity conditions was 

measured using a trace moisture analyzer (GE VeriDri) between the range 10-2500 

ppm. Moisture content above 2500ppm (~10% RH) in ambient conditions was 

measured with a hygrometer (Omega RH411). It is worth noting that water content 

measured in ppm may be converted to an equivalent value of relative humidity using 

the expression [92] 

   

  
 

  

 
 (  

   

    
) 

Where RH is the relative humidity measured in per cent, P is the moist air pressure 

measured in millibar, es is the water saturation pressure in millibar and ppmv is the 
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equivalent water content in parts per million by volume (ppm). For typical 

measurements, P=1013.5 millibar and es=29.6 millibar, at 25°C. 

Energy Dispersive X-Ray Spectroscopy 

Changes in surface chemistry and the contribution in particular of oxidation to 

MoS2 lubrication were quantified using energy dispersive x-ray spectroscopy (EDS). 

EDS measurements were performed on a Zeiss Auriga 60 scanning electron 

microscope at a chamber pressure of 10
-8

 torr. The extent of oxide formation or 

removal at the sliding wear track is determined by comparing the value of oxygen Kα 

peak integrated over a region of interest (figure 24).  

Low magnification SEM imaging (5X magnification) is first used to select 

three-to-five locations either inside or outside the wear track. These locations in low-

magnification serve as fiducial markers for locating the same region during subsequent 

(post-anneal or post-roast) EDS measurements. At each of these locations, actual EDS 

maps are generated at high-magnification (10,000X). Reported values of O Kα in this 

work refer to the integrated counts generated by collecting an EDS maps over this 

high-magnification region. In order to facilitate direct comparison between different 

measurements and locations, the O Kα signal is integrated for 20 frames at an 

accelerating voltage of 1.5 keV for all scans. The low accelerating voltage value of 1.5 

keV promotes surface sensitivity of the measurement, with the sample penetration 

depth estimated to be less than 30nm [93]. 
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Figure 24 Illustration of the EDS measurement methodology. EDS spectra were 

generated from raster-scans at high magnification (10,000x), at several 

distinct fiducial locations within the wear scar. The value of the O Kα 

counts for each of these spectra was used to quantify the degree of 

surface oxidation. 
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Chapter 5 

RESULTS 

Effects of Environment and Temperature on MoS2 Friction 

Transient wear measurements were made in a nominally dry environment 

(moisture content less than 500ppm) and in standard lab air (50% RH). Interrupted 

images of the MoS2 wear track were taken at 0, 1, 10, 50, 100, 500, 1000, and 5000 

cycles using the method described earlier.  

Representative profiles of the wear track cross-sections at different interruption 

intervals in dry and humid sliding are shown in figure 25. In all cases, track width is of 

the order of 100µm or smaller. In humid air sliding, observable wear begins at 100 

cycles, with appreciable loss of volume occurring after 500 cycles. This increase in 

wear volume (depth of profile) occurs simultaneous with the lateral growth of wear 

track, indicated by the transverse separation distance between material pile-up. In 

contrast, observable wear in dry air sliding occurs only after 1000 cycles and wear 

depth and width is observed to be only a fraction of values in humid air. Interestingly, 

initial sliding in dry air causes a small but observable re-deposition of material within 

the wear track (most pronounced at 100 cycles), which is likely a consequence of 

debris consolidation during sliding. It is worth noting that the pile-up at the edge of the 

wear track consists of discrete fragments of debris, well outside the contact region, and 

is distinct from plastic deformation which is negligible for the sections shown.  
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Figure 25 Cross-sectional wear profiles of MoS2 sliding against a steel ball as a 

function of sliding cycles, obtained in (a) humid air (50%RH) and (b) dry 

air (<1% RH). Sliding in humid air creates deeper wear scars and more 

pronounced pile-up than dry air.  

Three repeat experiments each in the two environments were conducted and 

mean values of wear volumes are reported in figure 26. Values of standard deviation 

for the repeat experiments were compared with the uncertainty of the technique 

(described in Chapter 4); the higher of two values is shown in figure 26 as error bars.  
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Figure 26 Wear volume of MoS2 sliding in dry and humid air, plotted as a function 

of the product of normal load and sliding distance. Sliding in humid air 

yields steady state wear rates more than an order of magnitude higher 

than dry air. Interestingly, friction coefficient correlates with wear rate. 

Wear rate (k) was evaluated using the expression in equation (5). As shown in 

figure 26, a low initial (<500 cycles) wear rate of MoS2 is observed in both dry and 

humid environments. Although wear rate in humid air begin to increase after 500 

cycles, the wear rate in dry air remains relatively low. Wear rate at the end of test were 

measured to be 8·10
-7

 mm
3
/Nm and 5.8·10

-8
 mm

3
/Nm in humid and dry air, 

respectively. As shown in figure 26, increasing wear in humid conditions increases the 

interfacial friction whereas low wear in dry conditions yield significantly lower 

friction coefficients. Friction coefficients can therefore be used as a metric for film 

condition, and will be used as an in-situ probe of interface conditions. 

Friction coefficient of MoS2 measured at ambient temperature in dry nitrogen, 

dry air, humid nitrogen and humid air are shown in figure 27. Each of the four 
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measurements in different environments was made by sliding a fresh steel ball against 

a fresh, unworn part of the MoS2 coating.  

 

Figure 27 Steady friction coefficient of MoS2 sliding in different environments at 

ambient temperature. Addition of oxygen to the sliding environment 

causes a negligible change in friction, although an increase in water 

partial pressure causes a commensurate increase in friction. 

As shown in figure 27, a steady state friction coefficient of 0.027 ± 0.002 was 

observed in dry N2. In dry air (N2+O2), a friction coefficient of 0.033 ± 0.001 was 

observed, suggesting that the additional oxygen in the sliding environment had a 

negligible effect on friction. On the other hand, the addition of water to dry N2 in the 

absence of oxygen (i.e. humid nitrogen) causes friction to increase significantly to 

0.09 ± 0.001. In the presence of environmental oxygen and water (humid air), a 

friction coefficient of 0.13 ± 0.002 was observed. The presence of oxygen in the 

sliding environment does not contribute to friction at room temperature, through 

oxidation or otherwise; the addition of water to the environment however causes a 

commensurate increase in friction (friction at 60% RH is higher than friction at 24% 
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RH), irrespective of the presence of oxygen. This result is consistent with the 

hypothesis that water impeded lamellar shear, either directly or through oxidation. It is 

consistent with the oxidation hypothesis only if oxidation is more likely in water than 

in oxygen. 

General trends in the temperature-dependent friction for various environments 

are shown in figure 28. In dry nitrogen, very little effect of increasing temperature is 

seen on the value of friction coefficient up to 250°C. The friction coefficient of 0.027 

increased to 0.050 with a temperature increase from 25°C to 250°C. In dry air, a low 

friction coefficient of 0.033 at room temperature increases steadily with temperature, 

reaching a value of 0.09 at 250°C. Since oxidation is thermally activated, this trend is 

consistent with increased friction due to oxidation.  

 

Figure 28 Temperature-dependent friction of conditioned MoS2 in various 

environments. At ambient temperature, water drives the friction response 

of MoS2 irrespective of the presence of oxygen. At elevated 

temperatures, friction increase with increasing oxygen and temperature. 

Transition for all environments occurred at 100°C. 



 67 

For both humid air and humid nitrogen environments, a relatively high value of 

friction coefficient is observed at room temperature which decreased by over 50% as 

the temperature was increased to 100°C. This result is inconsistent with oxidation as a 

frictional driver and suggests thermally activated desiccation or slip. At higher 

temperatures, while the friction coefficient in the oxygen-deficient humid nitrogen 

remains low, the friction coefficient in an oxygen-rich humid air increases with 

temperature, similar to the temperature-dependent friction response in dry air. Among 

the four environments, it is worth noting that at ambient temperatures, water-rich 

environments witness the highest friction and at elevated temperatures, oxygen-rich 

environments show largest increases in friction. 

Although oxidation is often cited as the key driver for ambient-temperature 

increase in MoS2 friction, these results indicate that ambient-temperature friction is 

insensitive to the presence of oxygen in the sliding environment. Oxidation is a 

thermally activated process and yet, friction in a humid nitrogen environment reduced 

and then stays low with increasing temperature, which is suggestive of a thermally 

activated process not associated with oxidation. The possible contributions of 

thermally activated slip and desiccation in the observed results were investigated 

through controlled annealing experiments. Samples were heated in air but tested at 

room temperature; this test desiccates the sample but eliminates the possibility of 

thermally activated slip proposed by Hamilton et al. [59]. In this experiment, a 50-

cycle friction measurement was made on an unworn MoS2 coating with a fresh pin, at 

ambient temperature and in ambient (humid) air. After sliding, the MoS2 coating was 

annealed at 50°C for 15 minutes and cooled to room temperature in the absence of 

sliding. A second 50-cycle friction measurement was then performed on the same 
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wear track. The coating was subsequently annealed at 75°C, 100°C, 150°C and 200°C, 

each for 20 minutes, with friction measured at room temperature for 50 cycles 

between successive anneals on the same wear track. The results of this fixed 

temperature annealing experiment are shown in figure 29(a). The friction coefficient at 

room temperature for pre-anneal sliding has a typical humid-air value of ~ 0.13. 

However, after the initial 50°C anneal, friction coefficient under identical sliding 

conditions (room temperature and 45% RH) is seen to reduce to ~ 0.12. Subsequent 

periods of annealing further reduce the friction coefficient to approximately 0.07. 

These results demonstrate that the friction reducing effect of temperature is partially or 

entirely due to thermally-activated desiccation.  Interestingly, because adsorption is 

essentially instant on the time-scales of the experiments, the results suggest that the 

water content of the coating bulk is strongly influencing interfacial friction.    

The results of this annealing experiment are compared to values obtained 

during sliding at a temperature of 200°C in figure 29 (b). During sliding at elevated 

temperature in the same environment (figure 29b), friction reaches an optimum and 

increases with increased temperature thereafter. The only thermally activated process 

we have considered that would be expected to increase friction is oxidation. Therefore, 

the results suggest that oxidation outcompetes desiccation at this temperature. This 

increase was only observed when oxygen was present and the results suggest that 

elevated temperatures in the presence of oxygen cause oxidation, which increases 

friction. Although both experiments witness a peak coating temperature of 200°C, 

only heating in the absence of sliding (annealing) results in the gradual reduction of 

friction. At steady state, friction is reduced in room temperature air if the coating is 

annealed before sliding despite the possibility of oxidation during annealing and 
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nearly instant adsorption of environmental water to the surface at room temperature, 

after annealing. The result is consistent with the removal of a surface oxide formed 

during exposure to high annealing temperatures in the presence of oxygen. Once 

removed, ambient temperatures are insufficient to restore the oxide layer and friction 

remains relatively low until sufficient time has passed to allow equilibration of the 

water content in the coating.  

 

Figure 29 Results of annealing experiments conducted to elucidate the role of 

thermal conditioning. Annealing MoS2 in the absence of high-

temperature sliding, as in (a), results in a gradual decrease in friction. 

This contrasts with high friction obtained during sliding at temperature, 

as in (b). The gradual reduction in annealed MoS2 friction is indicative of 

the role of thermal desiccation of coating sub-surface. 

Friction data from Figures 28 and 29 indirectly suggest that oxygen is more 

likely than water to cause oxidation. EDS measurements were made to more directly 

determine the relative likelihood of oxidation as function of temperature in the 

presence of oxygen and water individually. A wear track was created by sliding 50 
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cycles to remove existing surface contamination, and the worn track was annealed first 

at 75°C and then at 250°C in each of dry air, dry nitrogen and humid nitrogen; a fresh 

wear track was created for each environment. The purpose of annealing was to 

accelerate oxidation, were it to occur in the given environment. EDS measurements at 

four locations were made prior to annealing, after annealing at 75°C and after 

annealing at 250°C; each of these three sets of  measurements were made on the four 

nominally identical locations to enable a direct comparison driven entirely by the 

temperature and eliminate non-oxidative artifacts (such as surface heterogeneity). This 

procedure was repeated for each of the three environments.  

The procedure for EDS measurements involved removing the coating from the 

control environment and inserting it in the SEM chamber (at ~ 10
-8

 torr), with the 

duration of ambient exposure no longer than 10 minutes.  It must be stressed here that 

since EDS measurements are performed in high vacuum, the observed changes are 

necessarily due to non-volatile reaction products (oxides) on the surface, and not 

physically adsorbed water or oxygen. There results of these EDS measurements are 

shown in figure 30. In dry air, the extent of oxides increases with increasing annealing 

temperature, although a statistically significant increase in oxidation is observed only 

at 250°C (p<0.05). No evidence of oxidation is found in the case of the humid 

nitrogen environment; no change in the O Kα values is observed after annealing at 

75°C or 250°C, indicating that oxygen and not water in the environment drives the 

formation of oxides, which is a thermally activated process. A similar insensitivity to 

annealing temperature of oxidation is expectedly seen for annealing in dry nitrogen. 



 71 

 
 

Figure 30 Mean values of O Kα counts as a function of annealing MoS2 at different 

temperatures and in different environments. Only annealing in an 

oxygen-rich environment (dry air) led to an increase in surface oxides. 

No such increase is measured in a humid nitrogen environment. The 

asterisk represents a confidence interval with p < 0.05. 

Examining the frictional transients in figure 29 (a, inset) reveals initially 

elevated friction consistent with results at temperature.  The rapid reduction may be 

due to the removal of surface adsorbed water or oxides formed during annealing. EDS 

measurements following high temperature annealing confirm that oxygen, not water 

drives the formation of surface oxides of MoS2 (figure 30). Of interest then is the 

effect these surface oxides have on the friction of MoS2. To investigate this, a sliding 

friction measurement was made on a previously unworn MoS2 coating in ambient 

humidity conditions (45% RH) and at ambient temperature. This MoS2 coating was 

previously annealed to 250°C in humid air in addition to prolonged storage, in order to 

promote formation of surface oxides. An initial wear track 5mm long was created by 

sliding a single cycle; for cycles 2 and 3, the wear track length was reduced to 4.5mm, 

leaving 0.5mm of the original wear track unchanged. Similar decrements in wear track 



 72 

length were made to yield 0.5mm segments of the total track which had ultimately 

experienced 1, 3, 5, 10, 15, 20, 30, 40, 50 and 100 sliding cycles (within a total track 

of 5mm). At the end of 100 cycles of sliding, the MoS2 coating was transferred to the 

SEM for EDS analysis at the different segments of the 5mm track. EDS spectra were 

collected at multiple locations within each segment to verify repeatability. The friction 

coefficients and O Kα values corresponding to different sliding cycle segments are 

shown in figure 31. 

The starting friction coefficient of 0.2 quickly drops to a steady-state value of 

0.13 after the 25-cycle mark. Similarly, the EDS O Kα values within the wear track 

start at a high value of approximately 1200 counts for the unworn coating, dropping to 

a steady-state value of around 550 counts after the 25-cyle mark as well. The nearly 

identical trends in both friction coefficient and the O Kα counts with progressive 

sliding demonstrate that (1) oxides form at the surface of MoS2 in the presence of 

oxygen and in this case, accelerated by annealing in dry air, (2) the extent of surface 

oxidation directly correlates to the interfacial friction coefficient and (3) wear 

progressively removes these oxides, lowering the friction. The correlation of transient 

friction coefficient with the oxide content is significant since it helps explain the 

contribution of non-volatile oxides, in addition to the adsorbed species to the often-

observed phenomenon where the resumption of sliding after a brief pause in air results 

in a high value of friction which quickly drops with progressive sliding.  
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Figure 31 Values of friction coefficient as well as O Kα counts measured as a 

function of transient sliding cycles. A decrease in transient friction 

coefficient correlates with a decrease in measured surface oxygen, 

indicating that the removal of surface oxides due to wear results in a 

reduction in friction coefficient. 

High temperatures promote surface oxidation as well as desiccation of bulk 

water, and subsequent sliding promotes the removal through wear of the surface 

oxides yielding a low, steady state friction even in humid conditions. Figure 32 shows 

results of two experiments in dry air which compare the competition between wear 

and oxidation. For the first experiment, friction was measured at room temperature 

after annealing at different temperatures for 15 minutes each in dry air. In the second 

experiment, friction was measured at elevated temperature, also in dry air. The order 

of temperatures was randomized to exclude artifacts of thermal history (shown by 

numerals 1-5 in figure 32). It is seen that post-anneal sliding shows a familiar 

reduction in friction, from a high initial to a low steady-state values typical of dry air. 

The friction coefficient measured at-temperature increases with increasing 

temperature; friction coefficient at 250°C is 0.1, almost four times its value at room 

temperature after annealing at 250°C.  
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Figure 32 Results of friction measured in dry air as a function of annealing 

temperature as well as sliding temperature. 

Interestingly, friction coefficient values obtained from high temperature sliding 

correlate not only with the sliding temperature, but also with the corresponding values 

of initial friction of the post-anneal test, at that temperature.  These results reflect the 

direct competition between oxidation and wear – at elevated temperatures, the rate of 

oxide formation outpaces the rate of its removal, which is manifest in the sustained 

high friction (proportional to the surface temperature). At room temperature, wear of 

the previously formed oxide layer (during annealing) outpaces the negligible rates of 

ambient-temperature oxidation, yielding low steady state values of friction.  

Annealing at elevated temperature in the presence of oxygen accelerates the 

process of surface oxidation, which is removed by wear. The effect of annealing 

temperature and environment were next studied by repeating the experiment in each of 

the four environments – dry nitrogen, humid nitrogen and humid air, in addition to dry 

air (resulting in four unique wear tracks). The results from this experiment are shown 

in figure 33. 
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Figure 33 Results of annealing experiments performed to elucidate the effects of 

annealing temperature and environment on oxidation. Initial friction 

increases with temperature only in oxygen-rich environments, whereas 

final friction depends only on the presence of water in the environment. 

Low values of final friction, even in humid environments is attributed to 

thermal desiccation of MoS2.  

For the dry nitrogen environment, an initial friction of 0.04 ± 0.005 reduces to 

a final value of 0.02 ± 0.002 irrespective of annealing temperature. A similar range of 

initial to final friction decrease is seen for dry air, but only for 50°C and 100°C. At 

elevated temperatures, initial friction in dry air increases with increasing temperature 

although the final friction in dry air does not show any dependence on the annealing 

temperature. The increasing initial friction with temperature is indicative of greater 

surface oxidation; however this surface oxide is removed in all cases after sliding at 

room temperature. The trends in initial friction also confirm the absence of thermal 

history artifacts – the observed initial friction is directly driven by the annealing 

temperature and not the thermal history of the coating. In humid air, the trends in 

initial and final friction with temperature are similar to those in dry air; however the 

final friction in humid air shows a slight increase relative to dry air for all 
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temperatures. Lastly, annealing in humid nitrogen is observed to have no effect on the 

initial friction coefficient. The initial friction coefficient in humid N2 is similar to 

initial values in dry N2, final friction values in humid N2 are similar to final values in 

humid air. Both initial and final friction coefficients in humid N2 have a value of 

approximately 0.04. It is worth noting that the two environments which show an 

increase in initial friction with temperature both contain oxygen; the two environments 

with a lack of observable dependence of initial friction on temperature are those which 

lack oxygen. Furthermore, the two environments with marginally lower final friction 

are environments without water (dry air and nitrogen); both environments rich in 

water vapor show a higher final friction (humid air and nitrogen). These results show 

that (1) oxygen (not water) drives MoS2 oxidation and the rates of oxidation are 

appreciable only at temperatures higher than 100°C (2) high temperature friction is 

governed by oxygen (and oxidation), while ambient temperature friction is affected by 

oxidation initially but, since oxides are rapidly worn away, these do not affect steady 

state friction which is driven solely by water (independent of oxidation). These results 

also reinforce the previous observation that surface oxide layers formed in the 

presence of oxygen are removed through sliding, leaving a ‘clean’ interface. 

The experiments thus far have explored the individual effects of different 

environments and temperature on MoS2 friction. There are numerous applications (for 

instance, space vehicle launch or re-entry), where humidity may vary along with 

temperature during operation. In such instances, the effects of humidity and thermal 

history become pertinent and are therefore explored next. The hypothesis that thermal 

and tribological conditioning affects transition to high friction was tested using 

variable humidity and temperature testing. 
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Figure 34 Friction coefficients of unconditioned and conditioned coatings plotted as 

a function of sliding temperature and humidity. Friction increases with 

humidity at ambient-temperature and decreases with increasing humidity 

at 250°C. For the unconditioned coating, transition occurs at 200°C 

whereas conditioned coatings transition at 100°C. 

Temperature-dependent friction coefficients of conditioned and unconditioned 

coatings in different relative humidity environments are shown in figure 34. The 

results demonstrate two competing behaviors contribute to the environment and 

temperature-dependent friction of MoS2.  Interestingly, there is a transition 

temperature, presumably related to the onset of oxidation, where water-driven effects 

are replaced by oxidation-driven effects on friction.  This temperature will be defined 

as the transition temperature. For both coatings at all values of humidity, friction 

coefficient initially reduces with temperature reaching a minimum at the transition 

temperature and increases with temperature thereafter.  An exception to this trend is 

the sliding in dry air, where friction increases monotonically with temperature.  
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Figure 35 Temperature-dependent friction of conditioned and unconditioned 

coatings plotted as a function of humidity. At ambient temperature, 

friction for both coatings increases with humidity, although a saturation 

is observed for the conditioned coating at ~20%RH. At elevated 

temperature, friction reduces with increasing humidity, suggesting a 

masking effect of added moisture at these temperatures. 

Furthermore, for both conditioned and unconditioned coating, the friction 

coefficient at any temperature before transition increases with increasing humidity 

whereas for temperatures higher than transition, friction coefficient is seen to reduce 

with increasing humidity. The trend of reducing friction with increasing humidity at 

elevated temperatures is contrary to the generally observed moisture-dependence of 

MoS2 friction. The trends in friction with humidity for sliding at 30°C and 250°C for 

both conditioned and unconditioned coatings are shown in figure 35.  

In practice, thermal conditions will also vary and these results suggest very 

specific frictional hysteretic effects. Thermal cycling experiments were conducted to 

test for consistency. To that extent, temperature-dependent friction was measured not 

only as the temperature increased (increasing rates of oxidation), but also as the 

temperature decreased (reducing oxidation rate). 50-cycle friction coefficients were 

measured from 25°C to 250°C (ramp-up), and then to 25°C (ramp-down). Friction 
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measured during a thermal ramp-up and ramp-down results in a frictional hysteresis 

loop, as illustrated in figure 36, with their width and orientation depending strongly on 

the environment. Frictional hysteresis loops from high-temperature sliding in different 

environments are shown in figure 36(a).  

 

Figure 36 Frictional hysteresis during a thermal cycle (25°C-250°C-25°C), as a 

function of (a) sliding environment and (b) peak temperature. A strongly 

oxidizing environment results in a large hysteresis loop whereas 

increasing moisture reduces its magnitude. A reduction in peak 

temperature from 250°C to 150°C also reduces the magnitude of the 

hysteresis loop. These results suggest the contribution of residual oxides 

at the interface to the measured values of friction. 
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The dry air friction coefficient increases with temperature up till 250°C, as 

expected, but continues to increase even when the coating is cooled from 250°C to 

200°C. The friction coefficient begins to decrease only when the coating temperature 

reaches below 150°C. Ramp-down friction coefficient is higher than the ramp-up 

friction coefficient for all temperatures, as shown. In contrast, thermal cycling in 

humid nitrogen results in the formation of a relatively narrow hysteresis loop, also 

shown in figure 36(a, left). More crucially, the friction coefficient decreases when the 

coating is cooled from 250°C to 200°C, and subsequent values at lower temperatures 

are comparable to values during ramp-up. The orientation and width of the dry air 

hysteresis loop suggests that high-temperature friction effects persist even after the 

coating begins to cool to lower temperatures, either due to residual oxidation or 

entrainment of oxide fragments.  

With subsequent wear and reduced rates of oxidation at 150°C, the friction 

begins to decrease, although ramp-down friction is still higher than corresponding 

ramp-up friction in dry air. In contrast, the absence of oxidizing species in humid 

nitrogen result in low friction for all elevated temperatures; ambient friction is high 

due to the direct contributions of water. In the presence of both water and oxygen, 

synergies in the frictional hysteresis response are observed, as shown in figure 36(a, 

right).  Although an increase in ramp-down friction relative to ramp-up friction is 

observed for all values of ambient relative humidity, the width of the hysteresis loop 

gradually reduces with increasing humidity. This suggests that while the increase in 

ramp-down friction, per se, relative to ramp-up friction is driven by the mere presence 

of oxygen, increasing moisture in the sliding environment suppresses the formation of 

oxides at higher temperatures, thereby causing a reduced extent of frictional increase 
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during ramp-down. A similar oxide suppression mechanism may be achieved if the 

surface temperatures are reversed before appreciable oxidation rates are realized. As 

shown in figure 36(b), even in an otherwise identical humid air environment, reversing 

surface temperatures after a peak value of 150°C results in a hysteresis loop 

reminiscent of sliding in humid-nitrogen. Comparing the hysteresis loops 

corresponding to peak temperatures of 250°C and 150°C, in figure 36(b), it is evident 

that reversal at 150°C prevents the formation of interfacial conditions which promote 

residual oxidation; hysteresis loops for thermal cycling in humid air till 150°C are 

similar to hysteresis loops generated in humid nitrogen with peak temperatures of 

250°C. This observation is significant because although thermal conditioning and or 

elevated temperature may be used to reduce friction coefficients, this is limited due to 

the formation of irreversible interfacial products which result in an altered hysteresis 

response. 
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Role of Oriented Nanoscale Tribofilms 

A key hypothesis in the lubrication of MoS2 is that basally oriented nanoscale 

tribofilms drive its macroscale friction response. A typical friction experiment causes 

significant subsurface stresses that are thousands of times deeper than the extent of 

these films. It is therefore extremely difficult to probe their role in friction reduction. 

The stress-fields in an AFM measurement do not exceed the depth of these films. 

Therefore, single-asperity AFM contacts provide a unique opportunity to probe the 

influence of surface orientation and subsurface water content on MoS2 friction. AFM-

based measurements are uniquely suited to test the hypotheses that (1) nanoscale 

oriented tribo-films reduce friction (2) tribofilms approach the structure and function 

of single crystal MoS2 (3) desiccation and oxidation affect nanoscale friction as they 

affect macroscale.  

 

Figure 37 Raw and calibrated nanoscale friction measured on carbon and single 

crystal MoS2, showing (a) the values of friction loop width and offset as a 

function of normal load, and (b) linear fits between calibrated friction and 

normal force for carbon and single crystal MoS2, which yield friction 

coefficient.  
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Nanoscale friction measurements were performed on MoS2 coatings in order to 

explore length-scale effects of desiccation and oxidation, and how these drive the 

macroscale tribology. Nanoscale friction measurements using the extended wedge 

method, developed in Chapter 4, and the Dimension AFM were initially performed on 

carbon and single crystal MoS2 substrates, using integrated silicon probes. These 

measurements were performed under ambient humidity conditions on polished (Ra ~ 

150nm) 99.999% graphite (from Kurt J. Lesker Co.), referred to as carbon, and 

cleaved (Ra < 1nm) single crystal MoS2. The values of W’ and Δ’ at the two wedge 

angles for the carbon substrate are shown in figure 37(a).  

As seen in figure 37(a), the two wedge angles yield values of 0.039 and 0.037 

for W’, indicating similar friction on both wedge angles. Error bars represent the 

standard deviation in the independent repeat measurements; statistical variation within 

a single measurement was typically an order of magnitude smaller. Negative friction 

loop offset slopes of -0.070 and -0.115 were obtained for both wedge angles with the 

carbon substrate. This trend is more similar to the misaligned microtribometer 

validation result, where both wedge angles gave similar slopes for loop offset (figure 

22), than to either the aligned microtribometer or the original wedge method results 

(figures 16 and 22). Calibrated values of lateral and normal force on the carbon and 

single crystal substrates are shown in figure 37(b). Using a least squares linear fit, 

friction coefficients of 0.1976 and 0.0058 were obtained for the two substrates, 

respectively. The friction coefficient of single crystal MoS2 in humid air is far below 

that of graphite despite general fact that humidity increases friction of MoS2 and 

reduces friction of graphite 
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Figure 38 Nanoscale friction coefficient measured on worn and unworn sputtered 

MoS2 coating, as a function of probe diameter. Small probe diameters 

show a statistically significant difference in friction on the worn and 

unworn coating, which is absent for the 14µm diameter probe. The 

asterisk represents a confidence interval with p < 0.05. Errors bars 

indicate standard error in the measurements, which were made at 25°C, 

in a 50% RH ambient environment. 

Values of friction measured on worn and unworn MoS2, and single crystal 

MoS2 are shown in figure 38. Single crystal shows a significantly lower value of 

friction than sputtered MoS2. Nanoscale friction measured within the wear track is 

significantly lower than friction measured on the unworn MoS2 with an integrated 

14nm probe. Measurements with this probe give high surface sensitivity and provide a 

direct evidence for the formation of friction-reducing oriented tribofilms in the wear 

track. It is worth noting that even with the formation of these tribofilms and the nearly 

4X reduction in friction from 0.4 to 0.12, the friction coefficient of this oriented film is 

still an order of magnitude higher than friction coefficient of single crystal MoS2.  
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Friction measured on worn and unworn sputtered MoS2 coatings is also seen to 

show a strong dependence on tip diameter. Friction on the unworn coating measured 

with an integrated probe is observed to be significantly higher than friction within the 

wear track whereas unworn friction with a colloidal probe shows little difference from 

friction measured in the wear track with either probe. The differences in nanoscale 

friction as a result of different probe size is indicative of a distinct length-scale effects, 

likely driven by the differences in contact radii or interaction volumes activated by the 

differences in probe radii [77]. The nearly similar friction inside and outside the wear 

track with the larger probe suggests that the larger contact areas are able to cause 

microstructure reorientation in-situ. Furthermore, single crystal MoS2 is observed to 

remain unaffected by these scaling artifacts, and represents the ideal low friction 

microstructure, which is only weakly approximated by the formation of oriented 

tribofilms in the wear track.  

A similar scaling effect is observed in the effects of moisture on measured 

nanoscale friction. Contributions of bulk absorption and desiccation to the nanoscale 

friction of MoS2 were investigated through controlled annealing. Annealing 

measurements involved heating the MoS2 substrate to 110°C for 15 minutes. Friction 

with the AFM was measured both before and after annealing; values obtained with the 

integrated and colloidal probes were compared with those obtained at the macroscale 

with a ¼” diameter balls. Figure 39 shows results of these tests.  
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Figure 39 Friction coefficient measured as a function of coating thermal history, 

and scale of measurement. Nanoscale friction measured with an AFM 

and a colloidal probe show a reduction in friction for both unworn and 

worn MoS2 coatings, similar to the decrease observed post-annealing in 

the macroscale friction measured with the HTT. No such decrease in 

post-annealing friction is however observed for the single crystal MoS2. 

Friction was measured at 25°C, and in a 50% RH ambient environment. 

On the unworn MoS2, the integrated probe registers the largest friction 

coefficient of 0.40, which reduces to only 0.35 after annealing. In contrast, both the 

microscale colloidal probe and the macroscale ball register relatively low values of 

pre-annealing friction, which reduces after annealing. A similar decrease in the post-

annealing friction coefficient relative to pre-anneal is observed for the integrated probe 

sliding on the worn surface. Friction on the wear track measured by the integrated 

probe reduces from 0.15 to 0.12, whereas friction measured by the colloidal probe 

reduces by almost the same extent as the macroscale friction. Using the maximum 

subsurface shear stress depth of a Hertzian contact as a first-order approximation of 
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the depth of subsurface interaction as a function of contact size scale, it is seen that the 

integrated nanoscale probe has an interaction depth less than 3 nm. This compares 

with an interaction depth of approximately 50 nm for the colloidal probe, whereas the 

interaction for macroscale contact encompasses the thickness of the coating.  The high 

friction measured by the nanoscale probe on the unworn coating suggests sensitivity to 

surface oxides, which appear to be intrinsically high-friction. This value of friction is 

only marginally reduced due to annealing, which shows that even for this surface layer 

which would nominally experience instant water adsorption, the desiccation of the 

bulk is able to bias surface friction to a reduced value. The extent of frictional 

reduction post-annealing is higher for larger sized-probes, which is again suggestive of 

the increased effects of the desiccated bulk at those length-scales. Although these 

interaction depths demonstrate that the integrated probe has short-range interaction, 

the MoS2 subsurface enables low friction not by bulk lamellar shear, but instead by 

acting as a sink for the near-surface moisture. Friction measurements on the worn and 

unworn coatings at different probe-scales confirm the role of oriented tribofilms as 

well as the surprising effect of bulk desiccation on nanoscale surface friction. 
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Chapter 6 

DISCUSSION 

The lubrication behavior of MoS2 shows a complicated dependence on 

environmental constituents as well as temperature of the sliding interface, in addition 

to the effects of thermal and sliding history, and size-scale. Previous studies have 

hypothesized that water increases ambient-temperature friction by generating oxides 

of MoS2, which inhibit easy lamellar shear. Other authors have suggested a range of 

other mechanisms, ranging from polar bonding to capillary condensation to physical 

and chemical adsorption, but these hypotheses have been dismissed in the favor of the 

other due to conflicting experimental observations. This comprehensive study explains 

the apparent contradiction, showing that direct physical interactions with water and 

oxidation strongly affect the tribology of MoS2.  The results show that these effects are 

competitive and depend on the conditions in a logical manner that is consistent with 

all of the results in the literature surveyed here. 

Water is generally hypothesized to induce oxidation of MoS2, however the 

results of this study refute this mechanism. Ambient temperature friction of MoS2 in 

different environments reported in this work is consistent with trends which have 

already been reported in the literature. Similar low values of friction are observed in 

dry nitrogen and dry air, which increase proportionally with the extent of water 

saturation. At elevated temperatures however, the trends in lubricity are reversed and 

increasing water reduces friction in the presence of oxygen. The fact that water causes 

a breakdown of lubrication at ambient temperature while oxygen causes a breakdown 
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at elevated temperature sliding suggests the existence of distinct mechanisms of 

lubrication at different temperatures. Oxidation is a thermally activated process and an 

increase in friction with temperature in the presence of oxygen alone suggests that 

water does not participate in such oxidation. The role of oxygen in causing increased 

oxidation is further confirmed with EDS measurements of MoS2 coating surfaces 

annealed alternatively in humid nitrogen and dry air. These EDS measurements 

provide direct evidence for the oxygen-driven oxidation of MoS2 at elevated 

temperature and also show the inability of water to oxidize MoS2 on its own. These 

chemical spectroscopy results are also consistent with high-temperature increases in 

friction which are observed for oxygen-rich environments, and are absent for 

environments lacking oxygen even in the presence of water.  

Instead of the irreversible oxidation pathway, this study also confirms that the 

effect of water on MoS2 friction is largely physical and reversible. Interestingly, the 

effects of water on ambient-temperature friction are composed of both a surface 

adsorption as well as a bulk-diffusive component. For coatings annealed, but not 

rubbed at elevated temperatures, room temperature friction measured in humid air 

after annealing is observed to reduce progressively with annealing. Annealing the 

MoS2 coating in a given environment (with or without ambient oxygen and oxidation) 

results in the removal of water from the bulk of the coating, which results in drying of 

the MoS2 coating. This desiccation of the bulk of the coating is distinctly different 

from the removal of water adsorbed to the surface. Surface adsorption occurs 

instantaneously with the introduction of atmospheric humidity and surface adsorbed 

water is removed equally instantaneous with the introduction of dry air or vacuum 

(such as in an SEM). Cooling an annealed MoS2 coating in a humid environment 
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permits surface adsorption, however a frictional reduction after annealing is evidence 

that the desiccated bulk drives the friction response of annealed MoS2 since diffusion 

of water back into this bulk occurs on much slower time-scales than surface 

adsorption.   

In contrast to water, oxygen affects friction either through thermally-activated 

oxidation during sliding (at elevated temperature) or through remnant surface oxides 

formed during prior thermal cycling. The effects of the latter during room-temperature 

sliding on friction are limited to transient sliding. Oxides formed at elevated 

temperatures (in the presence necessarily of oxygen) are progressively removed with 

each sliding cycle when ambient-temperature sliding is imposed. The extent of surface 

oxides formed at high temperature and subsequently removed during transients is 

proportional to the sliding environment and the extent of thermal activation – 

oxidation increases in surplus oxygen with increasing temperature. Interestingly, the 

introduction of moisture at elevated temperatures actually reduces the ability of 

oxygen to oxidize MoS2 and increase its friction. Given the lack of thermal-activation 

at room temperature, removal during transients reveals an unoxidized and desiccated 

MoS2 coating which is able to sustain lower friction in nominally humid 

environments. 

Guided by these observations, a model of MoS2 lubrication is proposed, as 

illustrated in figure 40. In a typical MoS2 coating, surface oxides form in the presence 

of oxygen, facilitated by longer exposure and higher temperature. Exposure to 

moisture does not cause oxidation, but causes diffusion of water into the bulk of the 

coating which increases with increasing partial pressure of atmospheric water as well 

as the exposure duration. At ambient temperatures, steady friction is driven by the 
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moisture content of the bulk (and to an extent of the environment) and not the oxide 

content at the surface. Annealing at high temperatures causes the desiccation of 

absorbed water. Annealing in the presence of oxygen however also leads to the 

formation of surface oxides. Sliding transients at ambient temperatures remove these 

surface oxides, leaving behind a nominally unoxidized surface as well as greatly 

desiccated subsurface, the combination of which yields low friction even in nominally 

humid air.  

 

Figure 40 A schematic representation of the lubrication model of MoS2. Increasing 

time and temperature in the presence of oxygen increases surface 

oxidation, but also increases desiccation of the bulk. In contrast, bulk 

diffusion of water increases with increased humidity and time. Annealing 

invariably removes this bulk water, and subsequent wear removes surface 

oxides yielding low values of steady friction. 

At the most fundamental level, the macroscale friction of MoS2 in response to 

the condition of its surface or sub-surface is driven by properties of its nanoscale 

tribofilms. Measurements of nanoscale friction with the AFM show a direct evidence 

for the formation of nanoscale tribofilms during macroscale sliding. These nanoscale 

tribofilms directly reduce macroscale friction within MoS2 wear tracks by forming 
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highly oriented layers of MoS2 lamellae. Friction measured on the perfectly ordered 

single crystal MoS2 with the AFM was found to be almost an order of magnitude 

lower still. Single crystal MoS2 represents the ideal microstructure for achieving low 

friction, however sliding induced grain reorientation on sputtered MoS2 achieves only 

a fraction of the lubricity of this ideal microstructure. Interestingly, friction 

measurements of these tribofilms show a strong dependence on the nanoscale and 

microscale contact size. The higher friction on unworn MoS2 for the integrated probe 

is likely driven by the shallow penetration volume, smaller contact radii and higher 

surface sensitivity, which in the case of the unworn surface probes a surface 

dominated by previously formed oxides. In the absence of a predominantly oxide-rich 

surface for the worn and annealing MoS2 coating, the integrated probe is able to 

measure the intrinsic nanoscale friction of MoS2 in humid air. In contrast, the larger 

contact radii of the colloidal and macroscale probes are more likely to activate a larger 

interaction area and volume, in addition to causing reorientation in-situ, given the 

lower values of friction.  

Effects of bulk desiccation on the nanoscale friction are observed even at the 

small length-scales probed by the integrated probe which are indicative of the role of 

the desiccated bulk as a sink for moisture at the surface. Surprisingly, despite sliding 

in 50% RH humidity and with the smallest subsurface interaction volume, the 

integrated probe demonstrates significant reductions in nanoscale friction post-

annealing. Nanoscale friction at this fundamental level is therefore driven by synergies 

between bulk desiccation and depending on the length-scales probes, in-situ 

microstructure orientation or high surface sensitivity driven by a shallow interaction 

volume. The effects of annealing become more pronounced with increase length-
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scales, however increasing length-scales also introduces the possibility of in-situ grain 

reorientation, as noted earlier, which also leads to reduced friction. 

 

The frictional behavior of MoS2 at elevated temperatures differs significantly 

from the trend at ambient temperature. A key difference, as noted earlier, is that unlike 

ambient temperature, temperature-dependent friction of MoS2 increases with the 

introduction of oxygen partial pressure and remains insensitive to the introduction of 

water partial pressure alone. Although seemingly contradictory, these trends in fact 

follow from observations of ambient behavior. It is necessary to recognize that 

elevated temperature induces oxidation of surface layers of MoS2. In the absence of 

continued thermally-assisted oxidation, as in annealing experiments, sliding causes the 

removal of these surface oxides. During sliding at-temperature, the rate of oxide 

removal due to wear competes now with a positive rate of oxide formation due to 

thermal energy. The equivalence of these two processes is illustrated in figure 32, 

which compares the friction measured after annealing at specified temperature with 

friction measured during sliding at those temperatures. Interestingly, starting friction 

of annealed coatings is nearly identical to the steady state values of friction obtained 

during high-temperature sliding. At higher temperatures, rates of oxidation far 

outweigh the rates of their removal, which leads to increased friction. This mechanism 

explains why temperature-dependent friction of MoS2 is much higher in dry air than 

humid nitrogen – the former promotes far more oxidation than the latter. When present 

together in the environment, moisture and oxygen work synergistically to affect the 

temperature-dependent friction of MoS2. Interestingly, moisture at elevated 

temperatures acts to inhibit the ability of environmental oxygen to oxidize MoS2. As 
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shown in figure 35, increasing the water partial pressure during high-temperature 

sliding reduces friction by reducing access of oxygen to reactive MoS2 sites either 

through preferential adsorption or by displacing environmental oxygen. 

Figures 28, 29 and 33 consistently suggest a transition temperature of 100°C. 

However, figures 34 and 36 shows a transition temperature of 200°C.  Such stark 

differences have surprisingly been observed previously; for example, this is consistent 

with Kubart et al.  who observed transition at 100°C, while a transition at 350°C was 

observed by Muratore et al. [56, 57]. Oxidation occurs at extremely high temperatures 

in some cases, and approaches practical operating temperatures in others.  While it is 

difficult to trace the differences to anything specific in disparate studies, the 

observation of 100°C variation here allows controlled experimentation.  The only 

identifiable difference between the experiments in figures 28-33 and 34 and 36, is the 

conditioning of the coating.  Those experiments exhibiting 100°C transition 

temperature were conditioned (slid during thermal cycling).  In figures 34 and 36, tests 

were conducted on fresh interfaces.   

A primary distinguishing feature of the conditioned coating relative to the 

unconditioned coating is the presence of wear debris, transfer film and tribofilms at 

the sliding interface of the former. In order to elucidate the contribution of these third 

bodies to the variations in transition temperature, their morphological evolution at the 

ball surface was examined. Figure 41 shows optical micrographs of the transferred 

layers formed on the steel ball after sliding on the MoS2 coating under various 

conditions.  
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Figure 41 Morphology of transfer films formed on the steel ball sliding against an 

unconditioned coating (a) in dry air, at different temperatures (b) in dry 

air and humid nitrogen when sliding at 25°C and 250°C. Measured 

increases in friction correlate with increased coverage and thickness of 

oxide-rich transfer films. 

All images shown in figure 41 correspond to a previously unworn interface 

(unconditioned coating).The progressive development of transfer film on the steel ball 

when sliding in dry air is shown in figure 41(a). It is seen that increasing interface 

temperature causes the development of a progressively thicker transfer film (blue) in 

addition to loose debris around the contact periphery (black). It is also evident that the 

increase in transfer film thickness and coverage correlates also with the increasing 

friction coefficient at the interface, as shown. Figure 41(b) shows a comparison of 

transfer films formed at 25°C and 250°C, in both dry air and humid nitrogen. As noted 

earlier, the thickness of transfer films correlates with increasing temperatures and 
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oxidizing environments. Sliding in the presence of oxygen, without water and at 

elevated temperatures causes the greatest increase in friction, consistent with the 

thickest films. In contrast, sliding in the presence of water but in the absence of 

oxygen leads to the formation of thinner films, which also correlates with lower 

friction. 

Upon the initiation of high-temperature sliding in an oxygen-rich environment, 

friction is governed in equal measure by both the balance of oxide formation and 

removal, as well as its residence within the transfer films of the sliding ball. A positive 

correlation is found between the transfer film thickness and coverage, and the 

prevailing interfacial friction coefficient this transfer film represents (figure 41). The 

formation and adherence of these oxide-laden transfer films irreversibly alters the 

subsequent frictional characteristics of this interface. As an illustration, thick transfer 

films formed during thermal cycling in a conditioned coating result in quicker 

transition to higher friction with increasing temperature (figure 34). In fact, through 

parametric experiments, it was established that the presence of transfer films on the 

ball has a larger effect on driving the transition temperature from 200°C to 100°C, 

than sliding on preworn MoS2 wear tracks (figure 42). 
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Figure 42 Contact schematic and corresponding trends of temperature-dependent 

friction in humid air, showing variations in transition temperature with 

the state of the interface. 

In order to determine contributions of the coating microstructure to variations 

in transition temperature, temperature-dependent friction behavior of conditioned and 

unconditioned coatings was compared with measurements made with a control MoS2 

film. The control coating of virgin MoS2 powder was prepared by approximating the 

‘excess layers’ preparation method from Deacon and Goodman [29]; this coating is 

referred to as ‘mechanically deposited’ hereafter. This mechanically deposited coating 

was prepared from 98 % pure MoS2 powder (McLube Co.), with nominal particle 

diameters ranging between 1 µm and 30 µm. A solution of MoS2 powder was 

dispersed in ethanol by ultrasonication. The solution was then dripped onto a polished 

440C steel substrate, and evaporation of the ethanol left a 20 µm thick MoS2 coating 
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as measured with interferometry. The coating was consolidated to a thickness of 

approximately 1 µm after the initial sliding pass. 

 

Figure 43 Friction coefficients of conditioned, unconditioned and powdered MoS2 

coatings as a function of sliding temperature. Friction coefficients have 

been normalized to their corresponding values at 30°C. A difference in 

transition temperature of the three coatings is driven by a combination of 

both the interfacial history and the microstructure. 

Shown in figure 43, friction coefficient values for all coatings are normalized 

to their respective room-temperature friction coefficients to enable direct comparisons 

of their high-temperature behavior. The normalized friction coefficients of all three 

coatings are seen to be virtually identical up until a temperature of 100°C. While the 

conditioned and unconditioned coatings transition at 100°C and 200°C, the evaporated 

MoS2 coating shows consistently low friction and did not transition at measured 

temperatures up until 250°C. These trends demonstrate that the transition temperature 

of MoS2 coatings is strongly dependent on the condition of the interface and its 

microstructure. 

 



 99 

Chapter 7 

CLOSING REMARKS 

A comprehensive study of lubrication mechanisms has been conducted in order 

to understand the contributions of moisture, oxygen, temperature, oxidation, wear and 

sliding thermal history and size effects to the frictional behavior of MoS2. Following 

are the key findings of this work: 

1. No evidence is found to support the notion that water oxidizes MoS2 at 

ambient or elevated temperatures up to 250°C. The presence of oxygen 

in the environment is required to induce measurable oxidation at the 

MoS2 surface and the rate of such oxidation increases with increasing 

temperature. 

2. At ambient temperatures, MoS2 friction is affected by both the 

environmental moisture (ambient humidity) through surface adsorption 

as well as the diffused moisture content of the coating bulk. Suitable 

annealing desiccates the MoS2 coating, which allows for subsequent 

reductions in friction measured even in ambient humidity at room 

temperature. 

3. Oxidation of MoS2 is caused by oxygen alone. At ambient temperature, 

MoS2 friction is unaffected by oxygen, whereas temperature-dependent 

MoS2 friction is sensitive to oxygen and is generally reduced by 

increasing moisture. In the presence of oxygen, friction increases with 

temperature, with or without the presence of moisture in the sliding 

environment.  

4. The contribution of MoS2 oxides to friction at ambient temperature is 

limited to the first few cycles of sliding only. During this period, 

surface oxides (formed due to prior thermal cycling) are gradually 

removed due to wear. Transient wear exposes the nominally non-

oxidized MoS2 subsurface; measured friction on this surface responds 

only to the prevailing concentration of water in the bulk and the 

ambient. 
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5. During sliding at elevated temperature in the presence of oxygen, the 

rate of oxidation outpaces the rate of removal which leads to increased 

friction. At a given temperature (after transition), an increase in water 

partial pressure in the presence of oxygen causes a reduction in friction, 

possibly due to a masking by water against MoS2 oxidation.    

6. Transition to high friction at elevated temperature is a strong function 

of the contact history as well as coating microstructure. Interfaces 

which consist of transfer films (oxide-rich) formed during previous 

thermal cycles are observed to transition to high friction earlier than 

previously unworn interfaces. 

7. AFM measurements show a strong evidence for frictional reduction as 

a result, at least in part, of the formation of sliding-induced tribofilms 

within the sliding wear tracks. A quantifiable decrease in nanosccale 

friction is measured in the wear tracks as a consequence of these 

tribofilms. Friction coefficients on the perfectly ordered single-crystal 

MoS2 are still an order of magnitude lower than these values of worn 

friction coefficient. 

8. Changes in the probe size directly influences the measured values of 

nanoscale friction, suggesting a strong dependence of friction on the 

contact length-scale. Although nanoscale probes achieved high surface 

sensitivity, friction coefficients measured by the micron-sized AFM 

probes were similar to the macoscale, suggesting the formation of 

tribofilms in-situ with these. 

9. A reduction in friction is observed after annealing for both the 

nanoscale and microscale probes, suggesting a strong overriding effect 

of the desiccated bulk over surface adsorption in driving the friction 

response at these length-scales.  
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Design Considerations 

Based on the findings of this study, the following attributes of MoS2 solid 

lubrication are recognized for improving tribological performance and reliability of 

machine components:  

1. Coating structure: As noted in the present study, the extent of diffused 

moisture plays a significant role in both the macroscale and nanoscale 

friction of MoS2. Significant differences were also found between 

sputtered and single crystal MoS2. Owing to the diffusive nature of 

moisture, it seems plausible that a control of coating density and 

microstructure would improve lubrication. Improving coating density 

or designing a microstructure which mimics single crystal MoS2 can be 

expected to inhibit the diffusion of water into the bulk of the coating, 

thereby reducing the frictional sensitivity to water. 

Differences in the lubrication behavior are also observed between 

sputtered and mechanically deposited MoS2 coatings. Sputter 

deposition is known to result in non-stoichiometric coatings (MoSx<2); 

the effect of stoichiometry, and indeed other differences from a pristine 

compound that may arise during a vacuum-deposition process are 

equally pertinent aspects of MoS2 coating design. 

2. Thermal cycling: Temperatures below 100°C effectively dry the 

coating and resistive heating of the interface may be used prevent 

failure when operating in cool humid conditions as during terrestrial 

testing of satellites.  
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Appendix A 

EXTENDED WEDGE METHOD VALIDATION DATA 

Table 1 Control measurement, positive wedge angle 

Vz (V) 
0.2060 

± 0.0201 

0.4296 

± 0.0200 

0.6168 

± 0.0202 

0.8004 

± 0.0200 

0.9975 

± 0.0201 

Vxf (V) 
0.0274 

± 0.0030 

0.0773 

± 0.0038 

0.1100 

± 0.0040 

0.1373 

± 0.0058 

0.1846 

± 0.0041 

Vxr (V) 
-0.0121 

± 0.0030 

-0.0318 

± 0.0041 

-0.0462 

± 0.0093 

-0.0568 

± 0.0064 

-0.0744 

± 0.0040 

Δ (V) 
0.0076 

± 0.0021 

0.0227 

± 0.0028 

0.0319 

± 0.0051 

0.0402 

± 0.0043 

0.0551 

± 0.0028 

W (V) 
0.0198 

± 0.0021 

0.0546 

± 0.0028 

0.0781 

± 0.0051 

0.0970 

± 0.0043 

0.1295 

± 0.0028 

θ (rad) 
0.0568 

± 0.0001 

0.0566 

± 0.0001 

0.0564 

± 0.0001 

0.0559 

± 0.0001 

0.0556 

± 0.0001 

Table 2 Control measurement, negative wedge angle 

Vz 
0.2004 

± 0.0197 

0.3982 

± 0.0198 

0.6154 

± 0.0195 

0.8060 

± 0.0196 

1.0007 

± 0.0195 

Vxf 
0.0115 

± 0.0038 

0.0221 

± 0.0067 

0.0329 

± 0.0092 

0.0445 

± 0.0088 

0.0584 

± 0.0106 

Vxr 
-0.0406 

± 0.0039 

-0.0768 

± 0.0038 

-0.1178 

± 0.0042 

-0.1541 

± 0.0088 

-0.1934 

± 0.0040 

Δ 
-0.0146 

± 0.0027 

-0.0274 

± 0.0038 

-0.0425 

± 0.0051 

-0.0548 

± 0.0062 

-0.0675 

± 0.0056 

W 
0.0261 

± 0.0027 

0.0495 

± 0.0038 

0.0753 

± 0.0051 

0.0993 

± 0.0062 

0.1295 

± 0.0056 

θ (rad) 
-0.0574 

± 0.0001 

-0.0576 

± 0.0001 

-0.0579 

± 0.0001 

-0.0581 

± 0.0001 

-0.0587 

± 0.0001 
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Table 3 Test measurement, positive wedge angle 

Vz (V) 
0.1896 

± 0.0186 

0.4133 

± 0.0185 

0.6083 

± 0.0188 

0.8070 

± 0.0186 

0.9914 

± 0.0185 

Vxf (V) 
0.1090 

± 0.0054 

0.2315 

± 0.0053 

0.3031 

± 0.0049 

0.4544 

± 0.0051 

0.5227 

± 0.0049 

Vxr (V) 
0.0489 

± 0.0044 

0.1067 

± 0.0044 

0.1405 

± 0.0038 

0.2089 

± 0.0042 

0.2360 

± 0.0039 

Δ (V) 
0.0790 

± 0.0035 

0.1691 

± 0.0034 

0.2218 

± 0.0031 

0.3317 

± 0.0033 

0.3793 

± 0.0031 

W (V) 
0.0301 

± 0.0035 

0.0624 

± 0.0034 

0.0813 

± 0.0031 

0.1228 

± 0.0033 

0.1433 

± 0.0031 

θ (rad) 
0.0572 

± 0.0002 

0.0549 

± 0.0003 

0.0523 

± 0.0002 

0.0481 

± 0.0004 

0.0444 

± 0.0003 

Table 4 Test measurement, negative wedge angle 

Vz (V) 
0.2067 

± 0.0182 

0.4146 

± 0.0181 

0.6053 

± 0.0181 

0.8100 

± 0.0179 

1.0180 

± 0.0178 

Vxf (V) 
0.0896 

± 0.0048 

0.1867 

± 0.0051 

0.2515 

± 0.0050 

0.3336 

± 0.0046 

0.4113 

± 0.0042 

Vxr (V) 
0.0304 

± 0.0041 

0.0637 

± 0.0044 

0.0839 

± 0.0041 

0.1118 

± 0.0040 

0.1410 

± 0.0042 

Δ (V) 
0.0600 

± 0.0032 

0.1252 

± 0.0034 

0.1677 

± 0.0033 

0.2227 

± 0.0031 

0.2761 

± 0.0030 

W (V) 
0.0296 

± 0.0032 

0.0615 

± 0.0034 

0.0838 

± 0.0033 

0.1109 

± 0.0031 

0.1352 

± 0.0030 

θ (rad) 
-0.0584 

± 0.0001 

-0.0603 

± 0.0001 

-0.0622 

± 0.0002 

-0.0647 

± 0.0003 

-0.0663 

± 0.0004 

Table 5 Extended wedge method processed data for microtribometer validation 

 θ1° θ2° Δ1' Δ2' W1' W2' 

Control 0.056 -0.058 0.058 -0.066 0.134 0.124 

Test 0.051 -0.062 0.382 0.263 0.144 0.129 
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