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MoO3 Molybdenum trioxide 

MoS2 Molybdenum disulfide 

MoSe2 Molybdenum diselenide 

MoTe2 Molybdenum ditelluride 

N2 Molecular Nitrogen (gas phase) 

Nb Niobium 

NbS2 Niobium disulfide 

O Oxygen 

O2 Molecular oxygen (gas phase) 

Pb Lead 

PbO Lead Oxide 

PEEK Polyetheretherketone 

PFPE Perfluoropolyether 

PI Polyimide 

PTFE Polytetrafluoroethylene  

S Sulfur 

Sb Antimony 



 

18 

Sb2O3 Diantimony trioxide 

Sb2S3 Diantimony trisulfide 

Se Selenium 

Si Silicon 

SiC Silicon Carbide 

Si3N4 Silicon Nitride 

SiO2 Silica, silicon dioxide 

SO2 Sulfite 

Ta Tantalum 

TaSe2 Tantalum diselenide 

Te Tellurium 

Ti Titanium 

Ti6Al4V Titanium alloy containing by weight %, 90% titanium, 6% aluminum, 
and 4% vanadium 

TiC Titanium carbide 

TiN Titanium nitride 

W Tungsten 

WC Tungsten carbide 

WS2 Tungsten disulfide 

WSe2 Tungsten diselenide 

YSZ Yttria-stabilized zirconia, an oxide material defined by the minority 
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MPa MegaPascal, a unit of pressure equal to 106 Pascals = 106 N/m2 

N Newton, a unit of force = 1 kg·m/s2 
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Pa Pascal, a unit of pressure = 1 N/m2 = 1 kg/m·s2 

RH% Relative humidity percentage 

s Second, a unit of time equal to how long it takes light to travel 
299,792,458 meters in vacuum 
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W Watt, a unit of power equal to 1 J/s = 1 kg·m2/s3 
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Symbols 

μ Coefficient of friction, equal to the lateral force divided by the 
normal force experienced between two bodies during a tribological 
interaction. Also known as the kinetic or sliding coefficient of 
friction. 

ν Poisson’s ratio, equal to negative the lateral strain divided by the 
longitudinal strain of a material under a tensile load. 

BE Binding energy of an electron orbital, equal to the amount of energy 
required to remove an electron from orbit to the vacuum. 

E Elastic modulus, a material property for the amount of force/unit 
area required to elastically strain a sample 

θB Braggs’ angle, the angle by which diffraction within a crystalline 
solid takes place.   

α Incident angle of a directed X-ray source to the plane of the sample 
surface  

λ   Wavelength of a photon 

 Planck’s constant, equal to the energy per oscillation rate of a 
photon, 6.626·10-34 J·s = 6.626·10-34 kg·m2/s 

 

   Frequency of a photon 
 
Φ Work function, the amount of energy required to remove an 

electron from the top of the valence band to vacuum 
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Advanced lubrication schemes depend on the presence of specific solids at or the 

continuous delivery of a gas to the sliding interface to manage friction and wear, and are 

known to have a strong environmental dependence. An in-vacuo pin-on-disc tribometer 

was designed to allow controlled environmental testing of the solid lubricants in order to 

determine the role of atmospheric components on their frictional behavior. Solid 

lubrication testing of highly oriented pyrolytic graphite, MoS2-Sb2O3-Au, and MoS2-

Sb2O3-C films was carried out under environments of 760 Torr air (50% relative 

humidity), 150 Torr oxygen, 8 Torr water, 610 Torr nitrogen, and 10-7 Torr vacuum. Dry 

lubrication testing of the native oxide of silicon (100) surfaces was carried out under 

environments of 760 Torr air (50% relative humidity), 1 Torr pentanol, and 10-7 Torr 

vacuum. Pin-on-disc tribometry revealed a strong dependence of friction and wear as a 

function of sliding environment.  

MoS2-Sb2O3-Au and MoS2-Sb2O3-C films were strongly affected by the presence 

of water molecules. Friction and wear were observed to increase in the presence of 

partial pressures of water when compared to vacuum, oxygen, and nitrogen 
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environmental testing. Spectroscopic analysis of the MoS2-Sb2O3-Au and MoS2-Sb2O3-

C films showed a general trend of MoS2 expression at the surface of low friction wear 

tracks. However, high friction could not be directly linked to the expression of a specific 

species within the wear track. X-ray photoelectron spectroscopy of the tracks created 

under ambient and water environments yielding high friction showed no clear 

relationship between the two conditions, even though their frictional behavior was 

similar.   

As revealed by atomic force microscopy measurements, the microstructure of the 

wear tracks of MoS2-Sb2O3-Au films produced under vacuum were predominantly low 

friction MoS2. The vacuum wear tracks of MoS2-Sb2O3-C films showed a mixed 

microstructure with both low friction MoS2, and moderate friction C. Ambient wear tracks 

for MoS2-Sb2O3-Au films contained a minor, higher friction constituent, identified as Au, 

in the presence of the major constituent, MoS2. Ambient wear tracks for MoS2-Sb2O3-C 

films were more complex, expressing a majority of higher friction Sb2O3 and graphite 

constituents, with a reduced fraction of MoS2. These micro-tribometry measurements 

correlated well with those made by the pin-on-disc tribometer and X-ray photoelectron 

spectroscopy characterization. 

Dry or vapor-phase lubrication methods employing 1-pentanol were effective in 

reducing the friction of silicon (100) compared to sliding under ambient or vacuum 

environments. A continuous supply of 1-pentanol served to lubricate silicon surfaces 

through the formation of a tribochemical film which was composed primarily of (CH2)x 

species. However, the presence of a tribofilm was not responsible for the lowered 

friction coefficient, but it did enable the extreme wear protection previously reported for 

this lubrication technique.
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CHAPTER 1 
APPLICATIONS OF DRY AND SOLID LUBRICATION 

The use of liquid based lubricants is the most familiar type of lubrication method 

for many individuals. However, there are other schemas that can be employed 

depending upon the requirements of the application. This document focuses on two 

alternative lubrication methods. Solid lubrication involves sliding contacts in which 

interfacial shear is observed to occur within layers of a solid, often one that has been 

added in the form of a thin coating. Solid lubricants are heavily utilized in aerospace 

applications due to the unique demands of a vacuum environment. Dry lubricants 

function quite differently than solid lubricants. The lubricant in this methodology resides 

in a gaseous or vapor phase in the area surrounding the sliding contact and serves to 

lubricate the contact upon condensation at the sliding interface. The consistent 

replenishment of the lubricant is one of its attractive benefits. Dry lubrication is thought 

to be a viable candidate for micro-electromechanical systems (MEMS). These 

advanced, microscopic devices possess extreme operating conditions in which 

traditional liquid and solid lubricants cannot perform effectively. 

Solid Lubricants 

One such extreme operating condition is low earth orbit and extraterrestrial space. 

The design, construction, and operation of satellites, orbiters, and other extra-terrestrial 

platforms may seem at present like a mature technology. However, space technologies 

were born from the scientific and engineering surge that took place during World War II 

in the 20th century. As is the case in many fields of technology, some of the greatest 

advances came from the most desperate of times. The creation of the V2 solid rocket, 

high altitude aircraft, and trajectory calculation machines served as the foundation for 
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the Space Race in the decades to follow. On October 4th, 1957 Sputnik 1 was 

successfully launched1. The placement of a man-made object into space was an event 

had a profound effect on the human paradigm and demonstrated the future ability to 

collect and distribute information from new, unique perspectives. As the size, duration, 

and complexity of extra-terrestrial apparati grew, so did the push for better solid 

lubrication of the mechanical components involved. 

The need for solid phase lubrication of space vehicles arises from the primary 

environment of operation, a vacuum. Traditional liquid lubricants will simply vaporize2 

limiting any functionality as well as damaging sensitive systems and components 

nearby. As a field, aerospace solid lubricants can be divided into five distinct material 

groups: 

1. Soft metals 
2. Lamellar crystalline solids 
3. Polymers 
4. Diamond-like carbon (DLC) 
5. Composites 
 

The first category of solid lubricants entails soft metals. Soft metals primarily have 

a face-centered cubic (FCC) crystal structure. In turn, they often exhibit energetic 

efficiency in sliding as a result of the structure’s inherent slip systems3. Metals that have 

been successfully tested and employed for aerospace applications include gold (Au), 

silver (Ag), lead (Pb), and indium (In). Although In has a body-centered cubic (BCC) 

crystal structure2,4,5, its low melting point and inherently low hardness render it a viable 

candidate system. In general, the low shear strength of this collection of metals enables 

them to be effective lubricants, however soft metals also experience relatively high wear 

rates at room temperature6. This limits their function and mechanical applications and 

better performing materials have been identified for room temperature applications. 
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However, at temperatures above 500 ˚C metal lubricants offer the potential for 

lubrication due to their large atomic masses and related low vapor pressures. As a 

result they have been successfully used in applications that experience high 

temperatures where other lubricants would evaporate or undergo thermal degradation. 

Soft metals possess an optimal film thickness on the order of 1 μm4.  

Materials with a layered crystal structure constitute the second category and some 

are thought to be intrinsically lubricious7,8. Their value as lubricants is thought to derive 

from their atomic structure. Intrinsic lubricants may be endowed with low shearstrength 

between layers, macroscopically embodied by their ability to peel and delaminate easily. 

Their layered crystal structure creates highly anisotropic properties. Shearing transverse 

to the layers is much more difficult. This gives some materials within this class great 

mechanical and thermal stability. Graphite and molybdenum disulfide (MoS2) are 

examples of layered materials that have high melting points, >2000 ˚C5. Transition 

metal dichalcogenides (TMDs) are stable up 450 ˚C, where they dissociate under high 

vacuum conditions of 10-8 to 10-9 Torr9. The preferred film orientation is normal to the 

layer, exhibited in the (001) family10. Graphite, talc, mica, and molybdenite (naturally 

occurring MoS2) are all layered materials that are geological in origin and have 

historically been used prior to the age of space exploration11. Examples of synthetically 

produced layered materials used for solid lubrication include tungsten diselenide (WSe2) 

and boron nitride (BN)12,13. 

The third category consists of polymeric materials such as polytetrafluoroethylene 

(PTFE), polyimides (PI), and polyetheretherketone (PEEK). These materials have been 

shown to be effective for lubrication in vacuum due to their relative inertness compared 

to other polymeric materials2,14. However, they exhibit glass transition temperatures less 
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than 300 ˚C, and thus are not suited for applications with thermal or direct solar (ultra 

violet) exposure2,5.  

The fourth category of solid lubricants is made up of materials belonging to the 

class of synthetic, diamond-like carbon (DLC) films. These materials possess a majority 

of sp3 hybridized bonding between carbon atoms, whereas graphite has sp2 hybridized 

bonding6. These films have an amorphous structure, with little long range order. They 

can be treated with hydrogenation for enhanced vacuum performance15. 

Currently, a fifth category of solid lubricants entails the incorporation of a nanofiller 

into a variety of materials matrices and is being evaluated for cyclical operation between 

multiple extreme environmental conditions16. These often contain more than one solid 

lubricant component depending upon the intended operating parameters and are 

processed using complex, modern methods.  

Processing Methods for Solid Lubricants 

In order to understand the materials engineering and selection process behind 

modern aerospace solid lubricant coatings, it is important to follow the evolution of 

research into the capabilities and the methods used to produce them. There are three 

main processing methods for coating mechanical parts: burnishing, bonding, and 

physical vapor deposition (PVD). Each has its own strengths and limitations.  

Burnishing is a physical, mechanical process which serves to smear the solid 

lubricant over an extremely smooth substrate with a cloth or ball under a constant 

load2,17,18. The resulting coating can be just a few microns thick and is inexpensive to 

create. The tribological performance of a burnished coating is heavily sensitive to the 

type of substrate used and the surface roughness; smoother is better17. The adherence 

of a burnished MoS2 film has been found to be dependent on the ability to form sulfide 
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compounds with the substrate. There are, however, several drawbacks. First, the 

coating thickness is not typically uniform over the substrate and thus leads to uneven, 

inconsistent performance between duplicate samples. The second issue with burnishing 

is that the finished product has been found to have a poor service wear life. This is often 

caused by features called blisters, areas where the coating has not adhered well with 

the substrate. Over time these blisters act as delamination points which bring about 

failure and severely shorten the lifetime of the coatings. This shortfall has led to the 

development of bonded coatings. 

Bonded coatings utilize additional chemicals to create a mixture which can be 

applied to the part and then is either heat treated or left to stand, allowing the solvent to 

vaporize, leaving the lubricant and bonding agent behind on the substrate2,19. Adhesion 

can be enhanced by micro shot peening prior to bonding20. The films can be applied by 

aerosol spraying, liquid submersion, or brushing. Bonded films are the thickest of the 

three main methods, several microns, but operators have much better control over the 

film’s thickness. As a result the finished products have demonstrated better long term 

tribological performance, while remaining cost effective. The major limitation to bonding 

is that the coatings can be too thick for some applications. Nominal thickness to 

optimize tribological performance is usually 1-2 μm, and this cannot always be achieved 

with bonded coatings. Providing low friction performance with a thin coating is vital for 

applications that seek to minimize power consumption (deep space missions) and for 

those with operations requiring precise control over device manipulation or sensitivity to 

minute positional changes (tracking targets from orbit). In order to meet the 

requirements of these missions, a different coating process is necessary. 
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Until the early 1970’s, lubricants were coated primarily using burnishing or bonding 

techniques. With the advancement of high vacuum capabilities in the 1970’s, a third 

method of applying tribological coatings was developed based on PVD technologies4,21. 

Examples of PVD techniques include ion plating, ion sputtering, and pulsed laser 

deposition22-24. Each method bombards one or more source material targets positioned 

above the substrate with high energy particles: ions, electrons, or photons. The 

energetic interaction causes the ejection of the target material, resulting in a flux of this 

material towards the substrate. The application of a bias to the target and/or substrate 

can promote adhesion and nucleation of particulates. For ion beam assisted deposition, 

a flux of inert gas ions is directed at the substrate to enhance the interaction of the 

sputtered target material with the substrate. PVD techniques have the ability to produce 

thin films with precise control over crystallographic orientation and chemical 

composition. Gradient, multilayer and co-sputtered film architectures can also be 

created. Figure 1-1 schematically represents these different film architectures. The 

characteristics of the deposited film are sensitive to several processing variables 

including pressure of the ion source gas within the chamber, material target bias, 

substrate temperature, and substrate bias25,26. As PVD technology has matured, MoS2 

solid lubricant films exceeding the quality of those produced by other methods have 

been produced.  

PVD methods, however, are not without limitations. While the film characteristics 

can be optimized to give low friction, reliable, and longer-term performance than 

burnishing or bonded films, the process itself is limited by virtue of the need to utilize 

vacuum chambers for deposition. This makes it much more costly than burnishing and 

bonding, and cannot be easily applied to all substrate materials. Copper and silver are 
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two examples of substrates which are not compatible with this process, since they react 

with sulfur to produce undesirable compounds. At times, such deleterious reactivity can 

be overcome by depositing an intermediate buffer layer (titanium or chromium for MoS2 

films) between the substrate and film27,28. Buffer layers must adhere well to both the 

substrate and film. Parts are often cleaned by sputtering prior to film deposition. 

Substrates that are not electronically conductive can also be problematic due to the 

inability to apply an electronic bias. Lastly, the application process is geometrically 

limited to only stationary material target sources. The physical orientation between the 

targets and substrate is critical to optimizing the film’s microstructure and thickness. 

Curved surfaces are difficult to coat uniformly because they are susceptible to 

shadowing effects. Given the high operating cost of industrially manufacturing solid 

lubricant films using PVD techniques, companies have continued to seek new 

alternatives to reduce expenses, maintain quality, expand capability, and broaden the 

range of part sizes and shapes that can be coated.  

Improving MoS2 Performance with Additives 

While the ability to create high quality coatings continues to be refined, an 

additional pathway to improve MoS2 coatings has simultaneously emerged and is 

currently being developed and tested. As mentioned previously, MoS2 does not perform 

under all conditions. While its vacuum lubrication capability is exemplary, its 

performance in ambient, humid conditions is poor. Mixing MoS2 with other constituents 

has been practiced in an effort to produce better overall performance19. However, given 

the limited available literature prior to the 1980’s, it is assumed that most of the practice 

involved secular trade knowledge within the industry. Over this time period, very little 

research was published relating to the engineering of better solid lubricant coatings. 
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This changed with the publication of a paper in 1981 by Bernard Stupp who worked for 

Hohman Plating, a company involved in the aerospace solid lubrication industry29. The 

research article was the first civilian based systematic study of additives to improve 

sputter deposited MoS2 coatings.  

In the study, Stupp attempted to address a common problem of MoS2 films 

produced by the sputter deposition method. These films contained nonequiaxed grains 

with high surface area and a lack of density within the microstructure. This caused them 

to be prone to oxidation and inconsistent performance. To correct this, Stupp sought to 

increase the density of the films through co-deposition of metal elements or alloys with 

the MoS2. The results indicated that several of the additives (chromium, cobalt, nickel, 

gold, and tantalum) were beneficial across all evaluation parameters. The films showed 

an increased wear lifetime, lowered friction, resistance to aging, and uniform friction 

characteristics. The author chose nickel for an in depth study and determined the 

optimal amount of Ni to be 5-7 wt%. The corresponding microstructure showed an 

increase in density and grain size. 

A follow-up by Spalvins on 5 wt% Au additions to MoS2 demonstrated an improved 

tribological performance under vacuum conditions30. TEM imaging of the failure areas of 

MoS2-Au films confirmed a denser microstructure with less wear debris. By the late 

1980’s and into the 1990’s researchers around the world studied the effects of a variety 

of additives. 

Additives for MoS2 and other transition metal dichalcogenides (TMDs) can be 

organized according to their tribological effect and role. Soft metals such as Au29-34 and 

Pb35-38 have been shown to work well in densifying the microstructure and providing 

improved vacuum and ambient tribological performance. A wide range of Au additions, 
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from a few percent to over 90 at% Au in MoS2 have been studied for different 

applications34,39. The optimized composition has been isolated to be between 7 at% and 

15 at% Au31. X-ray diffraction (XRD) measurements have indicated that the presence of 

Au also had a positive influence on the amount of (002) oriented MoS2 grains31. Such 

an orientation decreases the amount of reorientation that will occur during sliding, and 

reduces the exposure of highly active edge sites. The physical size and mass of Au 

makes it an ideal oxygen diffusion barrier as well, with higher Au contents yielding better 

protection from sub surface oxidation. Most modern tertiary composite coatings 

involving MoS2 contain less than 10 at% Au40. 

The addition of Pb has proven to be effective in the field of high temperature 

applications. The tribological performance of pure MoS2 coatings has been shown to 

suffer at operating temperatures greater than 300 ˚C41-43. An increase of MoO3 

composition within the film formed at these temperatures has been correlated with 

observed decline in performance. Like Au, Pb is soft so it shears easily at room 

temperatures; but unlike Au, it oxidizes and becomes an oxygen getter for the film. This 

in turn allows MoS2 to continue to provide lubrication through a higher temperature 

range than normal23,35,36. As operational demands increase, the need for coatings 

capable of operating at high temperatures will continue to drive solid lubrication 

research. 

The second group of additives for TMDs are the intermetallics. Research into 

adding titanium (Ti)33,38,44,45, chromium (Cr)46-48, zirconium (Zr)26, or nickel (Ni)40,49 into 

MoS2 films has resulted in several patents and successful commercialization. 

Tribological measurements have shown these types of coatings to have dramatically 

longer ambient lifetimes than pure MoS2 coatings. This is attributed to increased 
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mechanical hardness based upon indentation testing. Wear rates for these coatings are 

at least one order of magnitude lower than and adhesion is improved over single 

component MoS2 films. Titanium has been suspected of playing the role of gettering 

oxygen atoms and thus protecting the MoS2 from oxidation during ambient operation50, 

however nickel does not display a similar effect49. X-ray diffraction (XRD) of co-

sputtered metal and MoS2 films has shown the microstructure to be nanocrystalline, or 

amorphous26. With the incorporation of these metals, the orientation of the MoS2 

remains basal, (002), but the grains themselves are not present or are extremely small, 

less than 50 nm. Therefore, the addition of these types of metals is thought to limit the 

growth of large, (002) oriented MoS2 grains during deposition. Like soft metal additions, 

the optimal content composition for these metals has been found to be between 5 and 

15 at%51. There is a direct correlation between metal content, wear life, and mechanical 

hardness. The overloading of MoS2 with metal has resulted in extremely brittle films 

which fail to lubricate properly. 

The third additive group can be characterized as metals and nonmetals which 

share the same 2H-MoS2 crystal structure as MoS2 (W, Ta, Nb, Se, and Te)7,9,52,53. 

These additives are intentionally chosen for their ability to substitute with either the 

metal or the chalcogenide site. Substitution is usually verified with XRD, measuring the 

change in lattice spacing with concentration. Metal substitutions with W46,54-56 and Nb57-

59 have shown to reduce wear and friction coefficients in humid, ambient and high 

temperature conditions. The addition of Se and Te has also shown potential60,61. The 

incorporation of Te increased the lifetime of the coatings at room temperature as well as 

above 300 ˚C61. The responsible mechanism is thought to be the formation of double 

oxides involving molybdenum and substituted Te. While the incorporation of Te extends 
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the operating temperature range, the formation of MoO3 is not totally inhibited. The 

friction of the film in the presence of water vapor remains high. The joint substitution of 

metal and nonmetal sites is accomplished with co-sputtering of a WSe2 target with 

MoS2.
46,51,62. This produces a strained atomic structure which induces curvature in the 

layers63. Overall, these films are mechanically harder, have lower ambient wear rates 

with little wear debris, exhibit lower coefficients of friction and have higher maximum 

operating temperatures. However, these types of coatings still experience oxidation of 

molybdenum in moisture rich, moderately high (>450 ˚C) temperature operations. In 

order to operate at even higher temperatures, oxides must be added. 

Early explorations of materials to improve high temperature performance of MoS2 

considered oxides64,12. These materials were primarily chosen for their thermal stability 

above 300 ˚C. Studies from the 1970’s-1990’s showed the addition of Sb2O3, MoO3, and 

PbO to be beneficial for MoS2 tribological behavior23,40,49,64-67. Several mechanisms 

were thought to be responsible for the enhanced performance of MoS2-oxide films 

included mechanical improvement in film toughness, oxidation resistance, inhibition of 

crack growth, preferential oxidation of the additive, formation of lubricious double oxides 

with molybdenum, and film densification. An important study on oxide additions to solid 

lubricants by P.W. Centers in 1987 sought to correlate mechanical and thermal 

properties of MoS2-oxide films with tribological performance64. The results of the study 

surprisingly showed a direct relationship with the wear volume of the film and the shear 

strength of the oxide. Mechanically stronger oxides, with high hardness values, 

exhibited the greatest wear during tribological testing in dry, high temperature 

conditions. Oxides such as Sb2O3 were found to be effective as additives due to their 

low shear strength during tribological interactions. Use of harder, Al2O3 produced a wear 
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rate several orders of magnitude higher. Thermal calculations of the increase in 

temperature caused by tribological operation generated values just below the melting 

points of the soft oxides (>300 ˚C). The softness of the oxide was believed to induce 

plastic deformation. However, since Sb2O3 was mechanically harder than MoS2, the 

layered material remained the primary active lubricant with a persistence of the 

preferential orientation. By deforming along with the MoS2, the soft oxides do not easily 

fracture away from the film microstructure, causing the wear rates to be low. For PbO 

the case is different. It too has low shearstrength, but it forms a lubricious double oxide 

compound, PbMoO4, under tribological operation23. This is similar to the effect seen in 

MoS2-xTex films61. ZnO additions to WS2 films have also improved high temperature 

performance. This effect is thought to be due to the creation of ZnWO4
68,69. 

Mechanically hard oxides such as Al2O3 and yttria-stabilized zirconia (YSZ) are used as 

additives for improving wear behavior of TMDs at temperatures higher than 300 ˚C70-73. 

The addition of other mechanically hard compounds including borides, carbides, and 

nitrides with MoS2 has also been evaluated with the intention of improving wear rates74-

76. 

The last avenue to alleviate high friction behavior of MoS2 in ambient conditions is 

to simply combine it with a lubricant that performs well under those conditions. The 

addition of graphite to MoS2 is one of the oldest mixtures used within the community , 

with accounts dating back to the early 1900’s8,77. The use of graphitic carbon in modern 

aerospace sputter deposition coatings became common in the late 1980’s77-80. The 

incorporation of graphite with MoS2 producs the desired effect of increasing the ambient 

lifetime of MoS2-based films. XRD measurements of the samples offer an explanation 

for the increased lifetime of these films, revealing intercalation of the graphite layers 
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with MoS2. The reorientation of the layers under tribomechanical interaction brings 

about an optimized structural support in terms of both film wear and oxidation. The 

active edge sites of graphite have been proposed to act as oxygen getter locations, 

allowing MoS2 to remain nascent77. By combining two solid lubricants together, the 

range of operating environments and lifetime of the films have been increased. 

However, these films are still limited in their applications given the presence of atomic 

oxygen encountered in low earth orbit. The rapid oxidation of graphite and eventual 

debris formation has proved unsatisfactory for widespread use81,82. In light of this critical 

deficiency, tribologists have turned towards tertiary component films. 

Tertiary, MoS2-based films have been developed in an effort to optimize the 

different synergistic mechanisms of additives. Among the first of the widespread tertiary 

films was MoS2-Sb2O3-Au40. The oxide was incorporated for its low shear strength and 

ability to form an amorphous phase and induce a nanocrystalline MoS2 grain size. This 

enhanced the mechanical strength of the films, while decreasing the oxidation rate of 

MoS2 and provided a physical support for oriented layers of MoS2 to slide upon during 

tribological interactions64,65,67. Au was added for its ability to increase the density of the 

film microstructure, leading to better long-term performance and adherence to the 

substrate. Combining both of these materials in minor constituencies with MoS2 led to a 

superior coating. Variations on this type of coating eventually led to many commercial 

specifications which are still utilized today. Other early tertiary systems designed for 

ambient/vacuum operation included MoS2-PbO-graphite, MoS2-PTFE-graphite, and 

MoS2-Sb2O3-graphite83,84. By the mid 1990’s, most co-sputtered systems developed to 

improve ambient/vacuum performance had matured. The next step was to create one 
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coating that could operate repeatedly between extreme environments, including cycling 

between ambient pressures and vacuum, and performing well at high temperature. 

Thermal cycling experienced during orbital maneuvers is one of the most difficult 

operating requirements for any satellite. Therefore, the development of coatings which 

can withstand the 92 minute periodic transitions from -40 ˚C to 60 ˚C for the expected 

lifetime of many years is critical for any orbital application85. In general, withstanding 

10,000 cycles is considered a bench mark for validation of coatings.85,86 Additionally, 

vehicles whose missions include repetitive trips into and out of orbit require coatings 

that can withstand the extreme environmental cycling between ambient and vacuum 

conditions. To meet these objectives, researchers have sought to create a new class of 

lubricating films that could maintain performance over a variety of operating 

environments. These new solid lubricant films were composites which contained more 

than one active solid lubricant component. The first adaptive coatings were developed 

by Air Force Research Laboratories (AFRL) in Dayton, Ohio16. The WS2-WC-DLC 

coatings featured adaptability between vacuum and ambient operating conditions16,87,88. 

Later generations of the coatings would replace the carbide component with oxides 

such as ZnO68,69, YSZ70-73, and Al2O3 
70,89 for mechanical hardness and add soft metals 

like Ag90 and Au70,73,89,90 for high temperature performance. Such materials remain at 

the forefront of solid lubricant development.  

Characterization of Solid Lubricant Coatings 

The characterization of solid lubricant materials has spanned a number of 

experimental approaches. Within the tribology community there are several basic tools 

utilized to study, evaluate, and measure the performance of solid lubricant coatings. The 

first tests run after a new film has been synthesized involve crystallographic and 
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microscopy characterization techniques. Determining the crystallography of the film is 

crucial to understanding the atomic ordering of the film, what phases are present, their 

grain size, orientation, and possible texturing. For single crystal MoS2 coatings, this 

information is invaluable as it relates the effect of film orientation to the overall expected 

performance and lifetime of the coating. The crystallography of a thin film coating is 

often acquired using grazing incidence X-ray diffraction91. Use of a small incidence 

angle is necessary to enhance the signal collected from the film itself and minimize the 

signal from the substrate and/or intermediate buffer layer35,56,92,93.  

In cases where information pertaining to surface crystallography is required, an 

even more sensitive technique can be employed, low energy electron diffraction 

(LEED)94-97. The limiting factor in practicing LEED is that it requires a vacuum chamber 

to perform measurements. Therefore all samples must be vacuum compatible and the 

analysis of polycrystalline, composite materials is limited without the incorporation of 

mechanically controlled rotating stages and detection equipment. In light of this, XRD 

remains the most commonly used technique for determining crystallographic 

information.  

The film’s topographical microstructure can be directly probed with microscopy 

techniques. Optical light microscopy and especially scanning electron microscopy 

(SEM) characterization are prevalent in many topical reports30,40,98. These methods are 

able to provide details on the grain size, morphology, and distribution within the 

microstructure and how they correlate with diffraction findings. Given the nanoscopic 

grain size and heterogeneous distribution of modern solid lubricant films, transmission 

electron microscopy (TEM) has played an increasingly integral role in understanding 

both the physical structure and tribological roles of the components83,99. Analysis is 
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usually accomplished by sampling a cross-section of the film prepared by a focused ion-

beam (FIB) technique. Atomic force microscopy (AFM) and scanning tunneling 

microscopy (STM) are also important tools used to probe the atomic to micro scale 

nature of films100-105.  

Spectroscopic information related to the film can be acquired by a variety of 

techniques. Among the most popular within the reviewed literature is energy dispersive 

spectroscopy (EDS) accomplished with the SEM50,92,99,106,107. While EDS can give 

information relating to the elemental identity of a film, it is not sensitive to chemical state 

of the species. Techniques providing greater surface sensitivity include Auger electron 

spectroscopy (AES)94,108,109, X-ray photoelectron spectroscopy (XPS)93,109-113, and 

Raman spectroscopy23,35,65,84,105. AES is a semi quantitative technique that, while less 

sensitive to chemical bonding states, provides useful information regarding elemental 

composition of the near surface region. XPS is highly sensitive to chemical state 

information of species found at or near the surface and thus is best used for chemical 

species identification and quantification. Raman spectroscopy is a technique that can 

detect differences in chemical species, but cannot be used universally as a result of 

selection rules and limited sensitivity. Fourier transform infrared spectroscopy (FTIR) 

has also been used in studies to identify species present at tribological surfaces.  

The physical quality of a solid lubricant coating can be tested using a variety of 

metrics and instruments. The thickness of a PVD thin film is often characterized in-situ 

with a quartz crystal microbalance, or post processing using light interferometry or 

AES/XPS sputter depth profiling61,80,114. Among the most important requirements for any 

high performance coating is the strength of the interface between the film and the 

substrate. The adhesion of the coating is commonly verified with a scratch adhesion 
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test, whereby a sharp tip is passed at a constant speed over the film while an increasing 

load is applied until the coating fails50,54,57. This process is monitored through changes 

in acoustic emissions or the coefficient of friction. The mechanical hardness of the film 

is another important characteristic to measure. Macroscopic hardness measurements 

can be made with a Rockwell indentation test88,115. More sensitive studies can be 

accomplished with Vickers hardness testing with a microscopic probe tip106. These 

types of tests can also yield an elastic modulus value for the film, which can be 

instrumental in correlating and explaining how load, velocity, pressure, and thermal 

energetics affect the tribological performance and lifetime of the film.  

Evaluating and simulating the tribological conditions of a real world sample can be 

accomplished by several methods. There are two basic mechanical test configurations 

for tribometers. The first is a linear tribometer, which passes a contacting body (a 

spherical pin) across the sample in a 1-dimensional actuation54. This test method is best 

used for bidirectional or reciprocal cycling, whereby the direction motion is reversed at 

the end of each pass. Extremely small length scale linear tests are referred to as fretting 

wear tests10,116,117. Fretting tests are used to simulate vibrational fatigue of the coating 

and not necessarily service operations. The second testing configuration is a pin-on-

disc tribometer and typically features a stationary pin with a rotating sample85,118. This 

method is best suited for unidirectional cycling tests, although reciprocating testing can 

be done by reversing the rotary motion of the rotating sample; this requires precise 

knowledge of the rotation speed and control over the motor. An additional type of 

tribometer features three or four balls in sliding/rolling contact with the surface in order 

to enhance the wear rate of the sample allowing for expedited analysis108. Within the 

past 20 years, researchers have also developed a microscopic tribometry technique 
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called lateral force microscopy (LFM)119. This characterization method utilizes an AFM 

cantilever to probe the surface on nanometer length scales. As the tip is passed along 

the surface, the lateral and normal forces are simultaneously monitored by the 

deflection of an aligned laser reflected from the top of the cantilever towards a four 

quadrant photodetector. The resulting signal can be calibrated to the corresponding 

normal and lateral forces. One unique advantage of this technique is that it allows for 

both spatial and volumetric representation of the tribological sample. These attributes 

enable simplified wear rate quantification in contrast with other macroscopic methods, 

which often require a secondary characterization technique to determine the 

topographical evolution of the wear tracks. However, LFM measurements must undergo 

standardized calibration practices in order to provide quantitative lateral force data. 

Within the literature there have been many proposed methods and a variety is still 

employed by researchers120,121. This makes direct comparison of LFM data difficult 

between research groups. Additionally, the contact pressures experienced in these tests 

are high due to the exceedingly small contact area produced by the probe tip. 

Furthermore, tip wear is a common phenomenon which takes place during 

measurements, introducing difficulties to understanding the evolution of contact 

pressure over the course of a measurement and over the lifetime of the cantilever tip.  

Vapor Phase Lubrication 

The technology used to create the silicon microchip can also be directed to 

produce mechanical devices. This miniaturization of mechanical components to 

dimensions on the micron or shorter length scale has created an entirely new field of 

devices, micro-electromechanical systems (MEMS). MEMS offer the ability to design 

and build increasingly capable, compact devices for a variety of applications ranging 
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from accelerometers used in smart phones to micro pumps and relays.122-125. As the 

size of these systems decrease, the influence of length, area, and volume dependent 

properties are enhanced122,126. The friction between two bodies is inversely proportional 

to the area of contact. Therefore, interfacial friction has been seen to dominate some 

systems with miniaturization. The backbone material behind the realization of MEMS is 

silicon, which has a passive, oxide layer approximately 2.7 nm thick127. It is this surface 

that defines the tribological disadvantageous properties of many MEMS devices and 

calls for the development of novel lubrication schemes. 

Among the well-defined issues with these devices is the efficient movement 

between interlocking gears and other sliding mechanical components, which are prone 

to seizure (i.e. stiction) of interacting silicon dioxide surfaces123,128,129. Therefore, a 

lubricant must be employed to allow MEMS to function. Choosing the correct lubricant 

for MEMS however has been a challenge to researchers. Many materials have been 

evaluated with respect to overcoming the forces present. Traditional, mechanically hard 

coatings such as Si3N4, TiN, TiC, and DLC, used for their low wear, have shown 

improved cyclical lifetimes124,130. However, these coatings are susceptible to water 

adsorption from ambient conditions which can lead to capillary condensation of 

significant water volumes and the resulting stiction of the moving components. Self-

assembled monolayers (SAMs)128,131-134 and polymers such as perfluoropolyether 

(PFPE)135,136 have been studied for their effectiveness in preventing water adsorption 

and have provided some improvement of tribological performance. However these 

lubricating systems suffer from high wear rates and the overall effective lifetimes still do 

not meet the requirements for many real world applications. An additional approach is 

needed. 
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Such an approach is vapor phase lubrication (VPL)125,127,137,138. This technique 

takes advantage of the benefits of liquid phase lubrication, namely the persistent 

delivery of a tribologically active phase, in the absence of the formation of large capillary 

forces between the interacting components. Alcohols such as pentanol and ethanol, 

among others, have been shown to be effective long term lubricants for silicon based 

components, for they provide not only a low coefficient of friction but even more 

important, an extremely low wear rate when compared with alternative methods. 

Alcohols are thought work well as a VPL due to their specific molecular structure, which 

features a hydroxyl group at one end. The hydroxyl, C-OH, has a large adsorption 

potential with the oxide surface common to silicon-based MEMS139. In light of this, the 

role of alcohol-based vapor phase lubrication involves two steps- first, dissociative 

adsorption onto the surface of the MEMS components and second, lubrication of the 

interacting bodies140-143. 

The application of alcohols as vapor phase lubricants for MEMS was proposed by 

Gellman in his study modeling vapor transport within micro-electromechanical 

devices125. Prior studies showed alkyl and alkoxyl monolayers to be effective lubricants 

when chemically attached to pretreated silicon144,145. Another report discussed and 

promoted the vapor phase lubrication of vanadium carbide (100) surfaces with short 

chain alcohols146. In their study on the room temperature vapor phase lubrication of 

native silicon oxides, Strawhecker et al. investigated the effectiveness of n-propanol 

molecules138. Their work showed that effective wear protection was activated at 25% of 

the vaporization pressure of propanol. Measurements were taken with an AFM tip 

scanning the surface of a silicon wafer. Subsequent studies revealed not only that other 

short chain, linear alcohols such as ethanol (C2), butanol (C4), and pentanol (C5) were 
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effective as well, but also that a clear, proportional relationship was established  

between the alkyl chain length and the resulting adhesion force. For example, pentanol 

with its 5 carbon atoms is a better vapor phase lubricant than propanol, which has 3 

carbon atoms143. In contrast, water molecules were reported to have the opposite effect. 

The presence of water molecules on the surface of silicon increased the friction and 

wear in a controlled, 50% RH environment compared to a dry, argon environment139. 

This critical series of experiments showed that alcohol molecules could be used to 

effectively lubricate the primary materials used for MEMS devices. However, an 

understanding of how these alcohols function physically and chemically is not well 

developed.  

Direction 

The remainder of this dissertation includes five main sections. The design, 

construction and incorporation of the in-vacuo pin-on-disc tribometer within a vacuum 

analysis system and description of the characterization methods used in surface studies 

are covered in the following chapter. Chapter 3 presents measurements and 

descriptions of the tribological performance of a traditional solid lubricant, graphite 

under different environmental conditions. This will serve as a control case study on 

which subsequent investigations of composite coatings may be investigated in terms of 

their fundamental behavior as layered solid lubricants. The effects and roles of 

additional constituents added to MoS2 films will be elucidated from pin-on-disc testing 

presented in Chapters 4-5. Lastly, Chapter 6 will discuss the possibility of incorporating 

vapor phase lubrication schemes into advanced micro-electromechanical systems 

(MEMS) intended for use in satellites. 
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A      B  

C      D  

Figure 1-1. Types of physical vapor deposition film architectures A)MoS2 thin film, 
B)gradient thin film, C)multilayer thin film, and D)co-sputtered thin film. The 
gray-colored substrate is not to scale. 
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CHAPTER 2 
THE IMPLEMENTATION OF AN IN-VACUO PIN-ON-DISC TRIBOMETER AND 

SURFACE CHARACTERIZATION METHODOLOGY  

Experimental Philosophy 

In order to study the complicated phenomena of lubrication, transfer film formation, 

wear, and failure, surface sensitive characterization techniques must be utilized. 

Spectroscopic identification of surface species can be acquired via X-ray photoelectron 

spectroscopy (XPS). When tribological measurements are conducted within the 

experimental vacuum chamber complex, XPS measurements can be performed without 

contamination. XPS collects quantitative information pertaining to the composition of 

surface species present on an analyzed sample147. XPS requires an ultra-high vacuum 

(UHV) to operate. UHV conditions are necessary in order to preserve sample 

cleanliness and to allow the emitted electrons the mean free path needed to reach the 

detector. The electron analyzer functions by precisely measuring the kinetic energy of 

the emitted electrons. Any gas phase species present within the vacuum chamber 

poses a collision risk with the trajectory of the electrons. The greatest challenge is not 

that the particles keep the electrons from physically reaching the detector, lowering the 

overall count intensity, but more importantly, the electrons’ velocity could be retarded, 

causing measurement errors under moderate to high vacuum conditions. Maintaining 

vacuum throughout the experimental process also helps to minimize sample 

contamination during analyses and transfer. The ability to conduct experiments under 

vacuum conditions is paramount to the validity of any studies that are to involve surface 

sensitive phenomena such as the formation of tribofilms, the environmental effect on 

chemistry and tribology of solid lubricants, and elucidating the roles for the different 

constituents within the composite solid lubricant films. Thus, the design, construction, 
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and operation of an in-vacuo tribometer must provide a means for isolated 

environmental testing, including a means to introduce both gas and liquid phase 

species, as well as transfer of the sample under vacuum to the XPS analysis chamber. 

Design Philosophy 

Sample Transfer System 

The implementation of the tribometer consisted of two simultaneous phases. The 

first phase was the design and construction of the environmental test chamber and 

vacuum sample transfer system to the XPS analysis chamber. The second phase was 

the construction of the tribometer itself. The overall design philosophy focused on 

utilizing a standard Omicron Nanotechnology GhmB sample platen compatible with both 

the tribometer and analysis chamber stage (figure 2-1). The sample transfer system 

consisted of three linear, magnetically coupled transfer arms to shuttle the sample 

platen between locations. The longest arm moved the sample from the main analysis 

chamber to the load lock and to the tribometer chamber entrance. The chamber 

entrance was a spherical cube shaped junction with flanges allowing for the addition of 

a platen storage rack, or an ion sputter gun for sample cleaning. A second arm 

perpendicular to the first featured a custom designed stainless steel stage to receive the 

platen and transfer it into the environmental testing chamber (figure 2-2). The 304 

stainless steel sample stage was machined by TMR Engineering of Micanopy, Florida. 

A third arm, parallel to the first, took possession of the sample platen at the center of the 

environmental test chamber and inserted the sample onto the tribometer stage. The 

platen was secured to the tribometer stage by the use to two tantalum Omicron 

Nanotechnology GhmB platen stage spring clips. The stage also served as the rotating 

portion of the tribometer. Following tribological measurements, the sequence was 
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reversed for transfer from the tribometer to the analysis chamber. Figure 2-1 shows a 

schematic of the vacuum chamber complex and the sample transfer steps.  

Environmental Chamber 

A stainless steel environmental chamber was used to house the tribometer and to 

control the environment during testing. The 8 inch diameter and 24 inch tall cylindrical 

chamber was kept under vacuum using a Leybold TURBOVAC 151 turbo molecular 

pump, rated at a pumping speed of 150 L/s, backed by a rotary vane, mechanical pump. 

A vapor trap and manual valve were positioned between the two pumps. The top side of 

the chamber featured a window to view tribometer operation and sample transfer 

process. The front side of the chamber was connected to an HVA 4.5 inch pneumatic 

gate valve, which could be closed using a pressurized gas feedline and electronically 

operated switch. When closed, the gate valve isolated the chamber from the rest of the 

vacuum complex. Due to the physical height of the existing sample transfer system for 

the XPS analysis chamber and the availability of in-house vacuum components, the 

location of the environmental chamber was not directly above the preexisting through-

hole within the mounting table. Additionally, the bottom of the chamber was elevated 

several inches above the table. In order to connect the bottom of the chamber to the 

turbo molecular pump, a 4 inch stainless steel connection pipeline with 6 inch ConFlat 

flanges had to be designed and mounted. The pipeline was built by Thermionics 

Northwest Inc of Port Townsend, Washington according to the specifications supplied. 

An HVA 6 inch manual gate valve located below the chamber could be closed above 

the turbo molecular pump to ensure isolation and complete control over the introduction 

of species and environmental conditions. Pressure within the chamber could be 
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monitored via a Convectron gauge (ambient to 10-4 Torr) or a nude ion gauge (10-5 Torr 

to 10-11 Torr).  

Environmental conditioning of the sample could be accomplished through a ¼ inch 

inlet located in the center of the environmental chamber. A manual valve was attached 

to the exterior of the chamber and affixed to a ¼ inch stainless steel gas feedline. Using 

this dosing system, the entire interior of the chamber, including the tribometer and 

sample, are subjected to the same conditions.  

A second inlet system was assembled to direct a localized flux of gas through a 

1/16 inch nozzle pointed towards the leading edge of the tribometer pin during 

clockwise rotation of the sample. The minute flow was moderated through a pin-hole 

doser. The feedthrough to the chamber was located above the tribometer on a 4-

dimensional manipulator (X, Y, Z, and rotational). The ¼ inch stainless steel feedline 

was connected to a Nupro valve through which gaseous species could be introduced 

within a 4-way cross. The cross could be isolated using the two valves connected on 

opposite ends. With this assembly, a liquid species could be vaporized from a 20 mL 

Chemglass, ¼ inch glass ampule connected to the cross with Swagelok ultra-Torr 

fittings and introduced to the pin-hole doser. The diagrams of the environmental test 

chamber and dosing system are shown in figures 2-2 and 2-3.  

In-Vacuo Pin-on-Disc Tribometer 

The archetypical design of the tribometer was based on the MISSE 7 series of pin-

on-disc tribometers transported to the International Space Station (ISS) and installed in 

November 2009 during the STS 129 mission85. During the initial design and modification 

phase, several strict guidelines were established that had to be adhered to. First, all 

components had to be vacuum compatible. Second, the overall size of the tribometer 
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had to fit within a preselected environmental chamber to accommodate sample transfer 

from the tribometer to the analysis chamber. Lastly, but most importantly, the tribometer 

had to be able to deliver reliable, replicable data. A final version of the tribometer is 

illustrated in figure 2-4. 

Tribometer Arm 

There were five main components to the tribometer. The first was the tribometer 

arm itself. The tribometer arm’s function was to house the pin and strain elastically 

along two axes with normal loads of 1 Newton or less. Its shape provided a platform for 

two sets of strain gauges, one set to measure the strain resulting from the applied 

normal force and the other set to monitor the resulting lateral forces during sample 

rotation. At the head was a tapped void where a clean, spherical ball could be firmly 

positioned with a set screw. Stainless steel, tungsten, molybdenum, and titanium were 

all studied as possible materials for the tribometer arm. All of the materials were 

vacuum compatible and had relatively high yield strengths. However the material with 

the best performance for such an application possesses both a high yield strength and a 

low elastic modulus to allow for maximum strain sensitivity without deformation. Thus, 

titanium was selected due to its larger yield strength to elastic modulus ratio. It was 

machined by SureTool Inc from Dayton, OH from the dimensions and specifications 

supplied to them. The strain gauges were supplied and mounted onto the tribometer 

arm by Sensing Systems Corporation of New Bedford, Massachusetts. The strain 

gauges measured both the normal and lateral forces and were calibrated using a series 

of small masses suspended from the head of the tribometer.  
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Piezo Actuator 

The second component was the actuator for the tribometer arm. The actuator 

functioned as the device that applied the normal load to the ball and sample. The main 

requirement was to provide a large vertical displacement of the head away from the 

tribometer within the compact space. A commercial piezoelectric actuator from Cedrat, 

model APA-120S, equipped with the vacuum compatible option was chosen after 

dynamic strain simulations were run on several available actuator models using 

SolidWorks computer-aided drafting program. The results showed the APA-120S model 

to be the best choice considering size, displacement, and cost. The actuator functioned 

by applying a positive, direct current to expand a horizontal stack of BiTiO3 blocks. This 

caused the actuator frame to contract vertically. The actuator frame was attached 

vertically with screws near the base of the tribometer arm. The head of the tribometer 

arm was lowered until the tip of the ball contacted the sample and the measured normal 

force signal from strain gauges reached the desired value.   

Rotating Sample Stage 

The third component was the rotating sample stage. It functioned as the platform 

on which the sample platen sat and was the flat disc component for the revolving pin-

on-disc test. The disc made of titanium for material continuity and two through-holes 

were incorporated along the bottom to accommodate the guide prongs used during 

sample transfer operation. The under-section included a tight, square-bottom hole to 

accommodate the insertion of the D-shaped drive shaft of the motor/gearbox assembly. 

The shaft was secured to the flat face of the drift shaft with a set screw via a threaded 

thru hole. The platen was secured using Omicron Nanotechnology GhmB molybdenum 

spring clips and retention parts supplied by Omicron Nanotechnology GhmB 
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Nanotechnology. For ease of machining and flexibility in the use of the tribometer, the 

spring clips were secured onto separate rectangular side pieces which could be 

removed from the rotating sample stage. The top of the side pieces had to allow 

clearance to pass underneath the tribometer arm during rotation of the sample stage. All 

components of the sample stage were machined by SureTool Inc of Dayton, Ohio from 

dimensions and specifications supplied to them. The sample stage was mounted 

overtop the fourth component, the motor assembly. 

Motor and Reducing Gearbox 

The motor assembly included the motor and the reduction gearbox. Both of these 

were purchased from Maxon Motors of Fall River, Massachusetts and featured vacuum 

compatible options. The motor model was an EC-20 Flat that measured 10 mm in 

height and could reach a top speed of 5000 rpm. The reducer gear head had a ratio of 

84:1 allowing for a maximum sample stage speed of 60 rpm. This reducer was located 

directly above the motor and secured with a set screw to the last component, the 

mounting block.  

Mounting Block 

The fifth component was the mounting block. The tribometer arm, actuator, and 

motor were all directly attached to the mounting block with M2 stainless steel screws. 

The 3 mm radius of the pin-on-disc track was defined by the position of the drive shaft 

through-hole. The motor/gearbox assembly was attached with two M1.6 stainless 

screws. The overall length of the block could not exceed 9 cm, to allow clearance for the 

operation of the second transfer arm in front of the tribometer when fully retracted. 

Furthermore, it could be no more than 5 cm tall in order to allow the prongs of the third 

transfer arm to fully engage. The location of the rotating sample stage also had to be far 
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enough away from the front edge of the piezo to allow room for the prongs of the platen 

pincher head unit to fully engage. The block was machined by SureTool Inc of Dayton, 

Ohio from dimensions and specifications supplied to them. The mounting block itself 

was connected to a four-dimensional manipulator via a ¼ inch diameter stainless steel 

rod and held in place with a set screw and flat bottom Allen head bolt. A type K 

thermocouple was attached to the Allen head bolt to monitor the block temperature.  

Power and Signal Connections  

Power inputs and signal outputs for all of the components were wired through 10 

pin, 4 pin, and Type-K thermocouple UHV feedthroughs. All of the feedthroughs were 

located on a 4-D manipulator and used vacuum compatible wiring to connect the leads 

to the respective instrumentation. The strain gauges were wired using two Wheatstone 

bridge configurations, one full bridge for the normal force and another full bridge for the 

lateral force. Each strain gauge (force) signal was relayed through a Sensotec in-line 

amplifier to a National Instruments SCB 68 signal accumulation box then to a National 

Instruments 6221 data acquisition card. All strain gauge signals were routed through 

coaxial wires with the outer shields connected together to a common ground at the base 

of the 10 pin connector head. An additional common ground was formed next to the 

signal accumulation box. A National Instruments Labview V8.5 data acquisition program 

was written by Ira Hill and used for tribometer operation and data collection. The 

software allows the user to select the direction and speed of rotation, to control the 

applied force during operation, and to customize the experiment time and data 

acquisition rate. Data was saved to a Microsoft Excel compatible file format and 

includes normal force, lateral force, friction coefficient and time. 
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Pin-on-Disc Testing Parameters 

The main purpose of pin-on-disc testing is to measure both the friction and wear 

performance under controlled tribological conditions. The ASTM G-99 Standard gives a 

wide but definitive explanation of the operational parameters for pin-on-disc testing and 

the determination of mechanical properties from the measured data148. The tribometer 

used in this work met the defined parameters, including applied normal force, wear track 

diameter, and ball size. A review of relevant articles involving tribological studies of solid 

lubricants with a pin-on-disc tribometer also helped to determine a range of operational 

Hertzian contact pressures for the intended studies10,11,65,149,150. 

Characterization Methods 

X-ray Diffraction 

As stated earlier, X-ray diffraction is commonly used to determine the crystallinity, 

orientation, and grain size of a deposited solid lubricant film151,152. XRD operates by 

directing high energy X-rays, usually Cu Kα1 (wavelength of 1.541 Å) towards a sample. 

Whereas XPS excitation is described with excitation energies, XRD is concerned with 

the wavelength scale metrics. The wavelength of the X-rays used in diffraction 

experimentation must be smaller than the smallest lattice constant that the operator 

wants to measure. The high energy X-rays diffract coherently with the ordered structure 

of the sample to produce intensities located at specific trajectories from the sample 

corresponding to Bragg’s law153. 

     (1-1) 

The integer (n) of the diffracting wavelength is usually set to be a value of 1. The 

wavelength of the X-ray is termed ( ). The distance between diffracting planes ( ) and 
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the diffraction angle to the plane ( ) are variables. Figure 2-5 illustrates the diffraction 

process. 

There are two ways to measure different diffraction angles. The first is with a 

stationary source and sample stage. The X-ray detector is moved along the radius of 

the center of the sample. Another configuration keeps both the source and detector 

stationary and the sample is rocked to allow measurement of different Bragg angles 

intensities. The measured intensities are plotted versus 2θ to portray the information. 

Peak positions are used to help identify the lattice spacing. From this basis, crystal 

structures, lattice constants, and lattice strain can be determined. Additional information 

related to the grain size of the diffraction sources can be calculated using Scherrer’s 

Formula154: 

     (1-2) 

The diameter of the grain, ( , the full width at half maximum value (FWHM) of the 

diffraction peak ( ), and Bragg angle  are all variables. The X-ray 

wavelength ) is the only constant. Due to the energy of the X-rays, the sampling depth 

for XRD is more than 10 μm. This is certainly more than enough to penetrate through 

modern thin films which can be just several microns thick. In order to generate a better 

representation of the diffraction spectrum of these types of samples, lower incidence 

angles, 5˚ or less, are used in XRD measurements of thin films. While the sampling 

depth may still be greater than the thickness of the films, the proportion of the signal 

originating from the intended material is much larger. A limitation of this method is that 

interaction area on the sample surface increases from a beam size of 1 to 2 mm to 8 to 

12 mm151. This necessitates a minimum sample size of approximately 1 cm for low 

angle XRD measurements. The low angle XRD measurements were performed in the 
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University of Florida’s Major Analytical Instrument Center (MAIC), by Dr. Valentin 

Craciun with a Phillips X’pert MRD system using a Cu Kα X-rays.  

X-ray Photoelectron Spectroscopy 

The surface sensitive technique of XPS was utilized to characterize the elemental 

and chemical species of samples before and after tribological testing. For this purpose, 

an Omicron Nanotechnology GhmB Al Kα (1486.7 eV) monochromatic X-ray source was 

used in conjunction with an Omicron Nanotechnology GhmB EAC2000-Sphera 

hemispherical, 7-channel analyzer. The system featured two X-ray anodes. The first 

was a small anode with a maximum operating power of 300 W. The second was a 

larger source with a maximum power of 400 W. Emitted X-rays diffracted from a curved 

quartz mirror to deliver and focus only Al Kα X-rays on the surface of the sample. The 

platen was electrically connected to an isolated ground. The sample stage was located 

at the end of the shaft of a 4D sample manipulator. The sample could be rotated a full 

360 degrees around the axis of the shaft. Measurements taken at different takeoff 

angles relative to the sample normal alter the sampling depth of the measured 

electrons. Higher takeoff angles lead to greater surface sensitivity. In general, most 

measurements were acquired at takeoff angles of 55˚. The emitted electrons were 

collected by the Sphera hemispherical analyzer using an electrostatic lens capable of 

focusing on specific areas of the sample and direct probing of photoemitted electron 

energies from microscopic locations on the sample surface. The electrons are 

energetically filtered within twin hemispheres of the analyzer. Applying a voltage across 

the hemispheres allows only electrons with a specific kinetic energy to reach the 

detector. Electrons with too much velocity will be collected on the outer hemisphere, 

while electrons slower than the specific energy are collected on the inner hemisphere. 
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Varying the voltage of the hemispheres allows the operator to collect a spectrum of 

intensities across a range of kinetic energies. Figure 2-6 schematically represents the 

photoemission process. The binding energies of the electrons can be calculated using 

the measured kinetic energy of the electron ( ), the energy of the excitation source 

( ), and the calibrated work function of the instrument ( )155. 

  (1-3) 

The Sphera 2000 analyzer was calibrated with a sputter cleaned, 99.99% pure 

(111) silver sample from Mateck, setting the measured silver 3d5/2 peak binding energy 

to 368.30 eV. However, the measured spectrum from an electrically insulating sample 

may not represent the correct binding energy. Consideration must be given to electrical 

charging effects at the surface. For samples with poor electrical conduction, the ability 

to replenish the surface with new electrons after photoemission becomes difficult during 

the course of the entire measurement or even from the start. Samples suffering from 

surface charging include oxides, nitrides, polymers, and other poor conductors. To 

correct this issue, charge neutralization of the sample surface is necessary.  

Charge neutralization uses additional sources of charged particles such as 

electrons and ions to electrically neutralize the sample surface during measurements. 

The initial surface charge for a non-conductive sample is positive. Electrons from an 

electron gun can be used to neutralize the positive charge caused by the depletion of 

surface electrons. Over time, the flux of incoming electrons from the electron gun (1.5 to 

3.0 eV) to the surface will overcompensate the emission of electrons caused by X-ray 

excitation. This leads to an excess negative charge at the surface. In turn, this can be 

addressed through an additional charge neutralization process. This entails the 

introduction of inert ions such as Ar+ at low kinetic energies (20 to 100 eV) to 
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counterbalance the negative charge, while limiting damage to the surface. The proper 

charge neutralization operation includes the simultaneous interaction of X-rays, 

electrons, and ions at the surface of a sample. While the peak binding energies can be 

properly measured for an insulating sample, the FWHM of the component peaks will 

increase due to the presence of charged particles around the sample. The charged 

particles will both expedite and retard the velocity of emitted electrons. The analysis 

chamber is equipped with both a 15 eV CN 10 electron gun and a 5 keV PHI FIG-5CE 

ion sputter gun to electrically neutralize the surface of nonconductive samples during 

measurements.    

A camera was mounted on the exterior of the analysis chamber to provide a video 

feed of the analysis area. The operator can then use the video image to determine 

which part of the sample is being probed. The sample analysis area was projected on 

the screen and the spatial limits for the largest, and middle sized apertures were traced 

onto clear plastic films that were place on the screen.  

Atomic Force Microscopy 

The characterization technique employed for both topographical and micro-

tribological measurement was the atomic force microscope. Atomic force microscopy 

(AFM) is a technique that monitors interfacial forces to detect atomic positions. The 

probe commonly used is a Si3N4 cantilever with an atomically sharp tip. As the probe tip 

descends closer to the surface, the tip undergoes first attractive then repulsive forces as 

the electron densities of the tip and sample interact. Upon physical contact, the strong 

repulsion between the electron clouds of the atoms of the tip and sample produce a 

deflection of the cantilever. Tip deflection can be detected by directing a light 

amplification stimulated emission ray (LASER) towards the reflective top of the 
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cantilever. The reflected beam then travels towards a four quadrant photodetector, 

figure 2-7. The spot intensity is adjusted to be located at the center of detector prior to 

beginning any measurement. With this setup, the physical deflection of the probe tip 

generates a voltage signal proportional to motions of the cantilever and the 

corresponding movement of the spot on the four quadrant photodetector. The position 

of the cantilever tip is controlled with the use of piezo-electrics. The design of AFM 

centers on the control of piezo-displacements so as to map out the deflection of the 

tip/cantilever as a function of location within the X-Y plane parallel to the sample.  

Two common practices in measuring the topography of a sample with AFM are the 

constant contact mode and the tapping mode. Constant contact imagining scans the 

surface of a sample so as to produce a constant normal deflection of the cantilever. The 

topography of the sample is represented in the piezovoltage used to maintain this 

condition. This method can also be used to detect the lateral deflection of the cantilever. 

The frictional forces acting on the probe tip are measured via the lateral motion of the 

spot across the photodetector quadrants.  

Tapping mode imaging oscillates a cantilever tip above the surface, near its 

resonance frequency, to produce the greatest controllable deflection amplitude possible. 

When the tip is brought close to the surface, the initial attractive forces acting on the 

probe tip are detected through changes in the amplitude and phase of the modulated 

signal. This allows the topography of the sample to be imaged without the risk of 

physical damage to the surface caused by the high contact pressures associated with 

direct contact imaging. 

Lateral force microscopy (LFM) is accomplished by calibrating the lateral 

deflection signal to an equivalent lateral force. This allows the detection of lateral or 
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friction forces as a function of position across the sample surface. While image quality 

may be affected by the topographic features on the surface, the approach allows the 

potential differentiation of chemical species on the surface. 

The AFM used in this series of studies was an Asylum Research model MFP-3D. 

Constant contact mode imaging was employed to allow simultaneous collection of both 

topographical and frictional force data. The cantilevers used were all Si3N4, triangular 

shaped sharp tip probes from Veeco with a stated normal stiffness of 0.58 N/m. The 

normal force response was calibrated using a thermal oscillation test, and the lateral 

force response was calibrated using the wedge method founded by Carpick120. 

Experimental Methodology 

There were several pin-on-disc experimental variables that were determined to be 

important to understanding the performance of solid lubricants. Foremost among them 

were the environmental conditions. Tests were conducted under ambient, 760 Torr air 

at 50% RH, 10-7 Torr vacuum, and partial pressures of the three main atmospheric 

components: 150 Torr oxygen, 8 Torr water vapor, and 610 Torr nitrogen. Humidity is 

known to be tribologically disadvantageous for MoS2. Under high vacuum and dry 

conditions, MoS2 has exhibited low friction, long life behavior, hence its utilization in 

space applications. However when humidity rises above 50% RH, the tribological 

performance of MoS2 deteriorates rapidly. Other experimental variables included the 

ball material, pin load, rotational speed, direction, and the number of cycles. These were 

kept constant for the individual studies of a specific lubricant system. After pin-on-disc 

testing, the samples were transferred under vacuum to the XPS analysis chamber. Core 

level photoelectron scans were taken of the elemental constituents of the films as well 

as of oxygen and carbon. To complement the macroscopic tribological measurements, 
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a set of atomic force microscopy scans using sharp Si3N4 tips were conducted. 

Topographical information was collected from scans ranging in size from 1μm to 40μm. 

Simultaneous friction force maps were measured from the scans 1μm to 10μm in size. 

From this characterization process, a set of carefully designed, complementary studies 

were able to identify the species dictating the tribological response in a number of solid 

lubricants systems.  
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Figure 2-1: Schematic of an Omicron GhmB platen shown with a mounted sample. 

 

Figure 2-2: Schematic of the platen sample holder mounted to the end of the 
magnetically coupled transfer arm rod. 
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Figure 2-3. Diagram of the vacuum complex with transfer arm system. 
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Figure 2-4. The symbol key for the vacuum diagram of the environmental test chamber and dosing system. 
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Figure 2-5. The vacuum diagram of the environmental test chamber and dosing system 
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Figure 2-6. The finalized SolidWorks design for the in-vacuo pin-on-disc tribometer. The 

tribometer arm is artificially colored gold. The platen is shown with a 14x10 
mm sample mounted on top of it. Tantalum strips are drawn to portray how 
the sample was secured.
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Figure 2-7. Schematic of the X-ray diffraction process. Values associated with Braggs’ 
law are labeled. 

 
 

Figure 2-8. Schematic of the X-ray photoemission process of a neon atom.
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Figure 2-9. Schematic of an atomic force microscope measurement 
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CHAPTER 3 
THE TRIBOLOGY OF TRADITIONAL SOLID LUBRICANTS 

Traditional Solid Lubricants 

In order to evaluate and understand the performance of modern solid lubricant 

coatings and the respective roles of their constituents, it is beneficial to study the 

materials on which many of the composites are based. From chapter 1, lamellar solids 

are just one group of solid lubricants. Within this group there are two common solid 

lubricants, graphite and MoS2. Figure 3-1 shows a model of their lamellar crystal 

structures. The first illustration is of highly oriented pyrolytic graphite (HOPG), figure 3-

1a. As can be seen, graphite has a lamellar crystal structure with hexagonal 

symmetry156. The stacking of the layers is an A-B-A configuration, in the sense that 

there is a lateral shift of the structure in alternating layers. Graphite’s intralayer carbon 

to carbon bonding is characterized by sp2 hybridization157,158. Interlayer bonding is 

controlled by much weaker van der Waals interactions. This leads to highly anisotropic 

properties, explaining the ease of cleavage of the layers. While graphite mechanically 

exhibits a low shear strength, it has a high thermal stability as indicated by its melting 

temperature of 3000 ˚C5. Although widely debated for decades, it is not general 

accepted that graphite’s ability to lubricate is dependent on the presence of water 

molecules159. Boron nitride (BN) has a similar crystal structure and has also been 

historically studied alongside graphite12,13,160,161.  

The second traditional solid lubricant studied in later chapters is MoS2-based 

(figure 3-1b). It too features a layered structure, but its layers are made up of trigonal 

prismatic bonding between Mo and S7,52. The trilayer of MoS2 consists of S-Mo-S 

sequences spread along the X-Y plane. The primarily covalent bonding between the 
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molybdenum and sulfur atoms satisfies all of the valence requirements between the 

sulfur and molybdenum atoms. The stacking sequence of the layers follows an A-B-A 

configuration, termed 2H-MoS2. Like graphite, this leaves only van der Waals forces 

interacting between layers of MoS2, creating a low energy system of planes along which 

shear easily occurs. MoS2 has a high melting point of 2800 ˚C5. Its tribological 

performance is limited to specific environments. The performance of MoS2 is known to 

be adversely affected under humid, ambient conditions. It has been reported that friction 

dramatically increases when the partial pressure of water is ≥50%162. The deterioration 

of tribological performance is accompanied by an increase in the oxidation of the 

molybdenum to form MoO3. The formation of MoO3 is thought to act as an abrasive, 

aiding the wear of the MoS2 lubricating film. As a result, MoS2 is best suited for vacuum 

applications and inert conditions109. Other compounds that possess similar layered, 

hexagonal structure include MoSe2, MoTe2, WS2, WSe2, NbSe2, TaS2, and 

TaSe2.
52,53,163-165 

Graphite is an inexpensive, common lubricant used in many industrial applications. 

Given that MoS2 was not commercially viable at the time, early aeronautical aircraft 

manufacturers chose graphite as the primary lubricant. However, it proved to be 

ineffective in the low moisture conditions of the high altitudes159,166,167. Engines and 

propellers were especially prone to failure, as illustrated by the almost 600 fuselages left 

on the slopes of the Himalayas, “the Hump,” during World War II168. Experimental 

studies from the 1940’s to 1960’s showed that graphite performed best in a water-rich, 

ambient environment, but was vulnerable to out-gassing in the absence of water vapor, 

especially in vacuum159. MoS2 displayed a complementary behavior, whereby it was 

optimal as a lubricant under vacuum and dry conditions, but negatively affected by the 
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moisture content in ambient169. To overcome the issue, a common practice was to mix 

MoS2 with graphite and other elements/compounds in order to improve the overall 

performance across a wide range of operating conditions19,170.  

Solid lubricants are a class of materials often characterized by their lamellar 

crystal structure. While one lubricant may have a similar atomic structure as another, 

their performance can vary dramatically depending upon both the compound and 

environment. Graphite is a solid lubricant commonly used for a variety of terrestrial 

applications given its low friction and wear behavior under ambient conditions. However, 

its performance in space environments is known to be extremely poor. Coatings used 

for space applications are instead often based upon molybdenum disulfide, MoS2. In 

commercial coatings, additives are also incorporated to enhance ambient lubricity, wear 

resistance, and product lifetime. These complex, composite coatings are constantly 

under refinement. A current generation of coatings incorporates Sb2O3.as well as 

graphite into MoS2 deposits. Such composites are intended to perform well in both 

ambient and vacuum environments due to the presence of graphite and MoS2. Under 

ambient conditions, graphite is thought to dominate the tribological interactions. As 

conditions change from ambient to vacuum, the role of solid lubricant transitions from 

graphite to MoS2. Extensive tribological research has shown that MoS2-Sb2O3-C 

composites achieve a low coefficient of friction and wear rate under ambient conditions. 

When in vacuum, its performance is similar to other MoS2-based coatings with a low 

coefficient of friction, <0.05, and a long lifetime. However, actual space conditions also 

include 5 eV atomic oxygen. This species is thought to lead to the deterioration and 

eventual failure of the coatings due to degradative reactivity of the lubricant 

constituents. 
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In order to evaluate the role of graphite in MoS2-Sb2O3-C coatings, it is necessary 

to establish a fundamental understanding of how environmental species interact and 

affect the tribological performance of graphite itself under the specific conditions being 

employed in subsequent measurements. Interactions with oxygen and water are of 

particular interest. It is well-documented that the presence of water is beneficial and 

necessary for lubricious tribological interactions159,158. The case of oxygen is less clear. 

The presence of oxygen has been reported to have both a positive and a negative effect 

on performance158,171. One study found, cycling between dry air and dry N2, that the 

coefficient of friction of graphite is similar between the environments. Inert gases such 

as nitrogen and argon have little effect on friction as their concentrations are 

changed161. Vacuum environments, representing an absence of atmospheric 

components, have been shown to promote high friction and high wear in graphitic 

samples159. Based on results such as these, there are several hypothesized causes for 

the low friction behavior of graphite under ambient conditions.  

The first and oldest theory, is that the anisotropic nature of the crystal structure 

lends itself to preferential shearing parallel to the planes172. This had to be modified to 

account for the environmental sensitivity of graphite. The modified theory stated that 

water acted as a vapor phase lubricant of the graphite surface, forming a monolayer of 

water under ambient conditions and lowering the free energy of the interacting 

surfaces166,173. Another theory suggested that shearing is accommodated by 

intercalation of small molecular species such as water and oxygen161. The intercalation 

is thought to lead to an expansion of the distance between carbon layers, thus lowering 

the energy required for shearing to take place. Evidence of intercalation has yet to be 
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verified in graphite samples and there is ample room to question the validity of the 

intercalation theory174.  

The second major theory suggests that wear and surface energetics play a major 

role in graphite tribology166. The basal plane of graphite has a low surface energy which 

minimizes frictional behavior upon motion175. However, given that mechanical 

deformation occurs upon sliding, edge sites become prevalent enough to dominate the 

tribological behavior174. The theory states that low friction arises due to passivation of 

the dangling bonds along the edge planes via hydrogen and oxygen atoms bonding to 

carbon edge sites176. This would also describe the opposite behavior observed in 

vacuum environments, whereby an absence of these passivating species results in high 

friction and wear. Experimental support for this theory is more prevalent. Numerous 

studies note the difference between humid, ambient conditions and vacuum tribological 

behavior159,161,177,178. Additionally, oxygen, water, carbon dioxide, and atomic hydrogen 

have all been shown to lower the coefficient of friction when present. Indirect support for 

a surface energy theory also comes from the success at creating amorphous carbon 

and even diamond-like carbon (DLC) films which maintain low coefficients of friction in 

vacuum when hydrogenated179-181. The fact that both amorphous carbon and DLC 

coatings perform poorly in vacuum but well in air underscores the potential similarity in 

mechanisms with graphite. The last support for the surface energy passivation theory 

stems from a study that found no increase in basal plane spacing for graphite when 

measured in vacuum, ambient air, or water saturated air182. The current understanding 

holds that surface energetics are the main controller in determining graphite tribological 

performance158,171,177. Our series of tests involving controlled environments of ambient 

component species and ozone with highly oriented pyrolytic graphite (HOPG) will 
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attempt to further verify or refute the edge passivation theory as well as to offer insight 

to why failure occurs for solid lubricant coatings containing carbon while in space but 

not during in-vacuo testing on earth. 

Experimental 

The sample used for tribological and spectroscopic analysis was an in house 5mm 

by 5 mm piece of HOPG The tests were always performed on a freshly cleaved surface, 

produced via the tape peel method. The sample was secured to an Omicron 

Nanotechnology GhmB platen via spot-welded tantalum strips. The in-vacuo pin-on-disc 

tribometer was based on a design by Brandon Krick and Gregory Sawyer85 with several 

modifications to allow it to fit into the environmental chamber and to allow sample 

insertion/extraction, figure 2-4. As described in chapter 2, the tribometer arm, rotating 

disc, and body are all made from titanium. Titanium is not only vacuum compatible, but 

also has a relatively high yield stress to elastic modulus ratio. This gives the tribometer 

arm the ability to experience greater forces without deformation, thus ensuring a larger 

range of accurate measurements. The rotating disc has a sample stage designed to 

accommodate the Omicron Nanotechnology GhmB platen, allowing for transport of the 

sample to other chambers for analysis and/or treatments. The tribometer was attached 

to a three-dimensional manipulator for maneuverability during the sample transfer 

process and operation. The pin was a 3.175 mm diameter, Si3N4 sphere purchased 

from McMaster-Carr. Gas was inlet to the chamber via a feed-through attached to the 

environmental chamber. Nitrogen and oxygen gases were purchased from Airgas. The 

water was deionized to an electrical resistance greater than 18 MOhms and stored in a 

glass vial connected through a stainless steel tube connected to the manipulator and 

directed at the sample’s surface with a 1/16 inch nozzle. The water sample was cleared 
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of atmospheric contaminants via multiple freeze, pump, and thaw cycles prior to 

introduction. 

The testing load was 0.5 N, as calibrated by a set of known masses suspended 

from the arm in both normal and lateral orientations. The sample was rotated at a speed 

of 5 rpm, in a clockwise direction for at least 300 cycles. The Hertzian mean contact 

pressure was calculated to be 240 MPa assuming a sphere on flat contact geometry. 

The property values assumed for the Si3N4 ball were a Young’s modulus of 310 GPa 

and a Poisson’s ratio of 0.24. HOPG was said to have a Young’s modulus of 36.5 GPa 

and Poisson’s ratio of 0.25. The resulting wear tracks were measured to have a 

diameter of 7 mm and be 40 µm wide. In order to generate wear tracks with sufficient 

width for spectroscopic measurements, a flattened pin head was employed. It was 

created by sanding a flat onto a 3 mm diameter, stainless steel ball with 1500 grit 

sandpaper for several thousand cycles.  

The raw normal and lateral signals were recorded as a function of time every 0.05 

seconds. These were then then averaged every 1.00 second and saved to a summary 

output file. The resulting coefficient of friction versus cycles graphs show an average of 

the summary data file for every cycle, 12 seconds. All samples experience a run-in 

period. As a result, all samples were run for at least 300 cycles in the given environment 

in order to establish a steady state behavior. The environmental chamber was equipped 

with a turbo molecular pump with a backing mechanical pump. The base chamber 

pressure was less than 5x10-8 Torr. Species were introduced after the chamber was 

isolated with a mechanical gate valve. The sample was tested in environments isolating 

each atmospheric component of interest, at partial pressures corresponding to those of 
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ambient conditions: air (760 Torr), vacuum (1x10-7 Torr), nitrogen (610 Torr), oxygen 

(150 Torr), and water (8 Torr).  

In a separate study, HOPG samples were treated with ozone (O3) from an Ozone 

Solutions ozone generator. Ultra-high purity (UHP) oxygen was used as a feedstock. 

The generated ozone was discharged within a fume hood or the stainless steel 

environmental chamber through the dosing line nozzle (760 Torr). For spectroscopic 

analysis of the wear track area, the sample was run under a constant ozone flux for 900 

cycles. All measurements were taken at room temperature 298K.  

Samples were analyzed before and after tribological testing using an Omicron 

Nanotechnology GhmB Al-Kα monochromatic (1486.7 eV) XPS source operated at 300 

W, together with a 7 channel Sphera hemispherical analyzer. The base pressure of the 

XPS chamber was 1x10-10 Torr. The energy analyzer was calibrated to an Ag 3d5/2 

binding energy peak of 368.0 eV. The analysis region had a high magnification diameter 

of 630 µm. The samples were oriented at a takeoff angle of 55°, defined as the angle 

between the analyzer axis and surface normal. XPS spectra were taken of the C 1s and 

O 1s energy regions. All core shell analyses were conducted at a 0.05 eV step size, 1.0 

second integration time, and 20 eV pass energy. XPS peaks were fit following a Shirley 

background subtraction method183 and assuming a 90% Gaussian-10% Lorentzian 

shape. Elemental concentrations were calculated from normalized peak areas using 

published atomic sensitivity factors184. 

Results 

The pin-on-disc testing of HOPG in different environments showed diverse 

responses as illustrated in the data of figure 3-2. The ambient performance of HOPG 

was confirmed to have low friction, low wear characteristics, figure 3-2a. There was little 
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visible dusting on the sample after running for 300 cycles. The average coefficient of 

friction, µ, between cycles 100 and 200 was calculated to be 0.070. This is in contrast to 

vacuum performance, which was confirmed to be extremely poor, figure 3-2b. The 

average coefficient of friction was not only larger, 0.165, but the recorded friction curve 

itself was erratic and increasing throughout the test, indicative of wear taking place 

during the course of the measurements. Wear was further verified through the presence 

of loose debris, or dust, near the wear track on the sample. 

Testing in pure, dry nitrogen showed a smaller average coefficient of friction 

(0.084) than vacuum, but slightly larger than ambient, figure 3-2c. The standard 

deviation was also larger than ambient testing. Upon visual inspection, there was some 

dust near the wear track. The tribology of HOPG in oxygen was measured to behave 

similarly to that of ambient. The average coefficient of friction was 0.070, with little to no 

dusting of the sample, figure 3-2d. This low friction, low wear behavior in an oxygen 

environment correlates with previous studies.  

The last ambient environmental component test concerned water. HOPG in a 

water saturated environment showed low friction, low wear performance on par with 

both ambient and oxygen conditions. The average coefficient of friction for water was 

0.075, figure 3-2e. Again, the signal variance was small and the friction value fairly 

constant throughout the test. This behavior is typical of HOPG low friction sliding.   

The theory of edge plane passivation would suggest that oxygen and water help to 

minimize friction by reducing the surface energy of HOPG. Given that our testing 

showed both oxygen and water to be beneficial in bringing about low friction, low wear 

performance, it is of interest to understand the role of a more reactive species of oxygen 

in influencing the tribological properties of graphite. These studies would also help to 
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understand how atomic oxygen plays a role in space tribological conditions. If indeed 

oxygen is an important passivator for HOPG, then exposure to ozone during ambient 

testing should yield information about how reactivity and oxygen in general affect 

tribological performance. The coefficient of friction versus ozone-rich conditions is 

shown in figure 3-2f. While the average coefficient of friction in ozone rich conditions is 

0.078, the overall effect of having ozone interactions with HOPG yields a fairly low 

friction, low wear outcome. This graph would suggest that oxygen as an element and 

the reactivity of a species is an important factor in enabling low friction behavior for 

HOPG.   

XPS measurements of HOPG were taken before and after 30 seconds of ozone 

exposure and over 3 hours of ozone exposure. Figure 3-3 shows the resulting carbon 

1s and oxygen 1s spectra. Freshly cleaved HOPG yields a carbon 1s peak at 284.10 

eV. This arises from the inert, basal C-C bond184,185. Asymmetry of the peak is 

noticeable and corresponds well with published graphite spectra157,186. The source of 

the asymmetry is unique to graphitic carbon and is believed to be caused by higher 

energy edge site photoemission. A broad feature around 291 eV is associated with π 

bonding of the sp2 hybridized C-C atomic bond157. There was no significant signal from 

the oxygen 1s spectrum. Upon a brief, 30 second exposure to ozone, the carbon 1s 

spectrum remains unchanged, however the oxygen 1s spectrum shows a two 

component formation. The larger component was fit at 531.60 eV and the smaller at 

533.05 eV. These are thought to be due to the dissociation of ozone at the carbon 

surface to create C=O and C-O bonds187. Given that there is no significant difference 

between the carbon 1s spectra of freshly cleaved HOPG and briefly exposed HOPG, 

the C-O species are thought to be too few to be readily discernable, given the inherently 
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small cross section of the carbon atom. A greater difference is found upon prolonged 

ozone exposure. A peak located at 288.20 eV is associated with C=O187,188.  

XPS measurements taken of prolonged ozone exposed HOPG at larger and 

smaller takeoff angles show the area percentage of the O 1s area to the C 1s area to 

increase with the takeoff angle. The percentage of O 1s ranges from 3.5 at% for 30 

degrees and increases to 8.0 at% at a takeoff angle of 75 degrees. Therefore, oxygen is 

seen to be relegated to the surface of ozone exposed, unworn HOPG. Figure 3-4 shows 

both the C 1s and O 1s spectra of ozone exposure HOPG at takeoff angles of 30, 55, 

and 75 degrees.  

In a separate experiment, XPS characterization of the wear tracks from operation 

under a flux of ozone for 900 cycles was done both inside and outside of the wear track 

(figure 3-5). Compositional analysis of the wear track shows it to contain less oxygen 

than the unworn area, 7 at% to 9 at% oxygen. The calculated oxygen composition of the 

unworn, ozone-exposed HOPG is increased further at a 75˚ takeoff angle, 10 at% to 15 

at% oxygen. Figure 3-5 portrays the carbon 1s and oxygen 1s difference spectra of the 

wear track and the unworn area.  

The first set of experiments verifies the interaction of ozone species with the 

surface of HOPG. The accumulation of C-O and C=O species onto the nascent HOPG 

surface. Wear tracks produced under a flux of ozone still show the presence of a C=O 

species. This indicates that while there is less oxygen within the wear track than outside 

of it, the presence of oxygen does not automatically lead to increased wear. Dusting of 

the graphite surface was confirmed by the presence of visible debris on the surface 

primarily by sliding under 10-7
 Torr vacuum and was less pronounced under 610 Torr 

nitrogen.  
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Conclusions 

The contrast between ambient and vacuum sliding over HOPG was dramatic. 

Sliding in humid air exhibited a smooth, low friction behavior, while under vacuum, both 

the friction signal and deviation increased, indicative of wear. There was no 

environmental effect of sliding under partial pressures of the reactive atmospheric 

species, oxygen and water. In fact, it was only under an environment of 610 Torr 

nitrogen, that could induce some wearing of the sample surface, however the friction 

signal remained relatively low, 0.086. This suggests that low friction behavior of HOPG 

is not inherently linked with available oxygen or water molecules. Wear however is 

strongly affected by the absence of reactive species. The presence of a highly reactive 

ozone species on the near surface of the wear track does not produce significant wear, 

or a higher coefficient of friction.is essential for continued low friction behavior. This 

correlates with previous studies that indicated that oxygen acted as an edge passivating 

species for graphitic samples82,158,161,173,189. The presence of a highly reactive species 

such as ozone produces favorable bonding of oxygen with exposed carbon dangling 

bonds throughout the tribological interaction. The loss of oxygen throughout the wear 

process would explain the difference in oxygen content between the wear track and off 

of it. There is not an appreciable chemical difference between inside and outside the 

wear track, meaning that the presence of oxygen within the wear track does not 

adversely affect the tribological performance of HOPG films. The oxygen 1s spectrum 

presents a similar story. There is only a reduction in the intensity of the spectrum inside 

the wear track than outside. 
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A   B  
 
Figure 3-1. The crystal structure models of traditional solid lubricants A) graphite with 

four atomic layers, and B) MoS2 showing four molecular layers. Molybdenum 
atoms are colored purple and sulfur atoms are yellow. 
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A      B  

C     D  

E      F  
 
Figure 3-2. Average coefficient of friction versus cycles for highly oriented pyrolytic 

graphite pin-on-disc testing in A) Air 50% RH, B)Vacuum, C)Nitrogen, 
D)Oxygen, E)Water, and F) Ozone exposure environments 
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A      B  

Figure 3-3. X-ray photoelectron spectroscopy measurements of freshly cleaved highly 
oriented pyrolytic graphite, after 30 second exposure to ozone, and after 3 
hours of exposure to ozone A) Binding energy adjusted and area normalized 
carbon 1s spectrum B) Binding energy adjusted oxygen 1s spectrum 

A      B  

Figure 3-4. X-ray photoelectron spectroscopy measurements of freshly cleaved highly 
oriented pyrolytic graphite after 3 hours exposure to ozone at takeoff angles 
of 30, 55, and 75 degrees of the A)carbon 1s spectrum and B)oxygen 1s 
spectrum 
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A      B  
Figure 3-5. X-ray photoelectron spectroscopy measurements of OFF wear track, ON 

wear track, and the ON-OFF wear track difference of highly oriented pyrolytic 
graphite run in ozone for 900 cycles A) Carbon 1s spectrum B) Oxygen 1s 
spectrum 
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CHAPTER 4 
THE TRIBOLOGY OF MOS2-SB2O3-AU COMPOSITE COATINGS  

Introduction 

In the world of solid lubricants, molybdenum disulfide (MoS2) is primarily used in 

dry, water free environmental applications. Its lubricity is thought to derive from its 

layered crystal structure containing S-Mo-S intralayer bonds. However the performance 

of MoS2–based lubricants suffers when water is introduced to the operating 

environment. To solve this problem, additives such as Au29,30, Ti44, WSe2
51,63, PbO23, 

Sb2O3
67 and many other elements/compounds have been incorporated into deposited 

films, aiming to address a range of issues in film performance.  

Based upon more than two decades of research, investigators have developed 

several mechanisms thought to be responsible for the improvement of ambient MoS2-

based coating lifetimes. For example, it has been hypothesized that soft metals, such as 

Au, assist by densifying the microstructure of the film and enhancing the favorable (002) 

orientation of MoS2.
29,30 Inter-metallic elements such as Ti are thought to enhance the 

hardness of the material and decrease the oxidation rate of Mo by serving as the more 

thermodynamically reactive metal26. The incorporation of Ti into MoS2 has resulted in a 

lower wear rate compared to pure MoS2. Substitutional additives such as W and WSe2 

are thought to produce localized strain within the layer, leading to decreased oxidation 

and preferential orientation63. The incorporation of oxides like PbO and Sb2O3 has been 

shown to play several roles. PbO has been shown to densify the microstructure as well 

as to react with Mo at higher temperatures and stabilize the film23,66,84. Sb2O3 is thought 

to be a mechanically stabilizing phase existing just beneath the uppermost MoS2 

layers65. 
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Today, composite films comprised of MoS2, Sb2O3, and Au are widely used for 

lubricating mechanical components in space. While new coatings are currently under 

development, there still remain many unanswered questions regarding the mechanisms 

governing the performance of MoS2-Sb2O3-Au films over a wide range of environments. 

In a recent paper, Scharf et al99, used focused ion beam techniques (FIB) and 

transmission electron spectroscopy (TEM) to show that the particle size and 

concentration of gold increases at the surface as a result of tribological interactions. 

This effect was most evident with sliding under humid, ambient conditions. Testing 

under dry nitrogen conditions resulted in the formation of larger gold nanoparticles near 

the surface, with a (002) oriented MoS2 phase present at the sliding interface. Testing 

under ambient, 50% RH, resulted in more severe agglomeration of gold. The wear track 

surface was found to consist of both a crystalline, gold phase with a (111) orientation 

and a (002) oriented MoS2 phase. The transfer film on the ball was solely (002) MoS2. 

The presence of crystalline gold at the surface was credited for the resulting increase in 

friction, leading to a calculated shear strength value nearly doubled for the film under 

ambient than dry nitrogen conditions. There was little difference in the wear rates for the 

two environments over both short and long term testing. The present study seeks to 

examine the effect of exposure to environmental components on the tribological 

properties of MoS2-Sb2O3-Au commercial coatings.  The study has investigated the 

change in interfacial properties (mechanical, chemical and morphological) that occur 

during sliding and attempts to verify the role of MoS2, Sb2O3, and Au within such active 

interfaces. 
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Experimental 

Samples 

MoS2-Sb2O3-Au samples were magnetron-sputtered and burnished onto (100) 

silicon sections by Hohman Plating Inc of Dayton, Ohio. The thickness of the samples 

was 1-2 µm as stated by the company’s specifications. The sample substrate 

dimensions were 14 mm by 10 mm allowing direct mounting onto Omicron 

Nanotechnology GhmB platens for use with both the pin-on-disc tribometer and sample 

transfer to the XPS analysis chamber.  

X-ray Diffraction 

The low angle XRD measurements were performed in the UF’s MAIC facility, with 

the assistance of Dr. Valentin Craciun using their Phillips X’pert MRD system with a Cu 

Kα1 X-rays. Measurements were taken at 5° incidence to increase the surface sensitivity 

of film analysis. The measurement was taken with a step size of 0.02°. The temperature 

was ambient, 25 °C. 

Pin-on-Disc Tribometry 

The pin-on-disc tribometer features a rotating sample stage holder attached 

directly to a drive shaft of a Maxon vacuum-compatible motor with an 84:1 reducer 

gearbox. The tribometer arm is equipped with strain gauges to measure normal and 

lateral forces during operation and was calibrated using standardized masses. The ball 

was made from 440C steel. A flat was produced on the ball by polishing with 

increasingly fine sandpaper, up to a maximum of 1500 grit, in order to increase the 

contact area. The diameter of the flattened section was approximately 1mm, in turn 

producing the wider wear track needed for subsequent analysis. Films were run in each 

experimental condition twice for 5000 cycles each time. Table 4-1 shows the 
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parameters of the pin-on-disc tests. The width of each wear track varied with the 

environmental condition, with the largest being at least 800 µm via optical microscopy. 

Normal and tangential force signals were collected every 50 milliseconds; this data 

was averaged at 1 second intervals and saved to a summary data file. The summary 

data was then averaged again at 12 second intervals to generate an average friction 

coefficient for each cycle; these were plotted as the average coefficient of friction per 

cycle in figure 4-5. The coefficient of friction reported for a specific environmental 

condition represents the average of cycles 1000-5000. Uncertainty in measured friction 

coefficient is better than 0.002, which is substantially less than the variation of the 

measured friction coefficient85. 

X-ray Photoelectron Spectroscopy 

An Omicron Nanotechnology GhmB Al Kα (1486.7 eV) monochromatic XPS source 

was used with an EAC2000-Sphera hemispherical, 7-channel analyzer. Calibrated with 

a 99.99% pure silver sample to measure a silver 3d5/2 peak at 368.30 eV, the number 3 

aperture gave an electron collection area of 700 µm in diameter. All XPS core spectra 

were taken using a step size of 0.05 eV, and a pass energy of 20 eV. The elemental 

cores measured were molybdenum 3d, sulfur 2p, antimony 3d, oxygen 1s, carbon 1s, 

and gold 4f. The antimony 3d and oxygen 1s core spectra occur within the same binding 

energy range and thus were measured together. Sensitivity factors for quantitative 

analysis assumed a 90 degree relationship between the incident X-rays and the 

electron analyzer.184 All 4f peak splits were fixed to a 3:4 area ratio, 3d peak splits to a 

3:2 area ratio, and 2p peak splits to a 2:1 area ratio. The full-width at half maximum 

(FWHM) of peaks corresponding to specific species was constrained to be the same 

throughout the series of measurements. All peaks were fitted with a 90% Gaussian, 
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10% Lorentzian shape. A fitting algorithm, minimizing the squared sum of the difference 

between the artificial peaks and the measured spectrum, was used to finalize the overall 

peak fit. Fitting was complete when the value of the standard deviation of the residual 

spectrum was less than 2.0.  

Atomic Force Microscopy 

An Asylum Research MFP-3D operated in constant contact mode to analyze both 

the as-received films as well as the wear tracks of air and vacuum. The approach 

employed a Si3N4, cantilever/tip assembly possessing a normal spring constant of 0.61 

N/m. The size and distribution of components within the film surfaces were analyzed 

through the detection of lateral forces, according to previously described procedures.  

Results 

As-Received Film Characterization 

The as-received films were characterized for both crystallography and 

microstructure. The illustration of the XRD analysis testing is presented in figure 4-1. 

The results of the low angle analysis are given in figure 4-2. The measurement shows 

no dramatic peaks associated with a crystalline sample. The broad intensity formation 

around 15˚ could originate from MoS2, but overall, the profile is more representative of 

an overall amorphous microstructure and matches well with other XRD measurements 

of similar coatings containing antimony oxide constituents49,99. Also of note is the 

absence of any peaks originating from the substrate. This suggests that depth of 

analysis was shallower than the film thickness. Another symmetrical scan about the 

normal axis of the coating reinforced the amorphous microstructure with a similar scan 

profile. 
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Figures 4-3 to 4-5 are images taken with the AFM of the as-received film at 

different scan sizes and of different features within the microstructure. The first set of 

images was taken from 20 μm to 1 μm, figure 4-3. The microstructure is made from sub-

micron sized, agglomerated features dispersed throughout the film. A majority of the 

film’s microstructure can be accurately represented by these images. The surface 

roughness as measured for the 20 μm scan was 33 nm. Roughness decreased slightly 

to 25 nm in the 2 μm size scan. 

There were two noteworthy features located within the microstructure. The first 

was single smooth, micron-sized feature that exhibited a lower friction behavior than its 

surroundings, figure 4-4. The images were taken at 10 μm, 5 μm, and 2 μm scan sizes. 

The left column features the topographical images and shows the relative heights of the 

surface with increasing magnification. The feature is difficult to resolve in the 

topographical imagining method, but can be identified by its straight polygonal shape, 

size and relatively smooth surface. Looking at the right column highlights the feature 

very well, figure 4-4d to 4-4f. The right column is of images taken simultaneously with 

the ones on the right, but these were captured using the lateral force microscopy 

method. The low intensity regions are indicative of a measured relatively lower friction 

force interacting on the scanning AFM tip. Due to the constituency of the as-received 

film, this feature is assumed to be MoS2. Au and Sb2O3 are not expected to display such 

a low value friction signal based upon previous measurements and experience. 

The last set of AFM images were taken of a void in the microstructure, figure 4-5. 

The topographical image of the void is best represented in the first image, figure 4-5a. 

The scan sizes were taken from 40 μm, 20 μm, and 10 μm. The magnitude of the 
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vertical change between the side walls of the void and the surface of the microstructure 

affects the intensities displayed to the left and right of the void as the tip scans across 

the feature.  

Pin-on-Disc Tribometry 

Pin-on-disc testing of the MoS2-Sb2O3-Au coatings showed a strong dependence 

on environment (figure 4-6). The average coefficient of friction measured in ambient air 

of 50% relative humidity was 0.156 from cycle 1000 to 5000. In contrast, the average 

coefficient of friction within the same range of cycles in vacuum was 0.054. Oxygen had 

some effect on the film’s tribological performance, as reflected by an average coefficient 

of friction of 0.068. However, it was the presence of water that dramatically increased 

friction between the pin and the film, resulting in an average coefficient of friction similar 

to that in air, 0.132. These results, measured under well characterized and carefully 

defined environments, serve to confirm the relationship between the water in the 

atmosphere and poor tribological performance of MoS2-based films.  

X-ray Photoelectron Spectroscopy Measurements 

Illustrations showing the sample analysis configuration used in the XPS 

measurements of MoS2-Sb2O3-Au coatings on and off of the wear track are shown in 

figure 4-7. Characteristic XPS spectra for the as-received film and the wear track in air 

are shown in figure 4-8. The left-hand set was taken from outside the wear track while 

the right-hand set was measured from within the wear track. The first row contains the 

Mo 3d spectrum. Splitting of the Mo 3d5/2 and 3d3/2 peaks was set to have an energy 

difference of 3.1 eV184. MoS2 peaks were identified at binding energies of 229.0 eV and 

232.1 eV184,190. MoO3 peaks were assigned at binding energies of 232.2 eV and 

235.3eV41. The remaining minor portion of the spectrum is said to be sulfur deficient 
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MoS2-x, at 230.3 eV and 233.4 eV, corresponding to results of sputtering studies of 

MoS2, which showed a linear relationship between the oxidation state of molybdenum 

and its binding energy113. The convoluted S 2p spectrum arose from a number of 

species; for each, a 2p split of 1.18 eV184. In fitting the spectra, peaks assigned to MoS2 

species were restricted to a 2:1 area ratio. Sulfur peaks associated with this assignment 

appear at 161.7 eV and 162.9 eV110,184. For fitting purpose, a 1.33:1 area ratio was set 

for the sulfur-deficient MoS2 species, with slightly higher binding energies of 163.0 eV 

and 164.2 eV113. The species was not thought to be a reduced form of Sb2O3 due to the 

unfit area within the S 2p spectrum and the absence of an intensity in the O 1s 

spectrum. The Sb 3d and O 1s spectra are inherently overlapped and were the most 

technically challenging to assign. Sb 3d peaks at 530.7 eV and 540.0 eV were assigned 

with a peak splitting of 9.34 eV to Sb2O3 species184,191,192. Although this is higher than 

530.0 eV, often listed value in literature, this gave a consistent fit throughout the series 

of measurements. The O 1s peak from both the MoO3 and Sb2O3 were assigned to an 

intensity at 530.7 eV, consistent with the little difference between the species reported 

in literature184,193. Also in this spectral region, intensity at 531.7 eV and 532.4 eV were 

attributed to C=O and C-O species188,194. The C 1s spectrum is not shown, but the fit of 

O 1s at these energies was strictly guided by the stoichiometric relations to the C 1s 

species’ peak areas. The last component of the films, Au, was determined to be metallic 

and agreed with the established Au 4f values at 84.2 eV and 87.9 eV184. 

Interfacial sliding in air was observed to result in compositional changes, marked 

by an increase in MoS2 at the surface of the wear track. In all experimental conditions, 

the solid lubricant was found to be more prevalent in the wear tracks than in the as-
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received films themselves. This is most evident after operation under vacuum. Figure 4-

9 displays the changes in relative ratios of film constituents, derived from the 

quantitative fits of the XPS spectra, performed in accordance with the procedures 

outlined above. Unique to vacuum operation, the Sb 3d spectrum confirms the formation 

of metallic Sb, likely as a result of the mechanical deformation of the Sb2O3 particles in 

an oxygen free environment. It is hypothesized that as tribological interactions continue 

under this environment, oxide particles lose oxygen atoms to the film or more likely, to 

the low pressure surroundings. 

Measurements taken from the film itself and an area containing the wear track 

produced while sliding under an oxygen environment show an expression of MoS2 at 

the surface. Both the MoS2:MoO3 and MoS2:Sb2O3 have positive changes of 20.71% 

and 11.51% in value. The change of MoS2:Au and S:Au values showed a trend similar 

to sliding under vacuum, with a positive change of in the ratios of 6.04% and 4.45%. 

These results suggest that the amount of sulfur relative to molybdenum in MoS2 

decreases while sliding under vacuum and oxygen. Given that MoS2:MoO3 was shown 

to increase at the surface, the oxygen of the environment could be substituting with 

vacant sulfur sites during sliding. However, the oxygen itself does not react completely 

with MoS2, but instead produces MoS2-xOx species. This effect has been seen before by 

Lince93,195, who determined that some oxygen substitution into the MoS2 lattice aided in 

reducing the friction of sputtered MoS2 films.  

Sliding in partial pressures of water produced high friction, similar to the values 

obtained while sliding in 50% RH air. The spectroscopic measurements of wear track 

produced under 8 Torr water reveals a negative ratio change of MoS2:MoO3. This can 
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be interpreted as being indicative of either extensive oxidation of MoS2 to MoO3 within 

the wear track or as a decrease in the overall MoS2 surface expression in favor of 

another species.  This is the only environmental condition that yields an increase of 

MoO3 at the surface. Thermodynamically, the oxidation of MoS2 to MoO3 is 

nonspontaneous with water as a reactant. This process is correlated with a reduction in 

the MoS2 to Sb2O3 ratio. The constituent ratios involving Au reveal a decrease for all 

three ratios, MoS2:Au, S:Au, and Sb2O3:Au, indicating that Au does not appear to 

significantly contribute to the tribological response under humid conditions. Therefore, 

sliding under water saturated conditions is viewed to lead to the oxidation of the solid 

lubricant, MoS2, producing a higher friction than observed in either vacuum or oxygen 

environments.  

According to the findings of Scharf et al99, gold is believed to crystallize at the 

surface of MoS2-Sb2O3-Au films under ambient conditions. From the results presented 

here, it is noted that MoS2:Au, S:Au and Sb2O3:Au all decreased, with respect to their 

presence in the as-received film, after sliding under ambient conditions. For sliding 

under vacuum conditions, a decrease in the Sb2O3:Au ratio potential results from 

breakdown of oxide particles during testing. Unlike for ambient conditions, this is 

observed in the absence of decreases in other ratios involving gold. It is noted that the 

~1 at% of Au in the near surface region renders the assignment of compositional 

differences difficult. 

Topography and Microtribometry Measurements 

Optical photographs of the atomic force microscope (AFM) tip over the analysis 

area of the film are shown in figure 4-10. AFM contact mode images of the MoS2-Sb2O3-

Au coatings indicated the films to be comprised of micron sized clusters of particles 
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appearing as a collection of nodules across the surface (figure 4-11). Topographical 

images are shown for the wear tracks produced under 760 Torr air (figure 4-12), 10-7 

Torr vacuum (figure 4-13), 150 Torr oxygen (figure 4-14), and 8 Torr water vapor (figure 

4-15) environments. The wear tracks produced under air, vacuum, and oxygen 

environments show a densified microstructure. Sliding under water generated a surface 

topography characterized by micron-sized pores. Figure 4-16 displays the topographical 

and lateral force maps for the as-received film, the wear track of a sample run in air, and 

the wear track created in a vacuum environment. Additional images of the wear tracks 

produced by sliding under oxygen and water are shown in figure 4-17. The oxygen wear 

track had a uniform friction force map with an average value of 60 nN, while the water 

produced wear track had a lower average friction force value of 27 nN. For the water 

surface, the average friction was dominated by the large areas across the smooth film 

surface, while areas within pores exhibited higher values.  

The roughness value of the as-received MoS2-Sb2O3-Au coating was high, 30.4 

nm for the 20 μm scan size. The roughness values decreased within the wear tracks. 

The roughness was highest in wear tracks produced in 8 Torr water, (21.7 nm) and the 

lowest value attained under vacuum (16.1 nm). When measured in air, the as-deposited 

film surface exhibited an average lateral force signal approximately three times greater 

than that within the wear tracks produced in air. Across the surface of this wear track, 

individual components are distinguished through localized regions of higher (~2X) 

friction. Similar lateral force measurement of the wear track formed in vacuum revealed 

the surface to consist of regions of low friction decorated with isolated points of high 

friction. The regions of higher intensity friction within the ambient wear track are 
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consistent with an enhanced presence of Sb2O3, or more likely, Au at the surface, given 

that the XPS data suggest ambient wear track composition changes in favor of Au over 

Sb2O3. Because the AFM measurement were conducted in air, the wear tracks 

generated under ambient and vacuum conditions do not exhibit large differences in 

frictional character as seen in the pin-on-disc measurement. These results are 

consistent with prior AFM investigations of compositionally pure MoS2 interfaces. 

Instead, the present AFM results are seen to primarily confirm the restructuring of the 

MoS2-Sb2O3-Au composite film surface to consist of flattened terraces decorated by 

regions of higher friction.  

Conclusions 

Environmental testing under ambient and vacuum conditions, as well as under 

partial pressures of oxygen and water was found to produce differences in the 

tribological behavior, composition, and microstructure of MoS2-Sb2O3-Au films. As with 

most MoS2-based films, vacuum conditions produced the most favorable tribological 

performance. There, a low coefficient of friction correlates with an enhancement of the 

MoS2 composition within the wear track area. In contrast to the vacuum results, sliding 

under ambient 50% RH conditions produced interfaces exhibiting high friction, 

accompanied by a decrease in Sb2O3 composition and possible decomposition to 

elemental Sb within the wear track. The microstructure of the wear tracks were smooth, 

yet displayed the potential contribution of high friction components across the film 

surface. Testing in water-saturated conditions yielded a higher coefficient of friction, but 

little additional information was taken from the spectroscopic measurement in terms of 

compositional alterations. Oxygen was found to play a very limited role in tribological 

behavior and no significant composition changes were measured. At the root of the 
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performance of this composite film coating, it appears that the expression of gold at the 

surface during ambient operation serves to define the ultimate tribological behavior for 

the material under these conditions. Furthermore, the systematic testing in well 

controlled environments allows water to be identified as the primary species responsible 

for this surface compositional change, although the exact mechanism by which this 

transformation occurs is yet to be resolved. 
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Figure 4-1. Illustration of low angle X-ray diffraction measurement of MoS2-Sb2O3-Au 
coating. The red colored region indicates the approximate area of sampling. 
The incident angle for this measurement was 5˚. 

 

 
Figure 4-2. X-ray diffraction measurement of MoS2-Sb2O3-Au coating taken at a α angle 
of 5˚ 
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A      B  

C     D  
 
Figure 4-3. Atomic force microscopy topographical images of the as-received MoS2-

Sb2O3-Au coating taken at A)20 μm scan size, B)10 μm scan size, C)5 μm 
scan size, and D)2 μm scan size. All images were taken using a 0.58 N/m 
sharp cantilever in constant contact mode of 1 Volt. Intensity scales are set 
equal to each other for ease of comparison. 
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A     D  

B     E  

C     F  
 
Figure 4-4. Atomic force microscopy topographical images of the low friction feature 

within the as-received MoS2-Sb2O3-Au coating taken at A)10 μm B)5 μm C)2 
μm and the concurrent lateral force signal maps taken at D)10 μm E)5 μm, 
and F)2 μm. Lateral force magnitude scales with intensity. All images were 
taken using a 0.58 N/m sharp cantilever in constant contact mode of 1 Volt. 
Intensity scales are set equal to each other for ease of comparison. 
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A      B  

C  
 

Figure 4-5. Atomic force microscopy topographical images of the void feature within the 
as-received MoS2-Sb2O3-Au coating taken at A)40 μm B)20 μm C)10 μm. All 
images were taken using a 0.58 N/m sharp cantilever in constant contact 
mode of 1 Volt. Intensity scales are set equal to each other for ease of 
comparison. 

Table 4-1: The parameters of MoS2-Sb2O3-Au pin-on-disc tests 

Operating Parameter Value 

Normal load 1.0 N 

Disc rotation speed 5 rpm 

Cycles 5000 

Wear track diameter 7 mm 

Linear sliding speed 1.9 mm/s 

Contact pressure 1 MPa 

Temperature 25 ºC 

Environment 760 Torr air at 50% RH 

 150 Torr oxygen 

 8 Torr water 

 10-7 Torr vacuum 
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Figure 4-6. Graph showing the average coefficient of friction versus cycles of MoS2-

Sb2O3-Au coatings under different environmental conditions for 5000 cycles 
clockwise. 

A      B  
 
Figure 4-7. Illustrations of X-ray photoelectron spectroscopy measurements taken of 

A)As-received MoS2-Sb2O3-Au coating and B)Wear track produced under 
different conditions. The red colored regions indicate the approximate area of 
sampling. All measurements were taken at a take-off angle of 55˚. 
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Figure 4-8. X-ray photoelectron spectra of unworn MoS2-Sb2O3-Au A) Molybdenum 3d 
spectrum B) Sulfur 2p spectrum C) Antimony 3d and Oxygen 1s spectra D) 
Au 4f spectrum and MoS2-Sb2O3-C wear track under air (50% RH) E) 
Molybdenum 3d spectrum F) Sulfur 2p spectrum G) Antimony 3d and Oxygen 
1s spectra and H) Au 4f spectrum. 
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Figure 4-9. X-ray photoelectron spectroscopy measurements of the change in the ratio 
from off the wear track region to on the wear track region of MoS2-Sb2O3-Au 
coatings. 

 

A                 B  
 
Figure 4-10. Optical images of atomic force microscope cantilever measurement 

positions on A) as-received MoS2-Sb2O3-Au coating and B) the wear track 
produced in air. 
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A      C             

B    D  

Figure 4-11. Atomic force microscopy topographical images of the as-received MoS2-
Sb2O3-Au coating taken at A)10 μm scan size B)2 μm scan size, and of the 
wear track produced in air 50% RH taken at C)10 μm scan size D)2 μm scan 
size. All images were taken using a 0.58 N/m sharp cantilever in constant 
contact mode of 1 Volt. 
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A      B  

 

C      D  

Figure 4-12. Atomic force microscopy topographical images of wear track of the MoS2-
Sb2O3-Au coating produced by sliding under 760 Torr air (50% relative 
humidity) taken at A)20 μm scan size B)10 μm scan size, C)5 μm scan size, 
and D)2 μm scan size. All images were taken using a 0.58 N/m sharp 
cantilever in constant contact mode of 1 Volt. 
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A      B  

C      D  

Figure 4-13. Atomic force microscopy topographical images of wear track of the MoS2-
Sb2O3-Au coating produced by sliding under 10-7 Torr vacuum taken at A)20 
μm scan size B)10 μm scan size, C)5 μm scan size, and D)2 μm scan size. 
All images were taken using a 0.58 N/m sharp cantilever in constant contact 
mode of 1 Volt. 
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A      B  

C    D  

Figure 4-14. Atomic force microscopy topographical images of wear track of the MoS2-
Sb2O3-Au coating produced by sliding under 150 Torr oxygen taken at A)20 
μm scan size B)10 μm scan size, C)5 μm scan size, and D)2 μm scan size. 
All images were taken using a 0.58 N/m sharp cantilever in constant contact 
mode of 1 Volt. 
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A      B  

C      D  

Figure 4-15. Atomic force microscopy topographical images of wear track of the MoS2-
Sb2O3-Au coating produced by sliding under 8 Torr water taken at A)20 μm 
scan size B)10 μm scan size, C)5 μm scan size, and D)2 μm scan size. All 
images were taken using a 0.58 N/m sharp cantilever in constant contact 
mode of 1 Volt. 
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Figure 4-16. Atomic force microscopy topographical images of various MoS2-Sb2O3- Au 
coatings A)As-received MoS2-Sb2O3-Au coating, B)Wear track created under 
ambient 50% RH, C)Wear track created under 10-7 Torr vacuum and 
concurrent lateral force maps of D)As-received MoS2-Sb2O3-C coating, 
E)Wear track created under ambient 50% RH, and F)Wear track created 
under 10-7 Torr vacuum. Intensity scales have been set constant for both 
topographical and lateral force maps. All images were taken using a 0.58 N/m 
sharp cantilever in constant contact mode of 1 Volt 
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A      B  

C        D  

Figure 4-17. Atomic force microscopy topographical images of MoS2-Sb2O3-Au coating 
A) wear track of the produced by sliding under 150 Torr oxygen, B) wear track 
produced by sliding under 8 Torr water and concurrent lateral force maps of 
C) wear track of the produced by sliding under 150 Torr oxygen, and D) wear 
track produced by sliding under 8 Torr water. Intensity scales have been set 
constant for only the lateral force maps. All images were taken using a 0.42 
N/m sharp cantilever in constant contact mode of 1 Volt 
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CHAPTER 5 
THE TRIBOLOGY OF MOS2-SB2O3-C COMPOSITE COATINGS  

Introduction 

As an essential component to the deployment and operation of increasingly 

complex space apparati, solid lubricants are constantly asked to deliver reliable, low 

friction performance over a variety of environmental conditions2,6. Molybdenum disulfide 

(MoS2) is a common industrial solid lubricant with a layered crystal structure that has 

been relied upon for many decades7,8. The drawback to using MoS2 is its sensitivity to 

environmental conditions169,22,162. Operation under humid, ambient conditions has been 

found to lead to high friction, wear, and premature failure149. In the past, materials such 

as gold29,30, titanium44, lead35, carbon196,77,19 tungsten diselenide (WSe2)
51 and antimony 

trioxide (Sb2O3)
64,65 have been evaluated as additives in an effort to address this 

problem. 

Molybdenum disulfide was tested as a solid lubricant in the early 1940’s with work 

continuing into the following decades aimed at explaining its inherent low friction 

behavior, the source of environmentally driven high friction, and substrate 

optimization197,170,198,13,17,9. The 1980's and 1990's saw an explosion of research into 

additives for MoS2, their effectiveness, and the theory of their functions.  

In the last decade, the focus of solid lubricant design expanded to the 

development of adaptive films to provide low friction across a wider range of operating 

conditions as well as cyclical applications between different extreme environments. This 

goal was pursued through the incorporation of a second lubricating constituent, creating 

ternary, even quaternary component films6,16,70,87,199-202. MoS2-Sb2O3-C is one such 

adaptive coating, combining the proven vacuum tribological performance of MoS2 with 
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graphitic carbon, commonly used for ambient, lubrication applications159,83. While there 

are only a few reports on this particular class of coating, they are generally thought to 

function by preferential constituent migration towards the active interface, with the top 

constituent becoming the primary lubricant. Secondary migration has also been 

observed and is thought to play a mechanical role supporting the active lubricant layer 

and providing a barrier to crack propagation, which can lead to wear and premature 

failure.  

Prior reports of the tribology of MoS2-Sb2O3-C coatings are extremely 

limited83,203,85. Zabinski et al83., utilized Auger, Raman, and energy dispersive 

spectroscopy (EDS), SEM, and TEM to investigate the wear track of this coating 

produced under different environmental conditions. Tribological testing of the coatings 

demonstrated high friction behavior for an ambient, humid environment, and low friction 

for both vacuum and dry nitrogen environments. Hamilton, et al203. have also 

demonstrated low friction, low wear performance for these same coatings under dry 

nitrogen conditions. The Zabinski study reported evidence that the constituents present 

in the wear track change depending upon the operating environment. MoS2 was 

measured to be the main component of tracks worn in vacuum and dry nitrogen 

conditions. The wear track in air was dominated by graphitic carbon and Sb2O3 

according to AES measurements. Raman spectroscopy measurements did not detect a 

Sb2O3 signal. Tunneling electron micrographs and energy dispersive spectroscopy 

show carbon to be concentrated both at the tribological interface as well as surrounding 

the larger Sb2O3 particles immediately below the interface. Environmental cycling 

between dry nitrogen and ambient conditions yielded wear tracks with distinct Raman 

spectra. The evidence pointed towards MoS2 acting as the primary lubricant in a dry 
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nitrogen environment, while graphite was the tribologically active constituent in the 

humid, ambient environment. Sb2O3 was acknowledged as playing several critical roles: 

reorienting the active lubricating component, providing a mechanically hard surface to 

support and isolate a thin layer of the active lubricant, preventing crack growth, and 

serving as an oxidation barrier. It has also been shown to affect the microstructure of 

MoS2-based films, reducing intercolumnar porosity99.  

While the authors correlate wear track constituents under ambient, dry nitrogen, 

and vacuum conditions, there is a lack of testing of an oxygen-rich, water-free 

environment. Such an inclusion would isolate whether the presence of water molecules 

is solely responsible for the degraded performance of the films, or whether it is a 

combination effect of oxygen and water acting together in an ambient, humid 

environment which brings about expedited surface crack formation and coating failure. 

Crack initiation and development is also a general topic which remains to be completely 

described. Understanding the location and process of subsurface micro crack formation 

and growth would benefit the engineering of future coatings.  

The objective of the present study is to correlate tribological performance with 

environmental, chemical, and microstructural changes in order to advance the model of 

constituent migration to the active interface of MoS2-Sb2O3-C under different 

environmental conditions. The study employs complementary characterization 

techniques, XPS and AFM, to investigate and quantify the performance of MoS2-Sb2O3-

C coatings and the precise chemical nature and microstructure of the wear track 

produced by sliding under controlled conditions. The coatings have been evaluated in 

10-7 Torr vacuum, in the presence of air (50% RH), and in the presence of the individual 

components of this ambient condition: 150 Torr oxygen, 8 Torr water. The studies were 
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performed with a custom in-vacuo pin-on-disc tribometer, located in an isolated 

environmental chamber and interfaced with a monochromatic XPS system, thus 

avoiding the contamination of wear surfaces between tribological and spectroscopic 

tests. The design of the tribometer was based upon a series of space tribometers used 

as part of the MISSE 7 study85. Microscopic analysis conducted with AFM provided 

topographical, microstructural and localized friction behavior information directly from 

the wear track.  

Experimental 

Samples 

MoS2-Sb2O3-C coatings, 4 to 5 µm thickness, were deposited using a proprietary 

method onto (100) silicon and 316 stainless steel coupons by Tribologix Inc. of Dayton, 

Ohio. The silicon substrates, 14 mm by 10 mm, were directly mounted to Omicron 

Nanotechnology GhmB platens, allowing for use within both the pin-on-disc tribometer 

and Omicron Nanotechnology GhmB XPS.  

X-ray Diffraction 

The low angle XRD measurements were performed in the UF’s MAIC facility, with 

the assistance of Dr. Valentin Craciun using their Phillips X’pert MRD system with Cu 

Kα1 X-rays. Measurements were taken at 5° incidence for the SS316 run and 3° 

incidence for the film analysis. Both measurements were taken with a step size of 0.02°. 

The temperature was ambient, 25 °C. 

Tribometry 

All measurements were made using a pin-on-disc tribometer, housed in an 

environmental chamber connected to the XPS system. The tribometer featured a 

rotating sample holder, which secured platens on which the MoS2-Sb2O3-C coated 
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substrates mounted; these platens could be easily removed from the sample holders 

and placed directly into the XPS without ever opening the environment to and poisoning 

the sample with laboratory air. The tribometer arm is equipped with strain gauges to 

measure normal and lateral forces during operation and was calibrated using 

standardized masses. The ball was made from 440C steel. A flat was produced on the 

ball by polishing with increasingly fine sandpaper, up to a maximum of 1500 grit, in 

order to increase the contact area. The diameter of the flattened section was 

approximately 1 mm, in turn producing the wider wear track needed for subsequent 

analysis.  

For each environmental condition, three tests of at least 300 cycles were 

performed in neighboring locations on the same sample in order to generate a large 

wear area to ensure that the majority of XPS data collected corresponded to regions of 

wear. Although there existed as much as 100 µm between the wear tracks, the wear 

tracks composed approximately half of the analyzed area.  The width of each wear track 

was measured to be at least 100 µm via a camera mounted above the AFM stage. 

Normal and tangential force signals were collected every 50 milliseconds; this data 

was averaged at 1 second intervals and saved to a summary data file. The summary 

data was then averaged again at 12 second intervals to generate an average friction 

coefficient for each cycle; these were plotted as the average coefficient of friction per 

cycle. The coefficient of friction reported for a specific environmental condition 

represents the average of cycles 100-300. Uncertainty in measured friction coefficient is 

better than 0.002, which is substantially less than the variation of the measured friction 

coefficient. 
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X-ray Photoelectron Spectroscopy 

An Omicron Nanotechnology GhmB Al Kα (1486.7eV) monochromatic XPS source 

was used with an EAC2000-Sphera hemispherical, 7-channel analyzer. Calibrated with 

a 99.99% pure silver sample to measure a silver 3d5/2 peak at 368.30 eV, a circular 

aperture produced an electron collection area 700 µm in diameter. XPS spectra were 

collected using a 0.05 eV step size and pass energy of 20 eV. The spectra collected 

were from the molybdenum 3d, sulfur 2p, antimony 3d, oxygen 1s, and carbon 1s core 

regions. The antimony 3d and oxygen 1s core spectra occur within the same binding 

energy range and thus were measured together. Sensitivity factors for quantitative 

analysis were taken from the PHI XPS Handbook and assumed a 90 degree 

relationship between the incident X-rays and the electron analyzer184. 3d peak splits 

were fixed to a 3:2 areal ratio and 2p peak splits were fixed to a 2:1 ratio. The fit of the 

oxygen intensity to a multiple of species was guided by stoichiometric relationships of 

the compounds found to contain oxygen. The Mo 3d peak splits were fixed at 3.1 eV 

between the 3d5/2 and 3d3/2 components. S 2p peaks were fixed at 1.18 eV between the 

2p3/2 and 2p1/2, while Sb 3d peak splits were fixed at 9.34 eV separation values 

according to literature184. All peaks within a core region were constrained to the have 

the same FWHM value and were fit with a 90% Gaussian, 10% Lorentzian shape. A 

fitting algorithm, minimizing the squared sum of the difference between the artificial 

peaks and the measured spectrum, was used to finalize the overall peak fit spectrum. 

Fitting was complete when the value of the standard deviation of the residual spectrum 

was less than 2.0. For example, the standard deviation of 1.77 in figure 5-6a is 

comparable to an unfit area of 0.35 at% of the overall film composition.  



 

118 

Atomic Force Microscopy 

An Asylum Research MFP-3D AFM was operated in a constant contact mode, 

analyzing both the as-received films as well as wear tracks produced in air and vacuum. 

The Si3N4 cantilever was measured to have a normal stiffness of 0.61 N/m via thermal 

harmonic analysis, and the lateral force sensitivity was calculated using the wedge 

method120. Constituent grain size and distribution over the film surfaces were analyzed 

via lateral force detection. The lateral signals were converted to maps of the lateral 

force acting on the cantilever during translation across the coating surface. The mean 

friction forces were calculated by taking the difference between the trace and retrace 

signals and dividing by two. Constituents within the microstructure displayed distinctive 

coefficients of friction, allowing the delineation of one constituent from another.  

Results 

As-Received Film Characterization 

The process of XRD measurement is illustrated in figure 5-1. Measurements were 

taken of both the as-received film, and of a region where a majority of sample was from 

the SS316 substrate. Figure 5-2 shows the XRD analysis of the as-received MoS2-

Sb2O3-C coating showed the presence of ordered, crystalline constituents. The 

measured spectrum showed a strong, primary peak at a 2θ value of 14.41˚ 

corresponding for (002) MoS2
7,91. Diffraction signals at 27.73˚ and 32.13˚ from Sb2O3 

can also be identified as (222) Sb2O3, and (400) Sb2O3.
204. The signal resulting from the 

substrate can be identified at 43.65˚, 44.23˚, and 50.77˚. Crystal size analysis using 

Sherrer’s method resulted in a calculated diameter for (002) MoS2 grains of 17.4 nm 

and 13.7 nm for (222) Sb2O3. Carbon was too weak and convoluted to attain a FWHM 

value with high confidence. 
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AFM topographical images of the as-received MoS2-Sb2O3-C coatings are 

presented in figure 5-3. The images were taken at increasingly smaller scan sizes from 

40 µm, 20 µm, 10 µm, 5 µm, 2 µm, and 1 µm. The overall microstructure seen in the 

larger scan size shows a prevalence of particle cluster formations with great variation in 

sizes and topography. Smaller scan sizes revealed submicron sized particles within the 

microstructure itself. The particles have a measured width of 50 to 65 nm and heights 

from 6 to 10 nm. The actual width of the particles will be smaller than measured, given 

the interaction of the surface with an atomic force microscope probe tip exhibiting a 

finite radius of curvature at the end of the tip. The first point of interaction between the 

probe tip and the particle will take place on the side of the probe tip, not directly at its 

apex. This interaction serves to enlarge the measured width signal from the particle, 

generating an image that is slightly magnified. Figure 5-13 shows an illustration of an 

atomic force microscopy measurement using a hemispherical probe tip with a 20 nm 

radius scanning over a 20 nm by 6.7 nm rectangular shaped particle. Assuming these 

dimensions, the initial interaction takes place 14.9 nm away from the edge of the 

particle. The measured particles had sizes ranging from 40 nm to 60 nm which 

corresponds to physical particle sizes of 10 nm to 30 nm. These values correlate well 

with the calculated size of the Sb2O3 particles from the X-ray diffraction peaks.   

Pin-on-Disc Measurements 

Tribological pin-on-disc testing revealed a strong initial environmental dependence 

for the MoS2-Sb2O3-C films. Figure 5-4 displays coefficients of friction versus cycle for 

the four environmental conditions. In less than 50 cycles, trends were established for 

high friction and low friction regimes. Low friction was measured under oxygen and 

vacuum environments. The lowest coefficient of friction was measured in vacuum, with 
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a value of 0.06. Higher friction was measured under ambient and water conditions, with 

friction coefficients around 0.15. For both ambient and water conditions, the average 

coefficient per cycle increases immediately after the start of testing. Based on these 

results, water is identified as the species responsible for high friction behavior. The 

effect of the environment can also be noticed under vacuum and oxygen conditions, 

whereby the average coefficient decreases from the test initiation. Extended sliding for 

both ambient and vacuum conditions was conducted for over 5000 cycles. The 

coefficient of friction for air remained constant and stable, while the coefficient of friction 

for the film in vacuum continued to decrease until reaching a steady state value less 

than 0.03. 

X-ray Photoelectron Spectroscopy Measurements 

The illustration of the wear tracks and the XPS measurements of the samples are 

shown in figure 5-5. Spectroscopic analysis of the films both on and off the wear tracks 

revealed the following chemical species portrayed in figure 5-6. For an unworn film, 

MoS2 peaks were detected in the Mo 3d spectrum, figure 5-6a. They were identified at 

binding energies of 229.0 eV and 232.1 eV. Likewise, in figure 5-6b, the S 2p spectrum 

had resolvable peaks at 161.8 eV and 163.0 eV corresponding to MoS2. Both the 

molybdenum and sulfur peaks agreed with established literature values for 

MoS2
190,41,116,110. Additional peaks evident in figure 5-6a at binding energies of 232.3 eV 

and 235.4 eV were assigned to MoO3
190,116,205. A second sulfur species found primarily 

on unworn surfaces was strongly exhibited in the vacuum sample. The species was 

identified as a sulfate with binding energies of 168.7 eV and 169.9 eV. This correlated 

well with a strong O 1s signal around 532.3 eV having a corresponding 4:1 intensity 

ratio (figure 5-6c). The measured C 1s spectrum shown in figure 5-6d consisted of a 
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majority of C-C bonding, as indicated by the intensity at 284.2 eV and 285.1 eV. The 

existence of two peaks is attributed to sp2 and sp3 hybridized bonding or edge defects 

(C-H bonding)157,186. The absence of a corresponding feature at 291.0 eV suggested 

that the carbon present in the film had either minor long range graphitic order, or more 

likely was amorphous having no long range crystallinity157,206,185. The smallest peak at 

286.0 eV was assigned to C-O bonding. Figure 5-6c shows the overlapping Sb 3d and 

O 1s spectra. In this convoluted region, Sb2O3 peaks resulting from the 3d5/2 and 3d3/2 

of the antimony atom appear at 530.3 eV and 539.6 eV. The oxygen intensity arising 

from Sb2O3, as well from MoO3, is assigned to a value of 530.3 eV. Although this is 

slightly higher than the 530.0eV value often listed in literature, this provides a consistent 

fit throughout the series of data sets184,191,192,207,193. The O 1s intensity at a binding 

energy of 532.3 eV was attributed to C-O and SO4 species194, while intensity at 533.0 

eV is assigned as arising from H2O
193. 

Many of the same features are observed in the spectra obtained from the wear 

track generated in a vacuum environment (figure 5-6e to 5-6h).  In addition, the vacuum 

worn wear track was found to contain C=O and O-C=O bonding due to surface 

contamination, figure 5-6h. Here, C=O bonding is located at 287.6 eV while evidence for 

O-C=O species is observed at 288.8 eV. The O 1s spectrum was correspondingly fit 

(figure 5-6g) with two signals, one for O-C=O and the other for the O=C-O component. 

The O-C=O bond is expected to be at a higher binding energy than the O=C-O. Values 

of 533.9 eV for O-C=O and 531.7eV for O=C-O have been reported in the literature. 

C=O bonding is assigned intensity at 531.7 eV184,188. Elsewhere for the vacuum worn 

surface, the only appreciable chemical alteration in constituent species appears in the 

reduction of antimony trioxide to metallic antimony. This species was detected only 
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following tribological measurements under vacuum conditions. It is notable that the 

strength of this signal decreased with time after tribological testing was finished, 

indicating the reactivity of the species, even in vacuum. No other reactions or 

decomposition of the composite constituents were detected. 

Further analysis of these data reveals the greatest composition change upon wear 

in vacuum to be the increase in MoS2 intensity, coinciding with a decrease in carbon 

intensity. The finding is borne out in surface concentrations, expressed in atomic 

percentages following normalization with relevant elemental sensitivity factors. The 

molecular composition of the near surface region of the as-received film (figures 5-6a to 

5-6d) is 67.3% graphitic carbon, 10.6% MoS2, 7.3% Sb2O3, 8.1% C-O, 3.2% SO4, 2.0% 

H2O, and 1.5% MoO3. The composition of the near surface region of the vacuum wear 

track is 47.5% graphitic carbon, 13.5% MoS2, 8.0% Sb2O3, with 24.1% C-Ox, 4.2% SO4, 

and 2.3% MoO3. Similar tribological measurements and spectroscopic analyses were 

performed on the resulting wear tracks generated under ambient (50% RH) 

environments and under partial pressures of oxygen and water (data not shown). The 

composition of the wear track in ambient operation was 61.9% graphite 13.14% MoS2, 

11.1% Sb2O3, 7.5% C-O, 3.0% SO4, 1.8% MoO3, and 1.5% H2O. Initial differences 

between the wear track compositions of the ambient and vacuum wear tracks show the 

near surface regions of the ambient wear track to have a higher graphite and Sb2O3 

content while vacuum wear tracks contain have more MoS2. 

XPS characterization of the wear tracks generated under an oxygen partial 

pressure environment shows Mo 3d peaks of MoS2 located at 229.1 eV and 232.2 eV. 

Mo 3d peaks of MoO3 peaks were at 232.3 eV and 235.4 eV. The S 2p spectrum has 

MoS2 peaks at 162.0 eV and 163.1 eV. There is a slight signal attributed to an SO4 
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species at 168.1 eV and 169.3 eV. The C 1s spectrum is comprised of three carbon 

species: C-C (284.3 eV), C-H (285.2 eV), and C-O (286.2 eV). The Sb 3d spectrum is 

assigned with intensity arising from Sb2O3 with peaks at 530.3 eV and 539.6 eV. These 

are the same values as those fit with the ambient sample. Finally, the O 1s spectrum 

was assigned as having contributions from Sb2O3 and MoO3 peaks at 530.3 eV and C-

O at 531.7 eV. The final composition for the oxygen wear track was calculated as 60.2% 

graphitic carbon, 16.9% MoS2, 11.7% Sb2O3, 5.3% C-O, 3.0% MoO3, and 3.0% SO4. 

Tribological testing of the film in partial pressures of water resulted in spectral features 

similar to those observed above. Only differences in the relative presence of the 

different species present were observed. The computed quantitative composition for the 

water sample was 58.4% graphitic carbon, 16.3% MoS2, 11.5% Sb2O3, 8.0% C-O, 2.2% 

MoO3, 2.1% SO4, and 1.5% H2O. For the wear tracks generated in partial pressures of 

water and oxygen, a higher MoS2 composition than the ambient wear track is detected 

in the near surface region.  

Topography and Microtribometry Measurements 

Topographical images are shown for the wear tracks produced under 760 Torr air 

(figure 5-7), 10-7 Torr vacuum (figure 5-8), 150 Torr oxygen (figure 5-9), and 8 Torr 

water vapor (figure 5-10) environments. Figure 5-16 displays the topographical and 

lateral force maps for the as-received film, the wear track of a sample run in air, and the 

wear track created in a vacuum environment. Microstructural characterization via AFM, 

figure 5-11, indicated that wear of the coating surface also produced a reduction in 

surface roughness for wear tracks in both air and vacuum. Roughness values measured 

as RMS over representative 2 µm by 2 µm areas were 18 nm for the as-received film, 9 

nm for the wear track in air, and 6 nm for the wear track in vacuum. The as-received film 
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surface expressed circular particles less than 100 nm in size, while the rest of the 

morphology was relatively smooth. A portion of the wear track resulting from operation 

in air is shown in figure 5-11b, with evidence of plowing seen in the streaking from left to 

right. Even with the existence of this topography, the roughness has been reduced to 

approximately half that of the as-received film, suggesting the tribological interaction 

flattens the composite microstructure even in the most severe of the environments 

tested. This effect is clearly evident in the image taken from the wear track in vacuum; 

figure 5-11c contains very few distinguishing features across the field of view-neither the 

low frequency of surface particles present in figure 5-11a nor the plowing scars in figure 

5-11b are evident across the wear track produced in vacuum.  

The corresponding lateral force images collected in the identical regions as the 

topography presented in figures 5-11a to 5-11c provide additional insight into the 

dynamic nature of the coating surface. Although all three friction images were collected 

in an ambient air environment, differences in the film character are still apparent. Dark 

regions indicate areas of low friction, whereas light regions represent higher friction. The 

brightness of these images has been adjusted to allow a direct comparison of the mean 

friction experienced during the sliding of the Si3N4 tip across the surface. Figure 5-11d 

displays the spatially resolved friction of the as-received film, revealing a localized 

contrast in intensity caused by the composite nature of the film. In figure 5-11e, 

measured from the wear track in air, the mean friction of the wear surface is clearly 

seen to be higher. In addition, friction is seen to be largely independent of the surface 

topography (plowing marks) and the size of the features exhibiting the highest friction 

increases. Figure 5-11f depicts the lateral force measured within the wear track 

generated by sliding under vacuum. Here, regions of low friction are prevalent and 
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numerous compared to the wear track in air, with a general reduction in mean friction 

also observed. Additional lateral force images of the wear tracks produced by sliding 

under oxygen and water are shown in figure 5-12. The lateral force maps of the wear 

tracks produced under both oxygen and water environmental sliding show the clear 

presence of three constituents. The microstructure of the oxygen wear track, figure 5-

12c, features a distribution of low, moderate, and high friction force regions. In contrast, 

figure 5-12d shows the microstructure of the wear track produced under water displays 

larger areas of high friction forces and finer, reduced overall areas of low friction. The 

low friction regions could represent areas of MoS2, while moderate friction regions could 

be graphitic carbon, and high friction regions could be the Sb2O3 or oxidized MoO3. 

Discussion 

Together, the XPS and AFM results obtained from wear surfaces generated 

through tribological measurement performed under carefully controlled environmental 

conditions reflect specific changes in surface composition as a function of sliding 

environment. In order to fully evaluate the effect of operating in different environmental 

conditions, ratios of the normalized XPS integrated intensities for each species were 

calculated for regions both within and outside of the wear track. The change in the ratios 

from the film to the wear track gives an analysis method for determining which species 

are prevalent in the film and which species preferentially remain within the wear track. 

The direct comparison of worn and unworn regions exposed to the same environmental 

conditions provides the opportunity to separate tribologically induced changes from 

those potentially occurring through adsorption and/or reaction. Figure 5-13 shows the 

change in the ratios of MoS2:Sb2O3, MoS2:C, S:C, and MoS2:MoO3 and Sb2O3:C for 
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each environmental condition. The expressed uncertainty of the ratios represents the 

sum of errors in the spectral fits of the two species being compared.  

In comparing the collection of ratios between the various environments, the 

greatest change in surface composition is seen to occur when sliding occurs under 

vacuum conditions, where MoS2:C increases by more than 75%. Likewise, Sb2O3:C 

increases by more than 75% while the MoS2:Sb2O3 ratio experiences a positive change, 

suggesting an overall migration of both MoS2 and Sb2O3 during tribological interactions 

under vacuum, with MoS2 being the most preferred. From this analysis, it can be 

concluded that the presence of MoS2 heavily contributes to the low friction performance 

under vacuum. It is worth noting however, that the carbon ratios could be influenced by 

removal of adventitious carbon from the surface during the initial sliding cycles.  

For operation in ambient air, the picture is different. There is a strong decrease in 

MoS2:Sb2O3 and an increase in the Sb2O3:C ratio. The positive MoS2:C and S:C ratios 

may again be partially influenced by the removal of adventitious carbon during 

tribological testing. Given this, the XPS data suggests that the surface of the wear track 

in air is influenced by interactions involving Sb2O3. There is still a large percentage of 

the overall wear track composition that is carbon, 57%, but only Sb2O3 is observed to 

increase in prevalence at the surface under these conditions. This could be an 

additional cause of the increase in friction measured both in macroscopic and 

microscopic measurements of the wear track surface. Operation in oxygen seems to 

have very little effect on the surface composition, with the most notable change 

occurring in the modest decrease of the MoS2:MoO3 ratio. This suggests that 

tribological interactions under this environment may be controlled by carbon species. 

Evaluation in partial pressures of water yields few similarities with air (50% RH), 
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however oxygen environmental testing does. For both air and oxygen conditions, the 

ratio of MoS2:Sb2O3 decreases. This is coupled with an increase in the Sb2O3:C ratio. 

Concerning the oxidation of MoS2, only water conditions produced a net decrease in the 

MoS2:MoO3 ratio, suggesting that while the oxidation of MoS2 is not strongly exhibited in 

these composite films, aqueous species are the most likely to bring about oxidation of 

the coating. 

Friction, spectroscopic, and microscopic data are all crucial in describing the 

tribological interactions of MoS2-Sb2O3-C in different environments. Pin-on-disc testing 

reinforces the sensitivity of MoS2 based lubricants to water and suggests that it is the 

presence of water molecules and only water molecules that causes structural 

reorganization of the coating surface responsible for the higher friction behavior 

observed under ambient conditions. Spectroscopic data and lateral force maps present 

similar trends. The composite nature of the film is disrupted and species are presented 

at the surface to relieve the energetics at play. For vacuum conditions, the dramatic 

increase in MoS2:C provides evidence of MoS2 being the primary lubricant at the 

surface controlling tribological behavior marked by low friction performance. A 

secondary constituent, Sb2O3 can also be detected as being at the surface via XPS. 

The increase in Sb2O3 in both vacuum and ambient conditions agrees with previous 

studies of MoS2-Sb2O3, which identified Sb2O3 as a constituent acting synergistically 

with MoS2. Previous testing of MoS2-Sb2O3 films found enrichment of only MoS2 at the 

surface of both the film and tip of the pin. However, TEM micrographs and Raman 

spectroscopy have indicated the location of Sb2O3 directly beneath the lubricating MoS2 

surface99. 
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Regarding the effect of operating in ambient conditions, XPS measurements show 

an increase of Sb2O3 at the expense of MoS2 at the surface. Lateral force mapping 

indicates a change in surface constituents through an increase in friction. Topographical 

features do not appear to play a role in the increased friction due to the fact that the 

wear tracks are difficult to resolve in the lateral force map compared to the as-received 

film. Upon closer inspection of figure 5-7e, the smearing of particles, creating high 

friction regions in the direction of the sliding lends support to them being Sb2O3 as this 

correlates with the increase in Sb2O3:C seen in the XPS measurements. As stated 

earlier, carbon remains the majority constituent in the near surface region of the 

ambient wear track and its role in either controlling or moderating the friction and wear 

at the surface cannot be ruled out. However, the tribological data presents a clear role 

for water in MoS2-based lubricants. The negative effects of operating in ambient 

conditions (high friction performance) can be directly related to the presence of an 

aqueous species in the atmosphere. 

Conclusions 

Composite, solid lubricant MoS2-Sb2O3-C films exhibit an environmental 

dependence, which affects friction properties, surface composition, and microstructure 

within the wear track. In the present study, two types of friction behavior have been 

identified. Testing in vacuum or partial pressures of oxygen environments yields a low 

friction behavior, while sliding in ambient (50% RH) conditions or partial pressures of 

water results in a high friction behavior. In this systematic study, water has been 

determined to be the species responsible for detrimental tribological performance. 

Importantly, partial pressures of oxygen are shown to have an inconsequential effect on 

the coefficient of friction, with values remaining near the lowest obtained in vacuum. 
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Sliding on these film surfaces under vacuum serves to preferentially bring MoS2 to the 

surface, producing a low friction, exceedingly smooth wear track. Testing under ambient 

conditions produces a higher friction surface with increased Sb2O3 concentration and 

lowered MoS2 composition. Evaluation of wear tracks produced by sliding in partial 

pressures of oxygen and water reveals only modest changes in near surface 

composition, yet a marked difference in tribological response, with high friction 

produced in the presence of water vapor, but not in the presence of molecular oxygen.  
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A      B  

Figure 5-1. Illustrations of the low angle X-ray diffraction measurements taken of A)316 
stainless steel substrate and MoS2-Sb2O3-C coating and of the B)As-received 
MoS2-Sb2O3-C coating. The red colored regions indicate the approximate 
area of sampling. The incident angles used in the measurements were 5˚ and 
3˚. 

 

Figure 5-2. X-ray diffraction measurements from MoS2-Sb2O3-C coatings taken at a low 
α angle. The black colored measurement was taken over an area of mixed 
coating coverage and the purple colored measurement was taken over an 
area of complete areal coating coverage.



 

131 

A      B  

C      D  

E     F  

Figure 5-3. Atomic force microscopy topographical images of the as-received MoS2-
Sb2O3-C coating taken at A)40 μm scan size, B)20 μm scan size, C)10 μm 
scan size, D)5 μm scan size, E)2 μm scan size, and F)1 μm scan size. All 
images were taken using a 0.58 N/m sharp cantilever in constant contact 
mode of 1 Volt. 

 

 



 

132 

Table 5-1: The parameters of MoS2-Sb2O3-C pin-on-disc tests 

Operating Parameter Value 

Normal load 1.0 N 

Disc rotation speed 5 rpm 

Cycles 300 

Wear track diameter 7 mm 

Linear sliding speed 1.9 mm/s 

Contact pressure 1 MPa 

Temperature 25 ºC 

Environment 760 Torr air at 50% RH 

 150 Torr oxygen 

 8 Torr water 

 10-7 Torr vacuum 

 

 

Figure 5-4. Graph showing the average coefficient of friction versus cycles of MoS2-
Sb2O3-C coatings under different environmental conditions for 300 cycles 
clockwise. 
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A      B  

Figure 5-5. Illustrations of X-ray photoelectron spectroscopy measurements taken of 
A)As-received MoS2-Sb2O3-C coating and B)Wear tracks produced under 
different conditions. The red colored regions indicate the approximate area of 
sampling. All measurements were taken at a take-off angle of 55˚. 
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Figure 5-6. X-ray photoelectron spectra of unworn MoS2-Sb2O3-C A) Molybdenum 3d 
spectrum B) Sulfur 2p spectrum C) Antimony 3d and Oxygen 1s spectra D) 
Carbon 1s spectrum and MoS2-Sb2O3-C wear track under vacuum E) 
Molybdenum 3d spectrum F) Sulfur 2p spectrum G) Antimony 3d and Oxygen 
1s spectra and H) Carbon 1s spectrum. 
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A      B  

C      D  

Figure 5-7. Atomic force microscopy topographical images of wear track of the MoS2-
Sb2O3-C coating produced by sliding under 760 Torr air (50% relative 
humidity) taken at A)20 μm scan size B)10 μm scan size, C)5 μm scan size, 
and D)2 μm scan size. All images were taken using a 0.58 N/m sharp 
cantilever in constant contact mode of 1 Volt. 
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A       B  

C      D  

Figure 5-8. Atomic force microscopy topographical images of wear track of the MoS2-
Sb2O3-C coating produced by sliding under 10-7 Torr vacuum taken at A)10 
μm scan size B)5 μm scan size, C)2 μm scan size, and D)1 μm scan size. All 
images were taken using a 0.58 N/m sharp cantilever in constant contact 
mode of 1 Volt. 
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A      B  

C     D  

Figure 5-9. Atomic force microscopy topographical images of wear track of the MoS2-
Sb2O3-C coating produced by sliding under 150 Torr oxygen taken at A)20 
μm scan size B)10 μm scan size, C)5 μm scan size, and D)2 μm scan size. 
All images were taken using a 0.42 N/m sharp cantilever in constant contact 
mode of 1 Volt. 
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A      B  

C    D  

Figure 5-10. Atomic force microscopy topographical images of wear track of the MoS2-
Sb2O3-C coating produced by sliding under 8 Torr water taken at A)20 μm 
scan size B)10 μm scan size, C)5 μm scan size, and D)2 μm scan size. All 
images were taken using a 0.42 N/m sharp cantilever in constant contact 
mode of 1 Volt. 
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Figure 5-11. Atomic force microscopy topographical images of various MoS2-Sb2O3-C 
coatings A)As-received MoS2-Sb2O3-C coating, B)Wear track created under 
ambient 50% RH, C)Wear track created under 10-7 Torr vacuum and 
concurrent lateral force maps of D)As-received MoS2-Sb2O3-C coating, 
E)Wear track created under ambient 50% RH, and F)Wear track created 
under 10-7 Torr vacuum. 
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A     B  

C     D  

Figure 5-12. Atomic force microscopy topographical images of MoS2-Sb2O3-C coating 
A) wear track of the produced by sliding under 150 Torr oxygen, B) wear track 
produced by sliding under 8 Torr water and concurrent lateral force maps of 
C) wear track of the produced by sliding under 150 Torr oxygen, and D) wear 
track produced by sliding under 8 Torr water. Intensity scales have been set 
constant for only the lateral force maps. All images were taken using a 0.42 
N/m sharp cantilever in constant contact mode of 1 Volt 

 

 

Figure 5-13: Schematic of an atomic force microscope probe tip scanning over a Sb2O3 
particle imbedded on the surface of an as-received MoS2-Sb2O3-C film. Here 
the diameter of the hemispherical probe is taken to be 40 μm. The particle is 
6.7 nm in height and 20 nm wide. The measurement of the feature produces 
an imaged particle that is 49.9 nm wide.   
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Figure 5-14. X-ray photoelectron spectroscopy measurements of the change in the ratio 
from off the wear track region to the wear track region of MoS2-Sb2O3-C 
coatings.
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CHAPTER 6 
THE TRIBOLOGY OF ALCOHOLS ON NATIVE SILICON OXIDE  

Introduction 

Micro electromechanical systems (MEMS) give many of today’s electronic devices 

their ability to perform the amazing tasks that we ask of them. Technologies such as 

pressure sensors, stability control of cameras, miniaturization of antennae and optical 

switches owe their functionality to these microscopic machines. However due to their 

size, they suffer from increased stiction and thus require lubrication to operate in air. 

Many techniques have been attempted to lubricate MEMS, but few have had as much 

success as dry lubrication, also known as vapor phase lubrication.  

Recent literature pertaining to the vapor phase lubrication (VPL) of micro-

electromechanical systems has focused on understanding how 1-pentanol species 

function as a lubricant. Adsorption of the pentanol molecules onto silicon is the first 

primary step in the process. The adsorption behavior has been shown to establish a 

monolayer of surface coverage by 10% of the saturation pressure, with a reduced 

activation of multilayer formation. Additional adsorption of pentanol molecules only 

occur at pressures greater than 80% of the saturation value. Analysis of the pentanol 

absorbed onto Si with attenuated total reflection infrared (ATR-IR) spectroscopy from 

2600-3700 cm-1 detected vibrational peaks corresponding to CH2, CH3, and OH 

bonding. Characterization of the sliding tracks with microinfrared (micro-IR) 

spectroscopy was limited to only the C-Hx, and SiOx regions (2700 to 3000 cm-1 and 

800 to 1400 cm-1), but did not show a significant change in species intensity during low 

wear conditions. It is noted by the authors that the micro-FTIR technique is not sensitive 

enough to detect monolayer species on a surface. Therefore the absence of a signal 
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from the pentanol wear track is not a final statement on the matter. However, when high 

wear behavior was exhibited (low pentanol partial pressure and/or high contact load) the 

micro-FTIR technique was able to clearly measure an effect. In the worn areas, the SiOx 

signal increased, as well as the C-Hx species intensities. There was an enhancement of 

a feature in the 800 to 900 cm-1 region that was not specifically discussed or identified. 

A search of literature found this same feature to be present in IR spectra taken from 

hydrolyzed silica, indicating possible Si-OH bonding within the wear track. Tribological 

testing with a MEMS device showed the lubricating effect of the alcohol vapor to be 

reversible. Removal of pentanol from the gas phase causes a gradual reduction in 

performance of an interface previously run-in in pentanol. The rate of reduced 

performance was inversely proportional to the prior operating time. A lack of sufficient 

pentanol vapor leads to device failure through stiction. Upon the reintroduction of 

pentanol, the device is able to operate immediately as if it were new once more. This 

suggested that the primary mechanism responsible for low friction was the presence of 

vaporized pentanol. The tribofilm formed during operation was though to play a 

secondary role, dampening the friction response when there was an absence of nearby 

pentanol vapor molecules. An explanation for the wear behavior has been provided in a 

density functional theory (DFT) study modeling both the protective role of alcohols and 

the exacerbating role of water. Alkoxide species (Si-O-R) produced by the reaction of 

alcohols with the silicon oxide surface were found to have a higher Si-O bond energy 

than, hydroxide species (Si-O-H). Additionally, the chain length of the reacting alcohol 

was found to correlate with the cleavage energy. The theoretical energy required to 

break Si-O bonds increased with the number of carbon atoms of the alcohol. This 
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statement was based upon the calculations for methanol and propanol species; 

extrapolation was used for the study’s discussion related to pentanol species. 

Time of flight, secondary ion mass spectrometry (TOF–SIMS) analysis of the 

silicon surface inside and outside of the sliding track under a high partial pressure 

showed the strong creation of alkyl species within the track area with Si and SiH also 

present. Outside of the sliding area, masses assigned to Si, SiCH3, SiOH, and Si(CH3)3 

were detected. There were no Si-O, Si-C fragments measured according to their 

masses within the low wear sliding track. Later studies investigating the wear behavior 

of this system showed the presence of Si-O and Si-C bonding occurred only under poor 

performing conditions causing wear. However, one issue with any SIMS analysis is the 

reconstruction of the original test sample from the measured mass distribution of 

sputtered parts. Preferential sputtering of a sample produces individual components that 

may not be quantitatively or even chemically representative of the original sample. For 

example, both atomic silicon and CO species have a molar mass of 28 g/mol. 

Discerning the elemental makeup of a signal centered around 28 g/mol becomes 

difficult to accomplish, let alone quantify the ratio of the species present. The correlation 

of these results using an additional characterization method would add clarity to the 

precise nature of both the adsorbed species and the tribofilm which is created during 

operation in the presence of alcohols. Barnette et al140 indicated that the formation of a 

tribofilm was not responsible for low friction behavior. However, the exact chemical state 

and role of the film itself remains an open question. It is surmised from computational 

and mass spectrometry that the creation of silicon, short chain hydrocarbon bonding 

may be constitute the final product of the tribofilm, but the spectroscopic verification has 

yet to be presented. Additionally, the role of the tribofilm in preventing wear could be 
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further explored by studying the silicon oxide presence on the sliding surface in both 

high and low wear conditions. The overarching issues to be addressed in this study are 

the exact chemical nature of tribofilm, the necessity of a tribofilm for low friction, low 

wear performance, and the correlation of the detected surface species with current 

theories regarding VPL of silicon oxides via alcohol adsorption. 

Experimental 

The silicon samples were prepared by cleaving (100) silicon wafers to create 14 

mm by 10 mm rectangular pieces. The silicon sample was mounted onto an Omicron 

Nanotechnology GhmB platen and secured with spot welded tantalum strips. Cleaning 

was accomplished by exposure for 1 minute to an oxygen plasma. The sample was 

immediately loaded into the tribometer stage and the vacuum chamber was closed and 

pumped down to high vacuum.  

Pentanol was purchased from Sigma-Aldrich (1-Pentanol ReagentPlus®, ≥99%). 

The pentanol was transferred into a glass ampule within a glove bag filled with nitrogen 

gas. The ampule was then attached to a gas manifold with ¼ inch stainless steel tubing 

leading to a leak valve attached to the environmental chamber. The pentanol was 

purified through a series of freeze, pump, and thaw cycles to remove contaminants.   

The pin-on-disc tribometer allows measurement of frictional forces of the sample 

as described in the previous chapters. Each experimental condition was tested for 1000 

cycles. The stage was set at a vertical position to give a normal load of 1.0 N. The 

speed of rotation was 5 rpm. The estimated contact pressure was small, around 1 MPa. 

The test produced a wear track 7 mm in diameter. The width of the wear track was 

difficult to estimate during low wear testing, but operation in air produced a wear track 

approximately 1 mm in width. Tests were conducted at room temperature, 25°C, and 
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the environmental conditions were: 760 Torr air at 50% RH, 10-7 Torr vacuum, and 1 

Torr pentanol.  

A second set of experiments were conducted to elicit the role of the vapor and 

tribofilm. The first test exposed a clean silicon surface to 1 Torr pentanol for 10 minutes 

and then started tribological testing under vacuum conditions. The second test cycled 

between 1 Torr pentanol and vacuum conditions. The third test started at 1 Torr 

pentanol, then decreased the pressure in a step wise manner until the pressure was 

less than 10-5 Torr. 

An Omicron Nanotechnology GhmB Al Kα (1486.7 eV) monochromatic XPS source 

was used with an EAC2000-Sphera hemispherical, 7-channel analyzer, employing an 

aperture that produced an electron collection area of 700 µm in diameter. All XPS core 

spectra were taken using a step size of 0.05 eV, pass energy of 20 eV, for 0.2 seconds, 

and swept 5 times to give a reduced noise, average spectrum. The elemental cores 

measured were silicon 2p, carbon 1s, and oxygen 1s. Sensitivity factors for quantitative 

analysis were obtained from the PHI XPS Handbook assuming a 90 degree relationship 

between the incident X-rays and the electron analyzer. The integrated areas of the 

silicon 2p peaks were set at ratios of 1:2 and a separation of 0.6 eV208,209. Oxygen 

peaks were restricted to their calculated stoichiometric area values based upon their 

component elemental spectra fittings. Each peak within a specific spectrum was 

constrained to the have the same FWHM value. All peaks were treated with a 90% 

Gaussian, 10% Lorentzian shape. A fitting algorithm, minimizing the squared sum of the 

difference between the fit peaks and the measured spectrum, was used to finalize the 

overall peak fit spectrum. Fitting was complete when the value of the standard deviation 

of the residual spectrum was less than 2.0.  
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Results 

Pin-on-disc tests were conducted at room temperature under 3 environmental 

conditions:  1 Torr pentanol, air, and vacuum. The summary graph shown in figure 6-1 

portrays the remarkable lubricating effect of pentanol and the deleterious effect of 

operation in ambient conditions compared to vacuum. The run conducted under 1 Torr 

pentanol displayed a low friction and extremely low wear behavior. The relative absence 

of variance in the friction signal under steady state conditions suggests that there is little 

detrimental wear occurring during the entirety of the test. The average steady state 

coefficient of friction was measured to be 0.17. Operation under ambient conditions 

showed poor performance, highlighted by a large signal variance. The coefficient of 

friction leveled off at around 0.6. The onset of visible, catastrophic wear took less than 

20 cycles. Vacuum testing of silicon produced a gradually increasing friction response, 

reaching a near constant value around 0.47. The variance in the friction signal was 

similar to ambient testing, indicating wear. This was visually confirmed with the creation 

of a wear track, although it was thinner than the one produced in air. 

A second set of experiments was performed to elicit the two mechanisms involved 

in VPL, adsorption of the species and the creation of a tribofilm. This test was designed 

to understand which step of the process determines the final low friction, low wear 

behavior in these systems (figure 6-2). Additionally these tests help to show the role of 

the tribofilm and whether it is a necessary for low friction performance. Figure 6-3 shows 

for the following scenarios: the first 100 cycles in vacuum, the first 100 cycles for Si 

exposed to 1 Torr pentanol for 10 minutes, the following 100 cycles in 1 Torr pentanol, 

the following 200 cycles in 1 Torr pentanol, the following 300 cycles in 1 Torr pentanol, 

and sliding under 1 Torr pentanol. 
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The decreasing pentanol pressure test had an initially low coefficient of friction 

from the 1 Torr pentanol. A environmental sensitivity to partial pressure was 

immediately apparent upon decreasing the pressure to 0.5 Torr (figure 6-4). The 

magnitude of the friction response was stabilized once the pressure reached 2 x 10-2 

Torr. The room temperature vapor pressure of pentanol is stated to be 3 Torr, therefore 

the initial test conditions were greater than 10%, of the saturation pressure of the 

species, the stated minimum threshold needed to produce a monolayer of 

pentanol142,210. An increase in the both the value and deviation of the average 

coefficient of friction was initiated when the measured pentanol partial pressure passed 

below 10-5 Torr. This behavior was reversed when the pressure was increased to 1 Torr 

pentanol. The friction signal became smoothed and decreased to a steady state value 

similar to the starting value.  

X-ray photoelectron spectroscopy characterization of the samples revealed room 

temperature adsorption of pentanol onto an oxygen plasma cleaned (100) silicon 

sample after exposure to 1 Torr pentanol for 3 hours. Additionally, a tribochemical 

reaction was measured taking place at the near surface under 1 Torr pentanol, and 

wear of the tribofilm during low pressure operation. This process was seen clearest in 

the carbon 1s spectrum, figure 6-5. The spectrum representing adsorbed pentanol was 

fit with two peaks corresponding to -CH2- (285.5 eV) and C-OH (287.3 eV) species. The 

elemental composition of the unworn, adsorbed pentanol on silicon surface was 

measured to be 37.0% silicon, 48.9% oxygen, and 14.1% carbon. The area ratio of the 

absorbed carbon chain species to the alkyl species was 2.861. These peak 

assignments are consistent with historical alcohol adsorption studies208,211-213. XPS 

measurements of the wear tracks produced via sliding under 1 Torr pentanol showed 
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the elemental composition to be 32.3% silicon, 43.1% oxygen, and 24.6% carbon. This 

is telling, with an increase of carbon content by more than 10 at%. Chemical species 

analysis of the C 1s spectrum identified the species responsible. The intensity of the 

CH2 species was higher after wear, raising the CH2:C-OH value to 4.895. This number 

is greater than the stoichiometric integer for pentanol, 4, and signifies an enhancement 

of CH2 bonding. In addition, a new intensity was detected at 289.7 eV. This binding 

energy is thought to originate from a tribochemical C=O species188,211,214. Lastly, under 

a vacuum environment, the friction response was increased and exhibited extensive 

wear. The elemental composition was altered with 26.2% silicon, 37.4% oxygen, and 

36.4% carbon. This suggests that primary wear induces the formation of new COx 

species at the expense of existing SiO2 and SiO4 species. This is verified by the C 1s 

spectrum, which became convoluted, expressing an additional species due to wear, C-

O 188,214. There was no evidence of silicon-carbon bonding in any of the testing, 

indicated by the absence of a photoelectron intensity around 283 eV213,215. This 

suggests that any carbon-silicon interaction involves an oxygen intermediary atom 

during low friction, low wear conditions. Wearing of the tribofilm degenerates the (CH2)x 

and C-OH species to form COx species. 

The silicon 2p spectra from figure 6-6 showed that the native silicon oxide surfaces 

entails bulk Si (99.3 eV) and SiO2 species (103.7 eV and 102.8 eV) for all samples. The 

adsorbed pentanol showed no significant presence of Si-OH species. Si-OH species 

were detected in the sliding track under 1 Torr pentanol, as revealed by an increase in a 

feature at 104.5 eV. The intensity of the Si-OH peak decreased upon sliding under 

vacuum. Thus, the Si-OH species appears to be associated exclusively with the tribofilm 

formed during low friction sliding. Additionally, the peak area of SiO2:SiO4 increases 
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within the wear track during sliding under 1 Torr pentanol and further upon wear in 

vacuum. This confirms that sliding alters the SiO4 surface. 

Figure 6-7 shows the oxygen 1s spectra for the three measurements. The 

adsorbed pentanol surface showed a majority of Si-O bonds associated with SiO2 

species at 533.1 eV209,213,216,217. C-OH bonds from the pentanol were assigned to a 

smaller, binding energy of 531.8 eV188,212,213. The tribofilm produced under 1 Torr 

pentanol had an O 1s spectrum that showed the presence of 2 new species assigned to 

C-O (532.5 eV) and Si-OH (534.8 eV)188,217. These were previously indicated in the 

discussion of the Si 2p and C 1s spectra measurements. Peaks associated with SiO2 

(533.4 eV), C-OH (532.8 eV), and SiO4 species were also fit according to previous 

identities. The top spectrum was measured from the silicon sample run in 1 Torr 

pentanol and then vacuum in an effort to wear down the tribofilm. The most striking 

feature of the O 1s spectrum is the asymmetry to the lower binding energy side of the 

main peak. This was fit with C-OH(532.3 eV), C=O(531.1 eV), and C-O(532.3 eV) 

species188. SiO2 (533.0 eV) and Si-OH (534.8 eV) species were fit as well. 

Discussion 

The reported tribological response of alcohol vapors on silicon oxide surfaces was 

reproduced, with native silicon oxide surfaces displaying low friction and very little wear 

at near pentanol saturation conditions. Under vacuum conditions, the silicon friction 

signal was higher and produced a visible wear track. Additional tribological testing 

supports the theory that maintaining a constant supply of pentanol is necessary for the 

system to exhibit low friction behavior140,210. However, the resulting tribofilm shows 

some protective behavior even when the pressure is dropped below the lubricating 

threshold. The buildup of a tribofilm is evidenced by the number of cycles for the 
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coefficient of friction to reach a value of approximately 0.25 after run-in under 1 Torr 

pentanol. These results suggest that the tribofilm functions as a buffer between the 

counterface and the silicon surface during sliding, enabling extremely low wear of the 

silicon surface itself. The function of the vapor phase lubricant is to provide low friction 

operation, which is critical for MEMS devices in removing stiction and seizure. 

Spectroscopic testing was able to identify species formed due to tribological 

interactions, mainly (CH2)x species with correlating Si-OH species formation. It is 

surmised that the increased bonding of a carbon atoms with oxygen at the surface of 

silicon enhances the adhesion of the tribofilm to the oxide atoms. The breakdown of 

these bonds into C=O and C-O components as well as the increase in C-C bonding 

under vacuum wear conditions indicate that the tribofilm could form as a result of the 

initial stages of wear. This appears to match the micro-FTIR and ToF-SIMS data from 

Barnette et al, where presumed (CH2)x species were shown to increase within the 

sliding area, during wear conditions140. The eventual physical removal of the native 

silicon oxide surface occurs only after the tribofilm can no longer offer tribomechanical 

protection. This is shown by the decrease in oxygen signal and increase in the 

elemental silicon to silicon oxide ratio while sliding under vacuum.      

Conclusions 

Pentanol is an established vapor phase lubricant for MEMS applications. 

Tribological testing has shown that the low friction behavior is only exhibited under high 

partial pressures of pentanol. The tribofilm was identified as a (CH2)x species bonding 

with the silicon oxide surface. The presence of a tribofilm or adsorbed monolayer of 

pentanol does not produce the same frictional response as 1 Torr pentanol. However, 

the amount of tribofilm present on the surface does affect the amount of cycling it takes 
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to degrade the tribofilm into surface C=O and C-O species and increase the coefficient 

of friction to an equivalent value of bare vacuum sliding. Operation in ambient conditions 

yielded the highest coefficient of friction and the greatest amount of wear debris present 

at the surface.  
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Figure 6-1. Graph showing the average coefficient of friction versus cycles of native 

oxide silicon (100) under different environmental conditions for 1000 cycles 
clockwise.  

 
 

Figure 6-2. Graph showing the average coefficient of friction versus cycles of native 
oxide silicon (100) between 1 Torr pentanol and vacuum. Runs under 1 Torr 
pentanol were 100, 200, and 300 cycles clockwise. Runs under vacuum were 
kept constant at 100 cycles clockwise 
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Figure 6-3. Graph showing the initial average coefficient of friction versus cycles of 
native oxide silicon (100) under different conditions 

 

 
 

Figure 6-4. The average coefficient of friction versus cycles for the decreasing pentanol 
test. 
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Figure 6-5. X-ray photoelectron spectroscopy measurement of the carbon 1s spectra for 
(bottom to top): adsorbed pentanol, the tribofilm produced in Torr pentanol, 
and the worn tribofilm under vacuum 
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Figure 6-6. X-ray photoelectron spectroscopy measurement of the silicon 2p spectra for 
(bottom to top): adsorbed pentanol, the tribofilm produced in Torr pentanol, 
and the worn tribofilm under vacuum 
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Figure 6-7. X-ray photoelectron spectroscopy measurement of the oxygen 1s spectra 
for (bottom to top): adsorbed pentanol, the tribofilm produced in Torr 
pentanol, and the worn tribofilm under vacuum 
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CHAPTER 7 
CONCLUSIONS 

Solid Lubricants 

Aerospace applications require solid lubricants to coat the surfaces of components 

used for mechanical operations such as deployment of solar panels for power, 

communication equipment, positioning control systems and many other functionalities. 

Over the decades many materials have been tested and used as solid lubricant 

coatings. MoS2-based coatings are the current industry standard for satellites. These 

materials are defined by their superior vacuum environmental performance, but their 

functionality is limited under ambient operation. Proof testing of only 10 to 100 cycles 

can lead to premature wear of the micron thin coatings. While research for better solid 

lubricant films has been an active area of research for more than 40 years, an 

understanding of the fundamentals responsible for the performance of modern, 

nanocomposite coatings remains an underdeveloped field. The growth of surface 

sensitive characterization techniques has given an opportunity for scientists and 

researchers to effectively probe the complex processes thought to govern the 

performance of these materials.  

The approach of the surface studies detailed in this dissertation combined the 

tribological performance testing of a reliable, vacuum compatible tribometer design with 

an ultra-high vacuum analysis system. X-ray photoelectron spectroscopy (XPS) is 

capable of measuring the chemical changes taking place on the top atomic layers of the 

resulting wear tracks produced under controlled test environments. The incorporation of 

an environmental test chamber and sample transfer system with the vacuum complex 

gave confidence of surface integrity during the transfer process from tribometer to 
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analysis chamber. Precise control over the tribological test environment was crucial for 

conducting studies on the effect of atmospheric species on friction performance. 

Characterizing the surface microstructure with an atomic force microscope (AFM) added 

a method to verify spectroscopic measurements and provided information pertaining to 

the microstructure and topographical environmental dependence. Tribological testing 

took place under environments of 760 Torr air (50% relative humidity), 150 Torr oxygen, 

8 Torr water vapor, 610 Torr nitrogen, and 10-7 Torr vacuum. The materials tested 

consisted of a standard solid lubricant (highly oriented pyrolytic graphite), a current 

generation solid lubricant coating (MoS2-Sb2O3-Au), and an experimental coating 

(MoS2-Sb2O3-C). Combining a set of complementary surface characterization 

techniques with the ability to control environmental conditions provides an opportunity to 

study and deduce the fundamental chemical reactions and surface expression taking 

place during tribological interactions. The ultimate goal was to provide new, reliable, and 

insightful commentary about the complex relationship between film performance and the 

possible surface mechanisms taking place in a variety of operating conditions.  

Experimentally, from this series of surface studies, the environment of operation 

was found to have a dramatic effect on the tribological behavior, surface species 

composition, and microstructure for both dry and solid lubricating systems. For graphite, 

the presence of oxygen molecules, or water vapor was necessary for low friction, low 

wear sliding performance. The average coefficient of friction measured under these 

conditions was 0.07. The results agree and support a lubrication theory for graphite, 

whereby, the atmospheric molecules are thought to passivate edge defect sites created 

while sliding. Sliding under vacuum yields a higher average coefficient of friction, 0.165, 

and extensive wear debris compared to ambient sliding.  
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MoS2-Sb2O3-Au films displayed an environmental dependence different from 

graphite. These films were characterized as possessing a low sliding coefficient of 

friction under vacuum and a higher friction under ambient, 0.056 compared to 0.156 

respectively. Water vapor led directly to the high friction behavior exhibited under 

ambient testing. Oxygen species did not significantly increase the coefficient of friction 

for these types of films. Evaluation of the microstructure reveals film densification and 

smoothing of the sliding area. XPS and lateral force microscopy indicated an increase of 

Au concentration within a matrix of MoS2 at the surface during ambient testing. Vacuum 

sliding showed a uniform, lower friction surface consisting of primarily MoS2. Sliding 

under vacuum was facilitated by MoS2. The mechanism responsible for the ambient 

expression of Au is not yet fully understood and requires further attention. 

In the case of coatings containing both MoS2 and graphite constituents, the 

environmental dependence of tribological behavior was dominated by MoS2. These 

films performed best under vacuum with a measured average coefficient of friction of 

0.06. A higher coefficient of friction for MoS2-Sb2O3-C films was measured under both 

ambient and 8 Torr water conditions, 0.15. Spectroscopic analyses showed there to be 

a correlation between high friction sliding and the MoS2:MoO3 ratio. A negative change 

in the ratio was recorded within the wear tracks of films exhibiting the highest friction 

behavior. Therefore, the production of MoO3 at the expense of MoS2 is thought to 

produce the increased coefficient of friction. Topographic characterization of both MoS2-

based films revealed a smooth, low friction surface within the wear tracks formed under 

vacuum conditions. Smearing of the Sb2O3 constituent was observed in lateral force 

images, clearly indicating the role of film restructuring in development of 

environmentally dependent tribological properties.  



 

161 

Dry Lubricants 

Vapor phase lubrication, such as alcohol-based molecules were found to be 

beneficial for both the sliding friction and wear of native silicon oxide surfaces. Under 1 

Torr pentanol, the average coefficient of friction was 0.17. Ambient and vacuum testing 

resulted in a higher friction and the formation of visible wear debris. The average 

coefficient of friction for vacuum sliding leveled off at 0.47. In air it was even higher, 

0.60. The threshold for successful lubrication by this approach was found to exist at 

pressures greater than 10% of the saturation vapor pressure. The tribochemical 

formation of (CH2)x species on the silicon oxide surface was linked to low friction sliding 

and resistance to wear. The destruction of the (CH2)x and C-OH bonds reduces the 

wear protection of the dry lubricants and was evidenced by the increase in C=O and C-

O bonds.  

In-Vacuo Pin-on-Disc Tribometer 

The in-vacuo pin-on-disc tribometer was proven to be effective in measuring the 

friction characteristics of a variety of lubricating regimes and materials. The 

environmental chamber and dosing system allowed the capability to introduce both 

gaseous and volatilized liquid phase species to the chamber and control their partial 

pressures. The unique tribometer sample holder design and transfer arm system 

permitted sample transfer from the tribometer to the XPS analysis chamber under 

vacuum with a high degree of precision. 

However, there were some issues that came up during the course of the 

experiments. They deserve mention so as to help improve the next generation of testing 

apparati. The largest critical experimental issue dealt with the width of the wear track. 

Sliding under a 3.175 mm diameter 304SS sphere produces a wear track width of 
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approximately 50 μm. This correlates well with Hertzian contact calculations assuming a 

sphere on flat contact with a normal load of 1 N, the sphere has a Young’s modulus of 

210 GPa and a Poisson’s ratio of 0.3, and the coating has a Young’s modulus of 238 

GPa and a Poisson’s ratio of 0.27. This is much smaller than the diameter of the 

sampling area of the XPS, 700 μm. The initial action taken to solve this issue was to 

produce successive, multiple wear tracks on the sample under the same environmental 

conditions and for the same duration. This required the production of 5 to 10 wear 

tracks that were extremely close together, expanding the time to complete one sample 

measurement, and the net time to complete an entire set of measurements. Because 

the wear track diameter could not be changed, this also meant that the wear tracks 

overlapped, thus introducing issues of material transfer between tracks.  An additional 

problem of utilizing this method was control over the location of the wear tracks to be 

separate from each other, but have a range within the 700 μm diameter measurement 

area. Clearly an alternative approach was necessary.  

In order to produce wider wear tracks, the contacting ball was polished to produce 

a flat section, approximately 1 mm in diameter. This increased width of the wear track, 

effectively decreased the overall number of wear tracks that had to be made. The 

drawback to using a flattened pin is that it cannot be removed from its position once 

fabricated. The pin must be reused for every successive test and is difficult to quantify 

the exact contact area during sliding due to possible misalignment between the flat 

section of the pin and the sample surface. Future pin-on-disc designs should take this 

limitation into account. Several ideas to resolve the wear track width issue could involve 

the continued use of a flattened head, or the use of a standard, spherical ball in 

conjunction with a micrometer XY stage mounted to the tribometer arm to control the 
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position of the pin relative to the center of rotation of the sample stage. This approach 

would effectively allow the in-situ adjustment of the wear track diameter.  Another 

possibility could be the design of a custom stainless steel flat head pin with a threaded 

body to allow removal and reuse. This plan would enable the user to efficiently image 

the bottom of the pin without having to separate the entire tribometer arm apparatus 

from the electrical interconnects, which are extremely sensitive to any adjustment or 

repositioning. 

A second issue that came up during the tribometry studies was the short circuiting 

of the piezo actuator. The failure of this device in the latter portion of the studies was 

attributed to the repeated, long-term operation of the tribometer under water vapor near 

saturation. Any piezo-electric material is going to be sensitive to operating in such 

conditions at high voltages. Therefore, the piezo-electric actuator in future tribometers 

intended for environmental testing should balance the design needs for vacuum 

compatibility, size, displacement, and cost.  

Lastly, future environmental testing of wear would be aided with the capability for 

the data acquisition program to allow cyclical reversal of the motor. The current program 

gives the user the ability to manually reverse the direction of rotation, which limits the 

types of tests that can be conducted. A software platform to design bidirectional 

experimental sets would give enhanced capability to the in-vacuo pin-on-disc tribometer 

and add a new dimensionality to aid tribological environmental investigations 
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APPENDIX A 
X-RAY DIFFRACTION PEAK ANALYSES 

While the X-ray diffraction (XRD) measurements of the MoS2-Sb2O3-Au films did 

not produce distinct peaks associated with crystalline phases, the as-received MoS2-

Sb2O3-C films did. The proper identification of the individual peaks provides important 

information relating to the overall crystallinity of the film, crystal structure and orientation 

of the constituents, lattice dimensions, and grain size. All of these can play roles in the 

overall performance of solid lubricating films. The use of a grazing incidence angle in 

these measurements was necessary to maximize the measured signal originating from 

the film while minimizing the signal from the substrate. The incidence angle used in the 

measurements ranged from 3 to 5 degrees. Table A-1 presents the positions of the 

peaks measured the film supported on a 316SS substrate (figure 5-2), their assigned 

identities, and literature values used as references for identification. Table A-2 presents 

the same information pertaining to the measured as-received MoS2-Sb2O3-C film (figure 

5-2). 

Table A-1. The measured X-ray diffraction peaks from the mixed 316 stainless steel/as-
received MoS2-Sb2O3-C film.  

Peak Identity Reference204,218,219 

14.37 MoS2 (002) 14.41 
27.61 Sb2O3 (222) 27.71 
43.65 γ-Fe (111) 43.5 
44.75 α'-martensite (110) 44.6 
50.77 γ-Fe (200) 50.5 
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Table A-2. The measured X-ray diffraction peaks from the as-received MoS2-Sb2O3-C 
film.  

Peak Identity Reference204,218,220,219 

14.41 MoS2 (002) 14.41 
26.43 C (004) 26.63 
27.73 Sb2O3 (222) 27.71 
28.87 MoS2 (004) 29.05 
32.09 Sb2O3 (400) 32.10 
35.07 Sb2O3 (331) 35.07 
39.59 MoS2 (103) 39.59 
43.69 γ-Fe (111) 43.5 
44.09 MoS2 (006) 44.20 
46.11 Sb2O3 (440) 36.05 
49.85 MoS2 (105) 49.85 
50.73 γ-Fe (200) 50.5 
54.51 Sb2O3 (622) 54.59 
57.23 Sb2O3 (444) 57.23 
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APPENDIX B 
THERMODYNAMIC CALCULATIONS 

The role of thermodynamics is to describe the conditions of state for a given 

system. Calculating the change in the Gibbs free energy for a set of reactions gives a 

direct method to determine whether the proposed process will take place 

spontaneously, or whether the reaction requires external energy to create the product 

species. A net negative change in the Gibbs free energy is said to be spontaneous. A 

reaction that increases the Gibbs free energy is termed nonspontaneous and 

endothermic. The calculations can also indicate which reaction pathway is most likely to 

proceed in a complex system. The reaction with the greatest reduction of the Gibbs free 

energy is the thermodynamically most likely process. For this series of studies, the 

oxidation of the solid lubricant coatings is a mechanism suspected of reducing 

performance. The proposed chemical reactions focus on the oxidation process of MoS2 

to MoO3 and graphitic carbon to CO2. The reactions provide a basis for both the 

environment where oxidation is most likely to take place, and which film constituent is 

mostly likely to oxidize in the given environment. Three environments were analyzed, 

oxygen rich, water rich, and air. For the oxidation of MoS2 to MoO3, there are three 

different reaction pathways, one for each environment. Likewise, the same can be 

proposed for C to CO2. Table B-1 presents the thermodynamic values used to calculate 

the reactions at room temperature. 
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Table B-1: Thermodynamic values for different species at 298.15 Kelvin.    

Species Enthalpy - kJ/mol Entropy – J/mol·K Gibbs Free Energy – kJ/mol 

MoS2 (s) -276.14 62.57 -294.79 
MoO3 (s) -745.17 77.78 -768.37 
C (s) 0 5.70 5.60 
O2 (g) 0 205.07 -61.16 
H2O (g) -241.83 188.84 -298.13 
H2 (g) 0 130.68 -38.96 
H2S (g) -20.50 205.77 -81.85 
SO2 (g) -296.84 248.21 -370.85 
H2SO4 (g) -735.13 298.78 -824.22 
CO2 (g) -393.52 213.79 -457.27 

 

To calculate the Gibbs free energy for a species, G: 

G = H – T∙S          (B-1) 

The change in Gibbs free energy for a reaction is given by: 

∆G = ∑Gproducts - ∑Greactants       (B-2) 

The three proposed oxidation reactions for MoS2 to MoO3 in oxygen rich, water rich, and 

humid air environments are: 

2MoS2(s) + 7O2(g) → 2MoO3(s) + 4SO2(g)    (B-3) 

MoS2(s) + 3H2O(g) → MoO3(s) + 2H2S(g) + H2(g)   (B-4) 

2MoS2(s) + 9O2(g) + 4H2O(g) → 2MoO3(s) + 4H2SO4(g)  (B-5) 

For an oxygen rich environment, the change in Gibbs free energy for the oxidation of 

MoS2 is given by:  

∆GB-3 = (2∙-768.37 + 4∙-370.85) – (2∙-294.79 + 7∙-61.16) = -2002.4 kJ/mol      (B-6) 

∆GB-3 (per mole MoO3) = -1001.2 kJ/mole MoO3     (B-7)     

The negative Gibbs free energy value of reacting MoS2 with O2 to produce MoO3 

indicates that the oxidation of MoS2 in an oxygen rich environment is spontaneous and 
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very possible. For a water rich environment, the change in Gibbs free energy for the 

oxidation of MoS2 is given by:  

∆GB-4 = (-768.37 + 2∙-81.85 + -38.96) – (-294.79 + 3∙-298.13) = 218.17 kJ/mol      (B-8) 

∆GB-4 (per mole MoO3) = 218.17 kJ/mole MoO3     (B-9) 

The positive Gibbs free energy value of reacting MoS2 with H2O to produce MoO3 

suggests that the oxidation of MoS2 in a water rich environment is nonspontaneous and 

therefore not likely without additional input energy. For a humid, air environment, the 

change in Gibbs free energy for the oxidation of MoS2 is given by:  

∆GB-5 = (2∙-768.37 + 4∙-824.22) – (2∙-294.79 + 9∙-61.16 + 4∙-298.13)    

= -2501 kJ/mol           (B-10) 

∆GB-5 (per mole MoO3) = -1250.5 kJ/mole MoO3     (B-11)     

The negative Gibbs free energy value of reacting MoS2 with O2 and H2O to produce 

MoO3 suggests that the oxidation of MoS2 in a humid, air environment is spontaneous. 

Just as important is the calculation for the specific decrease of Gibbs free energy 

brought about by the formation of one mole of MoO3. The value of B-11 is less than B-9, 

which shows that oxygen and water molecules act in a synergistic relationship to bring 

about oxidation. Humid air is the most likely test environment under which oxidation of 

MoS2 will take place at room temperature. To summarize the calculations for the 

oxidation of MoS2 to MoO3, only oxygen and humid air conditions are predicted to allow 

oxidation. Oxidation in a water rich environment is not thermodynamically favored for 

MoS2. 

The three proposed oxidation reactions for C to CO2 in oxygen rich, water rich, and 

humid air environments are: 
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C(s) + O2(g) → CO2(g)       (B-12) 

C(s) + 2H2O(g) → CO2(s) + 2H2(g)     (B-13) 

2C(s) + O2(g) + 2H2O(g) → 2CO2(s) + 4H2(g)    (B-14) 

For an oxygen rich environment, the change in Gibbs free energy for the oxidation of 

graphite is given by:  

∆GB-12 = (-457.27) – (5.60 + -61.16) = -401.71 kJ/mol     (B-15) 

∆GB-12 (per mole CO2) = -401.71 kJ/mole CO2      (B-16)     

The negative value of reacting C with O2 to produce CO2 suggests reaction of carbon 

and oxygen gas to produce carbon dioxide gas indicates that the oxidation of graphite in 

an oxygen rich environment is spontaneous and possible. For a water rich environment, 

the change in Gibbs free energy for the oxidation of graphite is given by:  

∆GB-13 = (-457.27 + 2∙-38.96) – (5.60 + 2∙-298.13) = 55.46 kJ/mol     (B-17) 

∆GB-13 (per mole CO2) 55.46 kJ/mole CO2      (B-18) 

The positive value of reacting C with H2O to produce CO2 suggests that the oxidation of 

graphite in a water rich environment is nonspontaneous and therefore not likely to occur 

without additional energy input. For a humid, air environment, the change in Gibbs free 

energy for the oxidation of graphite is given by:  

∆GB-14 = (2∙-457.27 + 4∙-61.16) – (2∙-457.27 + -61.16 + 2∙-38.96)   

 = -346.24 kJ/mol            (B-19) 

∆GB-14 (per mole CO2) = -173.12 kJ/mole CO2      (B-20)     

The negative Gibbs free energy value of reacting C with O2 and H2O to produce CO2 

suggests a spontaneous process in ambient conditions is possible. Looking at the set of 

calculations for the oxidation of graphite, the most likely pathway is going to occur under 
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an oxygen rich or humid, ambient environment. Like MoS2, graphite oxidation is not 

likely to occur under a water rich environment. The most likely scenario for graphite 

oxidation is sliding under oxygen. Given the entire set of calculations, the negative 

tribological effects associated with the formation of MoO3 could be present within the 

wear tracks formed under air (50% RH) or 150 Torr oxygen. However, the lubricating 

effects attributed to the oxidation of graphite edge sites are also possible under those 

conditions. Ultimately, the calculations show that the oxidation of MoS2 is favored over 

graphite for both environments and therefore MoS2 to MoO3 is the probable reaction to 

take place.  
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APPENDIX C 
HERTZIAN CONTACT PRESSURE CALCULATIONS 

The contact pressure of the pin acting on the revolving flat surface has a 

dominating effect on the friction and wear response of dry and solid lubricants. Contact 

pressures determine the area of contact, which can lead to wider wear tracks. 

Additionally, increasing contact pressures play a role in either decreasing the coefficient 

of friction, as is the case for MoS2, or increasing the coefficient of friction as in the case 

for silicon in air sliding. Lastly, the contact pressure calculations are a portion of the 

mathematical process used to estimate the temperature experienced at the contact 

interface during sliding. Here, to understand the possible temperature effects on the 

sliding surface composition, the range of contact pressures experienced during testing 

is calculated. Figure C-1 shows the two boundary conditions for mechanical loading. 

The first shows a high pressure condition, where there is a 3.175 mm diameter 304SS 

sphere on flat contact under 1 N load (figure C-1a). The illustration on the right, figure 

C-1b portrays the low pressure condition of a flattened, 1mm diameter, 304SS flat on 

flat contact under 1 N load. The loading condition values are given in table C-1.     

A               B  

Figure C-1: Schematics of A) Sphere on flat contact and B) Flat on flat contact modeled 
after figure 7.9 in Engineering Tribology, 3rd Edition221. 
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There are three key values which are important to determine the contact pressures 

between two bodies: the radius of the contact area (a), average contact pressure 

(paverage), and maximum contact pressure (pmaximum). These can be written as: 

a = (3·W·R′/E′)1/3        (C-1) 

 paverage = W/(π·a2)        (C-2) 

 pmaximum = 3·W/(2·π·a2)         (C-3) 

The first value to calculate is the reduced radius of curvature for a sphere on flat 

contact, R′: 

1/R′ = 2/Rx          (C-4) 

1/Rx = 1/RA + 1/RB         (C-5) 

Solving for C-5: 

1/Rx = 1/0.0015875 + 1/∞ = 629.9212 1/m     (C-6) 

Thus, C-4 becomes: 

1/R′ = 2·629.9212 = 1259.84252 1/m      (C-7) 

R′ = 1/1259.84252 = 0.00079375 m or 7.9375·10-4
 m    (C-8) 

The next step is to calculate the reduced Young’s modulus, E′. The material properties 

are assumed to be 304SS (Body A) and MoS2 (Body B). 

1/E′ = 1/2·[(1-νA
2)/EA + (1-νB

2)/EB]       (C-9) 

Using the values from table C-1, the reduced Young’s modulus can be solved: 

     1/E′ = 1/2·[(1-0.32)/(210·109) + (1-0.272)/(238·109)] 

= 4.11·10-12 1/Pa               (C-10) 

E′ = 1/(4.11·10-12) = 2.43·109 Pa = 243 GPa            (C-11) 
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From the calculated values of C-8 and C-11, the radius of the area of contact can be 

found using equation C-1: 

 a = (3·W·R′/E′)1/3         (C-1)  

a = [(3·1·7.9375·10-4
 /(243·109)]1/3 = 2.7696·10-5 m2           (C-12) 

Now that the contact radius is known, the average and maximum pressures can be 

found using equations C-2 and C-3: 

paverage = W/(π·a2)        (C-2) 

paverage = 1/[π·(2.69624·10-5)2] = 4.38·108 Pa = 438 MPa           (C-13) 

pmaximum = 3·W/(2·π·a2)                 (C-3) 

pmaximum = 3·1/(2·π·(2.69624·10-5)2] = 6.57·108 Pa = 657 MPa          (C-3) 

The largest value for the Hertzian contact pressure is 657 MPa for a sphere on flat 

contact. The low contact pressure condition is a simpler calculation. For this model, the 

area of contact is assumed to be the area of the flattened head. This can be calculated 

using the area of a circle: 

 a = π·r2                 (C-14)  

Given that the estimated diameter of the flattened head is 1 mm, equation C-14 

becomes: 

  a = π·0.00052 = 7.85·10-7 m2                (C-15) 

Assuming that that the pressure is uniformly distributed over the entirety of the flat 

contact, the average pressure during sliding can be written as: 

 paverage = W/a                         (C-16) 

paverage = 1/(3.14·10-6) = 1.27·106 Pa = 1.27 MPa                     (C-17) 
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Thus, the low contact pressure condition has an estimated value of 1.27 MPa. The 

range of the calculated contact pressures spans almost three orders of magnitude, from 

1.27 MPa to 657 MPa. 

Table C-1: Values used to calculate contact pressures for high and low contact pressure 
conditions. 

Property High Pressure Condition Low Pressure Condition 

RA 1.5875 mm - 
RB ∞ - 
EA 210 GPa - 
νA 0.3 - 
EB 238 GPa - 
νB 0.27 - 
W 1 N 1 N 
r - 0.5 mm 
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