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 Solid lubricants are a class of materials that are utilized in applications and 

environments where traditional lubrication schemes cannot be implemented. A variety of 

materials display solid lubrication, and in this study a number of solid lubricants were 

investigated. Firstly, electrolessly deposited nickel boride alloys were annealed at 

different temperatures under a flow of oxygen. The surface chemistry, friction, and wear 

behavior of the coating were then investigated. It was found that when annealed above 

550°C the coatings had a dramatic change in surface chemistry, where the Ni3B had 

formed a thick layer of B2O3 on the surface. This oxide then reacted at ambient 

temperatures with moist air to form the lubricious compound H3BO3. This led to a 

coefficient of friction below 0.1 and a slight increase of the wear rate from 10-8 mm3/Nm 

to 10-7 mm3/Nm.  

 Secondly, the surface chemistry of advanced MoS2 based coatings that had 

been exposed to low earth orbit was investigated. It was found that this exposure 

produced the complete oxidation of the coatings. Also, exposure to the unique space 

environments resulted in the deposition of large amounts of contaminant SiO2 on the 

surface. Lastly the tribological properties of single crystal cadmium sulfide were 
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investigated. There is nearly no knowledge of the tribological activity of cadmium sulfide 

in the literature, so the study was performed as an initial investigation into the material. 

It was discovered that cadmium sulfide did not show low friction, with a coefficient of 

friction of approximately 0.25, but did show low wear, with a wear rate of approximately 

3x10-7 mm3/Nm.  
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CHAPTER 1 
INTRODUCTION AND LITERATURE REVIEW 

The most traditional and common approach to lubrication is the use of a liquid 

phase material to physically lubricate two separate solid surfaces. However, there are 

occasions when traditional lubrication schemes cannot be used. In these occasions 

alternative lubrication methods must be employed. One such alternative is the use of 

solid lubricants, which are solid phase materials that provide tribological benefits to a 

given system through the provision of a low shear interface not inherently present with 

the contact of component surfaces. This document focuses on the testing and 

characterization of a variety of solid lubricant systems. The systems studied include NiB 

thin films, advanced MoS2 based coatings, and CdS, a sulfur containing ionic solid. The 

application of these systems varies, ranging from lubrication in terrestrial environments 

to providing lubrication in outer space. Despite their differences in application, solid 

lubricants typically feature layered structures where low shear forces predominantly 

arise from the sliding of layers over each other due to low energy bonding or 

interactions between layers. This class of solid lubricants is widely used in the 

aerospace industry. The vacuum environment of low earth orbit presents a unique set of 

problems that prohibit the use of liquid lubricants. Firstly, large temperature variations 

can occur where depending on the orientation of the sun, components can experience 

temperatures from -200°C to 200°C. Also, the vacuum environment, where pressures 

can be as low as 1x10-9 torr, would cause many liquid lubricants to volatilize from the 

surface of the component [1]. An additional difficulty that comes with the use of solid 

lubricants for aerospace applications is that the unique environment experienced in 

space is very difficult to recreate on Earth. As a result, the materials used must also be 
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able to perform in terrestrial environments or at least resist oxidation or degradation 

before use.  

Solid Lubricants 

The need for alternative lubrication schemes arose largely from the explosion of 

engineering and scientific research experienced during WWII and the decade 

immediately following. As the technology became more advanced, the need for more 

advanced materials grew. Specifically, the meteoric increase in aerial and aerospace 

technology necessitated the need for lubricants that could be used at high temperatures 

and, once the Space Race began, in vacuum environments. As a result of this need, 

many solid systems were evaluated as lubricants. During this time a group of materials 

evolved to become defined as solid lubricants. Materials in this group are typically soft 

metals, layered crystalline solids, polymers, or carbon based coatings.  

Soft metals were among the earliest of materials considered for solid lubrication. 

Most soft metals exhibit a face centered cubic (FCC) structure, possessing a high 

number of slip systems [2] and energetically favoring of slip. The low shear strength of 

FCC metals provides effective lubrication, however their functionality is limited by 

another important part of tribology. Most soft metals have relatively high wear rates, and 

this limits their applications and functionality [3]. However at higher temperatures, soft 

metals have been seen to provide tribological benefits and are often used under 

conditions where other solid materials suffer from degradation. Some examples of soft 

metals that are used as solid lubricants include gold, silver, and lead.  

Materials with layered crystal structures represent a second class of solid 

lubricants. The source of the lubricity of these materials lies in the structural details [4]. 

These materials show the ability to peel and delaminate easily, displaying the low shear 
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strength between layers which leads to their lubricity. However there is high anisotropy 

in the properties of the crystal as shearing transverse to the layers is more difficult than 

shearing along the layers. This anisotropy leads to layered materials such as graphite 

and molybdenum disulfide (MoS2) to have very high melting points. There are a number 

of naturally occurring minerals that exhibit layered structures that have been used a 

lubricants for many years such as talc, mica, graphite, and molybdenite (the naturally 

occurring form of MoS2) [5]. In addition to of these naturally occurring materials, 

synthetic layered materials such as tungsten diselenide (WSe2) and hexagonal boron 

nitride (BN) have been engineered to provide solid lubrication [6, 7].  

Another group of materials that has been successfully employed as solid 

lubricants is polymers. Some examples are polytetrafluoroethylene (PTFE), 

polyetheretherketone (PEEK), and polyimides (PI). These polymers have both benefits 

and detriments when compared with other solid lubricants. On the positive side, they 

are relatively inert in vacuum; but, being polymers, they are not applicable when high 

temperatures are involved [1, 8]. Also, as most polymers they degrade when exposed to 

UV light, they are difficult to use in aerospace applications [1].  

The final category of materials that have shown to be useful as solid lubricants is 

comprised of carbon based materials and coatings. Carbon based lubrication is a 

familiar concept to most as graphite has been used in writing utensils for some time and 

its natural lubricity is evident. However in recent years a new synthetic form of carbon 

coating has been made specifically for its solid lubricity. Diamond-like carbon 

(DLC)coatings differ structurally from graphite in the local hybridization of carbon 
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bonding and the inclusion of hydrogen [3]. These DLC films have a low amount of long 

range order and are amorphous in nature. 

Despite the large number and diverse nature of the classes of materials that 

exhibit solid lubrication there are only a small number of them that have been 

extensively studied and are used practically. The development of applications for solid 

lubricants has been done largely empirically where many materials with the potential for 

lubrication would be tested. When materials with interesting tribological properties would 

be found, it would be used in applications and studied more extensively to find the best 

suited environments for it. However the fundamental knowledge of how and why solid 

lubricants work is an area that has only minimal knowledge for many materials. Factors 

such as the influence of environment, contact pressure, effects of annealing etc. can 

strongly affect the tribological properties of a material, yet for many solid lubricants the 

effects of these factors is unknown. The aim of this dissertation work is to investigate 

the fundamentals of solid lubricants in order to provide guiding paradigms for their future 

implementation in advanced technologies.  

Electrolessly Deposited Nickel Boride Coatings 

Nickel boride coatings can be achieved through a number of processes; one of 

the most promising is electroless deposition, an aqueous chemical process similar to 

electrolysis but involving none of the negatives. For example, electroless coating is 

capable of providing a coating of constant thickness with buildup on edges and can coat 

complex shapes. Also electroless deposition is possible on a wide range of substrates 

including non-metallic substrates. Electroless deposition was accidently discovered in 

the 19th century, but disregarded at the time as a simple curiosity due to the fact that the 

metal was not a coating but rather formed as powder in the vessel [9]. In 1946, the 
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process was rediscovered when trying to develop a process for electroplating steel 

tubes with nickel alloys [10, 11]. It was observed that when hypophosphate was added 

to the plating bath that the inner and outer faces of the tubing were coated with nickel. 

From this work the so called “kanigen” process was developed by the General American 

Transportation Corp and put into production in 1955 [9]. These first deposition baths 

were based on solutions of nickel salts with sodium hypophosphate added as a 

reducing agent. In 1954, a bath was proposed using borohydride as a reducing agent 

and in 1957 the technology was furthered to allow for the deposition of nickel boride 

coatings [9].The deposition of other alloys became possible when other bath 

compositions were discovered to follow the same deposition process, producing 

coatings such as pure nickel, nickel phosphide, and the previously mentioned nickel 

boride alloys [9]. 

The compositions of nickel boride coatings are specifically tailored by the 

conditions in the plating bath to deposit a certain phase. There a number of phases that 

can be deposited and some are desirable, while others are undesirable for tribological 

activity. To determine what phases will deposit at certain compositions the Ni-B phase 

diagram must be consulted. Phase diagrams are thermodynamic chart which describes 

the conditions under which phases of a material will exist at equilibrium. Phase 

diagrams can be plotted for systems with one or more components. For singular 

component systems, temperature versus pressure is normally plotted, although any 

state functions can be plotted against another. For binary systems, involving 

components A and B, temperature is often plotted versus weight or atomic percentage 

of either component A or B. All phase diagrams entail phase boundaries, which are 
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lines separating separate phases of the system. The intersection of these phase 

boundaries are called triple points. Phase boundaries separating a phase from the liquid 

phase are called liquidus lines while phase boundaries separating a mixture of a liquid 

and a phase from a completely solid phase are called solidus lines. Compounds that are 

formed at only one specific concentration are called line compounds and appear as 

vertical lines in the phase diagram. Specifically relating to the Ni-B phase diagram, the 

target composition is located at 6 weight % at which is the line compound Ni3B, which 

empirically has been shown to exhibit the best mixture of desired properties. 

Solid solubility of both boron in nickel and nickel in boron is very low, however 

there are a number of line compounds such as Ni3B, Ni2B, Ni4B3, and NiB [12]. The 

nickel-boron phase diagram, as seen in Figure 1-1, includes these line compounds and 

features four eutectics as well as a peritectic. These features highlight the complexity of 

nickel boron phase behavior and the range of, phases that occur at differing 

compositions.  

 

 
Figure 1-1.  Nickel-Boron Phase Diagram, recreated from ASM Intl. [12] 
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Since electroless deposition is less understood than traditional deposition 

techniques, it is important to review how the kinetics and chemistry of the process work. 

This process is emerging as a desirable way to create new solid lubricants as it is a 

cheaper and easier way to make coatings. Electroless deposition is a type of aqueous 

deposition process in which metal salts are reduced via the oxidation of a chemical 

agent to produce a resulting solid coating on a catalytic surface [9]. In its most basic 

form the process can be expressed as a combination of two half reactions given in 

Equations 1-1 and 1-2 [13]. 

Mez+ + ze- → Me                                              (1-1) 

Reducing agent → oxidized reducing agentz+ + ze-                    (1-2) 

In electroless deposition there are two conditions that must be fulfilled for the 

deposition to occur [14]. The first, called the thermodynamic condition, is that the redox 

potentials of both the metal and the reducing agent must be selected so that deposition 

will be thermodynamically spontaneous, as described in detail below. The second, 

called the kinetic or catalytic condition, is that the reaction must be controlled in such a 

way that deposition only occurs on the substrate and not in the solution or on the cell 

walls. 

The thermodynamic condition can be obtained by choosing a chemistry in which 

the redox potential of the nickel partial half reaction is greater than the redox potential of 

the reducing agent reaction. Both of these redox potentials are calculated from the 

Nernst equations, as seen in Equations 1-3 and 1-4 [13, 14].  

 
         

       
        

   
                                                       (1-3) 

               
        

   
   

    

     
                                          (1-4) 
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Once the equilibrium redox potential of each reaction is known an analytical 

expression of the thermodynamic condition can be written. Since the reaction must be 

spontaneous, the change in free energy (ΔG) must be negative, or it’s affinity (A=(- ΔG)) 

must be positive. The expression for ΔG can be written as a function of redox potential 

as seen in Equations 1-5 and 1-6 [13, 14]. 

                                                               (1-5) 

                                                                 (1-6) 

From Equations1-5 and 1-6, it can be seen that the equilibrium potentials of both 

half reactions are positive and the equilibrium potential of the nickel partial reaction 

must be more positive than the equilibrium potential of the reducing agent half reaction 

in order for the thermodynamic condition to be fulfilled. 

To satisfy the kinetic or catalytic condition, where preferential deposition occurs 

on the substrate rather than at cell walls or in solution, both the substrate and the 

deposited metal must serve as catalysts for the oxidation of the reducing agent. To 

assess whether a given substrate and deposited metal will satisfy this condition, a chart 

as shown in Figure 1-2 is helpful. The chart features various reducing agents on the left 

plotted versus potential on the bottom. For the condition to be fulfilled, the potential of 

both the substrate and deposited metal must be to the left of the equilibrium potential  

[15]. In the case of Figure 1-2 nickel is the deposited metal and would work in all 

reducing agents except formaldehyde. Under these conditions, the reaction will only 

occur on the substrate and then continue to occur once the substrate is completely 

coated with the deposited metal.  
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Figure 1-2.  Catalytic activity of various metals for diverse reducing agents [15]. 

 
There are a number of components that are included into the bath used for 

electroless deposition. The first is a metal salt which provides a source for the metallic 

ions that when reduced form the coating. A second component is a reducing agent that 

provides the source of electrons when oxidized, in turn reducing the metallic ions in 

solution. Another very crucial component is a complexing agent which has multiple 

purposes. The complexing agent regulates the concentration of free metallic ions in 

solution as well as increasing their solubility. The complexing agent also is used to 

prevent the precipitation of insoluble hydroxides [13]. This is a very important role 

because the formation of hydroxide precipitates can serve as a potential place for 

deposition to occur in the solution. Another purpose of the complexing agent is to act as 

a buffer for the solution bath. A fourth component of the bath is a stabilizer. The 

stabilizer is used to control the kinetics of the spontaneous deposition reaction by 

partially blocking catalytically reactive sites on the substrate. However, there are some 

negatives side effects caused by the stabilizer including increased internal stress and 
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porosity as well as decreased corrosion resistance and plating rate [13]. Therefore only 

minute amounts of stabilizer are added to the bath. The most commonly used stabilizers 

are sulfur based organic molecules or heavy metal salts. The final components added to 

the bath are pH regulators and buffering agents which serve to maintain strict pH 

conditions in the bath. The strict pH requirements arise due to the fact that the most 

commonly used reducing agents hydrolyze under slightly alkaline, neutral, or acidic 

conditions [9]. Therefore the pH must be kept above 12 in order to prevent the 

hydroxylation of the reducing agent. 

As previously mentioned, there are a number of generic components that are 

involved in electroless deposition. The specific components and conditions of an actual 

nickel boride bath are as follows. The metal salt that is used is typically nickel chloride 

hexahydrate (NiCl2·6H2O) with a concentration of 24g/L [16]. The most commonly used 

reducing agent is sodium borohydride (NaBH4), with a typical concentration of 0.482g/L 

[16]. The reducing agent is the main component that must be changed to increase the 

amount of boron in the film, as it is the exclusive source of boron that will be deposited 

in the film. There are a number of complexing agents that can be used; one that is 

commonly used in Ni-B deposition is ethylene diamine (NH2-CH2-CH2-NH2) which is 

highly concentrated at 59g/L [16]. The typical stabilizer used in the deposition is lead 

tungstate (PbWO4), which for the reasons previously detailed is kept at a very low 

concentration, typically 0.021g/L [16]. The final component is the pH regulator; sodium 

hydroxide (NaOH) is most typically used, at a concentration of 39g/L [16]. The specific 

reactions involved in the deposition of nickel boride are given in Equations 1-7, 1-8, and 

1-9 [17]. 
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2224

2 22242 HOHNaBONiOHNaBHNi                          (1-7) 

224 52222 HOHBOHBH                                           (1-8) 

23322

2

4 25621848 HBOHBNiOHNiBH                            (1-9) 

Many different substrates can be used in electroless deposition of nickel boride 

films. The only condition required for successful deposition is that the substrate must 

serve as a catalyst for the Ni deposition reaction. Commonly used substrates include 

most steels, aluminum based alloys, and Inconel alloys. Substrates which cannot 

initially serve as a suitable catalyst for the deposition can be surface pretreated to allow 

for the deposition. Also if the substrate is placed into contact with a less noble metal the 

deposition can occur successfully.  

Advanced MoS2 Coatings 

The earliest reference to the use of MoS2 as a low friction solid lubricant can be 

found in a proceeding of the American Physical Society from 1941 by Bell and Findlay 

in which molybdenite was used a lubricant for a rotating anode x-ray tube in vacuum 

[18]. It would not be until the late 40’s that the first full study of MoS2 as a source of solid 

lubricity would be performed in which the effects of contact pressure and sliding speed 

on the coefficient of friction for a MoS2 coating on steel in air was measured [19]. The 

number of studies on the MoS2 rose steadily as its popularity as a solid lubricant 

increased, in the 1950’s a study by Deacon and Goodman examined how temperature 

played a role in the frictional behavior of MoS2 and other solids with layered structures. 

In this study it was found that MoS2 would have a steady state friction coefficient of 

approximately 0.07 between 40°C and 300°C. Upon reaching 300°C the friction 

coefficient would rise to a value of approximately 0.5 at 530°C. The reason for this rise 
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in friction after 300°C was attributed to oxidation of the MoS2 to MoO3 in air at elevated 

temperatures [7]. Further fundamental studies on MoS2 found that relative humidity 

played a large role in the frictional response of the material and that the oxidation of 

MoS2 only happened until a monolayer of MoO3 was formed upon which oxidation 

would stop occurring. It was also shown that when exposed to humid air and 

temperatures as low as 85-100°C, MoS2 would spontaneously form a layer of MoO3 but 

as previously stated the layer would only be a monolayer [20, 21].  

Following the discovery and initial studies of the solid lubricity of MoS2, the 

materials became a popular choice for aerospace applications due to its low friction and 

ability to withstand elevated temperatures. At that point in time most MoS2 coatings 

were manually deposited by burnishing, painting or evaporation from liquid onto the 

surface. To improve the performance of the coatings, new deposition methods were 

studied and developed. The first coatings deposited by sputter deposition produced 

increased stability in the friction response as well as an increased wear lifetime on a 

number of substrates, when tested in vacuum [22]. During this same time studies began 

investigating the mechanism by which MoS2 derived its lubricity. Holinski and 

Gansheimer indicated that there were only weak interactions between the layers in the 

layered structure of MoS2 which allowed for the layers to shear easily and slide over 

underlying layers, thus producing the low friction coefficient. Using scanning electron 

microscopy (SEM), it was discovered that the layers slid similar to the illustration of a 

deck of cards where multiple layers moved at once. In the study it was seen that 

approximately 25 atomic layers would slide during operation of the test [23].  
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While shown to operate very well in vacuum, one large problem with MoS2 

coatings was that they operated very poorly in other environments, particularly humid 

air. New deposition techniques that became available such as RF diode sputtering, DC 

diode sputtering, and RF magnetron sputtering allowed for the deposition of multiple 

components in a coating [24, 25]. This in turn allowed for the ability to add constituents 

to MoS2 coatings to not only increase its base performance and lifetime but also add the 

ability of the coating to perform in different environments. The first study involving co-

deposited MoS2 aimed to improve the performance of the sputter deposited coatings by 

depositing metals in conjunction with MoS2. These coatings typically contained 

nonequiaxed grains which cause high surface area and decreased density in the 

coating causing increased oxidation and inconsistency in performance. To remedy this 

problem, metals were co-deposited in an attempt to increase the density of the films; 

however results showed that the overall performance of the coating increased 

concurrent with the increase in density. The co-deposited films exhibited increased 

lifetimes, lower friction, and uniform friction performance [24].  

Different categories of additives have been found to play different roles in the 

coatings, influencing the tribological effect on the system in a variety of ways. Soft 

metals such as Au and Pb, already known as solid lubricants, increase the density of 

the coating, provide increased tribological function in ambient environments and provide 

lubrication at higher temperatures [24, 26–34]. Au and Pb in particular have become 

widespread in use as constituents in advanced MoS2 coatings. Pb acts not only as a 

lubricant at high temperatures where MoS2 suffers, but also acts as an oxidation site, in 

turn reducing the extent of MoS2 oxidization and improving tribological function. The 
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ideal concentration of these types of constituents has been determined to be between 5 

and 15 at% [31, 32, 35]. Elements that can form intermetallic compounds with MoS2 are 

another category of additives for the coatings. Elements such as nickel, zirconium, 

chromium, and titanium have been found to increase the hardness of the coating [36–

43]. This produces an increase in the wear resistance, often displaying wear rates an 

order of magnitude lower than base MoS2 coatings. Overloading of intermetallic 

constituents can produce very brittle films and the optimal concentration of this category 

is also between 5 and 15 at% [44]. A third constituent category includes elements that 

have the similar crystal structures to MoS2 such as tungsten, tantalum, niobium, 

selenium, and tellurium [45–47]. These atoms can substitute into the MoS2 structure 

and support the coating by forming complex oxides and sulfides with MoS2 which 

prevents the formation of MoO3, thereby allowing the coating to perform at higher 

temperatures. However this does not completely eliminate the formation of MoO3; 

therefore these coatings still display poor performance in high humidity environments 

and at elevated temperatures. A common problem with all of the previously mentioned 

constituents is that despite being able to marginally increase the temperature resistance 

and the ability to perform at high temperatures, the coating suffer performance wise 

around 450°C due to oxidation of the MoS2. To address this limitation, the addition of 

metal oxides such as Sb2O3, MoO3, and PbO to MoS2 coatings has proven to be 

beneficial to the performance of the coating [35, 37, 43, 48–51]. When introduced into 

the system, the oxides have been found to provide oxidation resistance, increased 

hardness, densification, and inhibition of crack growth. Other mechanically hard oxides, 
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such as Al2O3 and yttria-stabilized zirconia (YSZ), have been investigated and found to 

also reduce wear at higher temperatures [52–55]. 

 Another strategy to increase the range of environments in which MoS2 coatings 

can operate is to co-deposit a second solid lubricant that can perform well in conditions 

where MoS2 is deficient. The oldest of such mixtures combines MoS2 with graphite [4, 

56]. Graphite has a frictional behavior opposite from MoS2 with respect to environment; 

the friction coefficient is low in ambient conditions and high in vacuum. By combining 

graphite and MoS2, mixed coatings can perform in both ambient and vacuum conditions 

with increased lifetimes. At elevated temperatures, the graphite acts as an oxidation site 

so that the MoS2 will remain un-oxidized [56]. However in highly aggressive oxidizing 

environments the oxidized graphite produces wear debris detrimental to the system, 

thus  limiting the uses of such co-deposition [57, 58].  

While co-deposited coatings perform well, specific deficiencies arising from the 

addition of the constituents continued to be observed. Therefore tertiary and even more 

complex MoS2 based coatings began to be deposited and tested in order to try to find a 

composition that could perform well in all environments and situations. Zabinkski et al. 

performed a study in which MoS2 coatings were co-deposited with a wide variety of 

materials to determine which improved the tribological properties the most [37]. From 

this study it was concluded that decreasing the crystalline grain size of the coating lead 

to a decrease in the friction coefficient and an improvement of the wear resistance. A 

tertiary composite of MoS2/Sb2O3/Au displayed the smallest grain size [55]. This tertiary 

coating had an increased hardness due to the presence of Sb2O3, producing an 

increased wear lifetime. This also served to limit MoS2 oxidation. At higher 
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temperatures, Au would contribute tribologically as well as densifying the coating (at all 

temperatures). The combination of these constituents lead to a vastly superior coating 

and this quickly became one of the more popular tertiary coatings used for aerospace 

applications. Although this particular tertiary coating performed better than base MoS2 

coatings at elevated temperatures, there was still a need for the coatings to perform at 

temperatures higher than 450°C. Studies by the Air Force Research Labs (AFRL) aimed 

at optimizing performance at increased temperatures yielded a quaternary composite of 

YSZ/Au/MoS2/DLC. This composition has been termed a “chameleon” coating due to its 

theoretical ability to perform tribologically in all environments needed for LEO. The 

chameleon coating displays a friction coefficient of 0.1 in air, attributed to the DLC’s 

graphitic carbon, and a value if 0.02 in a dry nitrogen environment due to MoS2 in the 

coating. When increasing the temperature of the testing environment to 500°C, the 

friction coefficient increased only to a value of 0.15, drawing of the Au to the surface of 

the coating as a source of lubrication [55].  

Cadmium Sulfide and Tribology of Ionic Solids 

The history of cadmium sulfide (CdS) begins with Stromeyer’s discovery of 

metallic cadmium in 1817 as a contaminant in zinc compounds [59]. It would not be until 

1820 when CdS would be first produced. The reason behind this being that the metal 

was only found in small quantities as a contaminant and therefore was expensive and 

hard to obtain in large quantities. CdS was synthesized by heating an acid solution of a 

cadmium salt in the presence of hydrogen sulfide gas, which would produce powdered 

CdS. The vivid yellow to orange hue of the CdS powder led to its use as a pigment 

which came to be known as Cadmium Yellow in dyes and paints; this remains the 

largest application for CdS.  
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The main use of CdS as a pigment continued until 1925 when Huggins did a 

theoretical study into the distribution of valence electrons in CdS and other materials 

having the same crystal structure as diamond [60]. The band gap of CdS was eventually 

calculated to be 2.42eV. In 1947, single crystal CdS was first deposited by reacting 

cadmium vapor with hydrogen sulfide gas by Frerichs and the electrical and optical 

properties of CdS were studied [61]. Frerichs described CdS and the other materials 

studied (CdTe and CdSe) incomplete phosphors due to the fact that the materials 

displayed high photo-conductivity but showed no phosphorescence. Since this 

discovery the optical and electrical properties of both single crystal and thin films of CdS 

have been studied extensively [62–74]. With the advent of nanotechnology the focus of 

research on CdS has somewhat shifted to the study of its use at the nanoscale. Studies 

recently have been done on nanoparticles, nanorods, nanowires, nanowhiskers, and 

nanocrytals of CdS and CdS containing advanced materials as nanoelectronics. Other 

applications for CdS include photoresistors and thin-film transistors.  

The motivation of studying CdS tribologically stems from a number of factors. 

The first factor relates to similar metal chalcogenides such as MoS2, iron sulfides, etc. 

being known solid lubricants. Iron sulfide has the same crystal structure as CdS and is 

known to show low friction. Other materials that possess layered structures with 

alternating sulfur/metal layers are known to show low friction as well. Therefore, 

investigations of other materials possessing similar features are warranted by the desire 

to discover new solid lubricants and interesting tribological behavior. Cadmium sulfide is 

of particular interest due to its mixed bonding character. Simple calculations into the 

nature of the bond in CdS show that the bond has only 18% ionic character with the 
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remaining 82% being covalent in nature. Another factor for studying the tribological 

nature of CdS is the dearth of knowledge available in the literature. Searches into the 

literature of tribology of CdS yielded no results and even in general for ionic solids there 

is little to no knowledge available.  

A study performed in 2012 calculated the wear rates of various ionic solids 

including NaCl, KBr, KCl, BaF, MgF, CaF, MgO, ZnS, and FeS2 by using scanning white 

light interferometry (SWLI) to do in-situ measurements during tribological testing and 

highlighted the potential of CdS as a tribological material. The study found that as the 

activation energy of surface defects increased the wear rate of the material improved. 

Of particular interest in this study was the testing done on ZnS. ZnS displayed a wear 

rate of 1.0x10-7 mm3/(Nm) in a test of 38,000 cycles [75]. The similarities in composition 

and bonding character between ZnS and CdS underscore the motivation behind the 

investigation of CdS’s tribological behavior. 

Summary Overview 

The balance of the dissertation addresses the details of fundamental studies of 

solid lubricant materials. Chapter 2 discusses the instrumentation used to study three 

categories of solid lubricants. Chapter 3 presents a study of the effects of annealing 

electroless nickel boride coatings at a range of temperatures on their tribological 

properties. The chemical nature of the coating, as well as its tribological properties is 

discussed in Chapter 3. Chapters 4 and 5 comprise a study of two different advanced 

MoS2 coatings that were employed in LEO on the International Space Station. In 

Chapters 4 and 5 the surface chemistry of the actual coatings that were exposed to 

LEO is compared to reference samples that were kept in terrestrial environments, 

providing insight into the contribution of chemical change to tribological operation in 
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space environments. Finally Chapter 6 discusses the tribological properties of CdS; a 

material of which the tribological properties are unknown, however based on similar 

materials may display interesting behavior. 
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CHAPTER 2 
INSTRUMENTATION AND EXPERIMENTAL METHODS 

X-ray Photoelectron Spectroscopy 

To identify and quantify the elemental and chemical species present in the 

samples, X-ray photoelectron spectroscopy (XPS) was used. For these tests an 

Omicron Nanotechnology GhmB Al Kα1 (1486.7 eV) source was used with an Omicron 

Nanotechnology GhmB EAC2000-Sphere hemispherical, 7-channel analyzer. The 

source features a single Al anode which when excited with electrons emitted from an 

electrically excited filament, emits non-monochromatic X-rays. These X-rays are then 

focused and diffracted off the <1010> face of a thin crystalline quartz disk. This 

produces an X-ray beam with a spectral energy of 1486.7 eV focused on the sample. 

The sample is attached to an Omicron GhmB platen via Ta strips that are spot welded 

to the platen. The sample and platen are grounded via attachment to the UHV 

manipulator arm. The manipulator can be translated in 3 planes and can rotate 360° 

around the axis of the shaft of the arm. A standard takeoff angle of 55°, relative to the 

surface normal, was used for the current tests but differing the takeoff angle via angular 

rotation of the manipulator leads to alteration of the sampling depth in the sample. 

Lower takeoff angles lead to less surface sensitivity and conversely higher takeoff 

angles lead to greater surface sensitivity. Once the monochromatic X-ray flux strikes the 

sample, X-rays are absorbed by atoms in the sample. This absorption leads to the 

emission of core level electrons from the atoms, these electrons are known as 

photoelectrons. These photoelectrons have characteristic energies associated with 

them, which are influenced by the element they come from as well as the local bonding 
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environment of the element they originate from. This process is known as the 

photoelectric effect and is diagramed in Figure 2-1.  

 

Figure 2-1.  Diagram of the photoelectric effect. 

 

While the X-rays penetrate through the entirety of the sample and produce 

photoelectrons throughout the bulk of the sample; only photoelectrons generated in the 

top 1-10nm of the sample will be collected with the characteristic binding energy. This is 

because past this top 1-10nm the photoelectrons will undergo elastic collisions and lose 

energy thusly losing the characteristic energy information.  

The photoelectrons are collected by the Sphera hemispherical analyzer using a 

system of electrostatic lenses which can be used to focus collection on microscopic 

areas of the sample. Once photoelectrons enter the column of the analyzer they are 

refocused and filtered utilizing the double hemispherical design of the analyzer. By 

applying a potential across the inner and outer walls of the analyzer only electrons with 

a specific energy are allowed to pass through the analyzer to the detector. Electrons 
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with higher and lower energies will not reach the detector. By varying the potential 

applied across the inner and outer walls and dwelling for a specified time at each 

voltage, a spectrum can be collected for a range of energies. For the EAC 2000 Sphera 

system, photoelectrons that pass through the analyzer are detected and converted into 

an optical pulse that travels through fiber optic cables from the preamplifier to an 

amplifier. Here the signal is converted back to an electrical signal, amplified and then 

recorded in terms of a plot of counts versus binding energy is generated. The binding 

energy (BE) is calculated through Equation 2-1 using the kinetic energy (KE) of the 

electron (which is measured), the energy of the incident X-ray (hv), and the work 

function of the analyzer (Φ)  

                                                            (2-1) 

On the plots of counts versus binding energy, characteristic peaks will be seen at 

binding energies corresponding to the characteristic energies of the photoelectrons 

emitted by the atoms in the sample. XPS is one of the preferred methods of elemental 

and chemical analysis of surfaces because it can not only identify the elements that are 

present in the near surface region but it can also give information on the bonding state 

of the elements. With the appropriate settings, XPS is sensitive enough to distinguish 

shifts in binding energy based upon the local bonding environs of the elements. This 

leads to being able to distinguish between chemical compounds and to detect reactions 

such as oxidation. This can become useful in trying to establish levels of contamination 

in samples, as unless a sample is sputter cleaned there will always be some level of C 

and O contamination from the ambient environment. By distinguishing between 

compounds, the amount of O or C that is actually in the sample as opposed to that 
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which is contaminants can be determined in some instances. The relative atomic 

percentage (at %) of each element can be calculated as well, by integrating the area 

underneath the BE peaks found within each spectra. In this way the identity of the 

elements/compounds present is known in addition to the relative amounts of each 

element/compound. 

The analyzer was calibrated using a sputter cleaned, 99.99% pure silver sample 

by setting the measure silver 3d5/2 peak binding energy to 368.3 eV. However in 

working with solid lubricants a consideration that must be taken is the electrical 

conductance of the sample. Charging of the sample surface can be a significant 

problem. Insulators or poor conductors can accumulate positive charge on the surface 

due to the fact that as photoelectrons leave they cannot be replenished from a 

grounding source; this leads to the negatively charged photoelectrons being 

electrostatically attracted to surface. Thus artificially increases the binding energy 

measured due to them being harder to remove from the surface. To combat this 

problem charge neutralization must be utilized. Initially the surface charge on insulating 

or poorly conducting samples is positive. Therefore to neutralize the sample, a flux of 

low energy electrons (1.5-3 eV) is impinged on the surface. This flux of electrons will 

neutralize the surface charge on the sample; however, over time the application of a flux 

of electrons will induce a negative surface charge. This will cause the photoelectrons to 

leave the surface with higher kinetic energies, which artificially lowers the binding 

energies seen in XPS. Therefore, another charged particle must be introduced to 

neutralize the now negatively charged surface. To achieve this, a noble gas ion source 

is utilized, seeking to avoid chemical reactions with the surface of the sample. In the 
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current studies Ar+ ions are used at low energies (20-100 eV) to successfully neutralize 

the sample surface without damaging the sample. Using charge neutralization allows for 

the study of insulators and poor conductors with XPS, but does introduce some 

negative effects as well. The introduction of both electrons and positive ions to the near 

surface region of the sample will both retard and accelerate the kinetic energy of 

photoelectrons that interact with the introduced particles. This leads in larger FWHM 

values for the peaks seen in the XPS spectra. The system used in this study is fitted 

with a 15eV CN10 electron gun as well as a 5k eV PHI FIG-5CE ion sputter gun to 

effectively neutralize poor conductors and insulators.  

XPS Experimental Parameters  

For the present work, a standard set of parameters was used for all XPS spectra 

taken, maintaining as many variables and settings constant as possible. For broad 

survey spectra, a step size of 1 eV was used with the pass energy equal to 50 eV. Only 

1 sweep was performed as these large scans are only investigatory and are used to 

determine the elements present, for which core scans will be performed. The dwell time 

was set at 0.2 seconds and the energy window for the scan was from binding energies 

of 1386.7 to 0 eV. For core spectra of individual elements a step size of 0.03 eV was 

used with the pass energy equal to 20 eV. For these core level scans 5 sweeps were 

performed over each energy range to improve signal to noise ratios. The dwell time for 

these spectra was also set at 0.2 seconds; and the energy range differed depending on 

what core level was being scanned.  

XPS Data Processing Procedures 

XPS data is processed using a program capable of processing XPS, Auger 

electron spectroscopy (AES), and secondary ion mass spectrometry (SIMS) data. The 
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CasaXPS program which was written by Neal Fairley and is distributed in the U.S. by 

RBD Instruments of Bend, OR. Data processing begins with creating a region in the 

energy window for the particular spectrum. This region should include the entire peak 

that is located in the particular energy window as well as enough space on each side of 

the peak to establish an appropriate background. Background intensity derives from 

electrons that when escaping from the sample undergo inelastic collisions with other 

atoms and lose kinetic energy. There are many forms of backgrounds that can be 

chosen when creating a region. But there are three main backgrounds which are 

commonly selected: a linear background, the Shirley background, or the Tougaard 

background. The linear background, seen in Figure 2-2A, is simply a linear line 

connecting the end points of the region. This method suffers when there is a decrease 

in the background signal after a peak, which can lead to cutting off intensity from the 

peak. The Shirley background is scaled in proportion to the total intensity below its 

binding energy position; as a result, it is more sensitive to changes in background 

intensity as seen in Figure 2-2B. The Tougaard background, seen in Figure 2-2C, 

integrates the intensity of the background at a specific binding energy from the spectral 

intensities at higher kinetic energies, i.e., the approach predicts the probability of an 

electron undergoing a loss event and therefore contributing to the background at a 

given energy. While conceptually different, the Shirley and Tougaard backgrounds very 

similar results.  
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Figure 2-2.  Differences between the A) linear, B) Shirley, and C) Tougaard 
backgrounds. The x-axis of the plots are binding energy in units of eV and the 
y-axis are arbitrary intensity units. 

 
Due to the ease of calculation, the Shirley background has become widely used 

and was used exclusively in the current study. After setting the region and the type of 

background to be used, the background is subtracted from the spectrum, providing the 

“true” intensity of the peak as well as zeroing out a baseline if the background levels on 

either side of the peak varied as seen in Figure 2-3.  

After background subtraction peak fitting of the spectra can begin. To do this 

component peaks or fitting peaks must be created to match the collected data. These 

fitting peaks must account for all of the remaining intensity after background subtraction. 

There are a number of guidelines to follow when curve fitting. The first guideline that 

must be followed is that the number of fitted peaks for a spectrum should not exceed 

the amount of expected chemical states of the element present. For instance on a 

spectrum for a piece of silicon wafer, there would only be two expected bonding states 
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nascent Si, and SiO2, therefore the spectra should only have two fitted peaks as it 

would be non-physical to have a third peak as there would be no chemical state to 

account for the third peak. While simple in idea, this can be a difficult step in practice; 

often the samples being examined may have a number of chemical states that could be 

possible but how many are present is unknown. 

 

Figure 2-3.  Spectrum with background subtracted. The x-axis of the plots are binding 
energy in units of eV and the y-axis are arbitrary intensity units. 

 
As with the background shape, there are numerous shapes that can be chosen 

for the fitted peaks. Overwhelmingly, the most used and therefore the only one 

discussed in detail is the Gaussian/Lorentzian curve. This line shape involves a 

Gaussian curve mixed with a Lorentzian curve; the Gaussian part is contributed from 

the spectrometer while the natural core level line-shape is Lorentzian therefore a 

blended line must be used to fit the peaks. For this study a 30% Lorentzian/ 70% 

Gaussian curves were used for all spectra.  

 In such a case as outlined above a second guideline comes into play: when the 

exact amount of states is unknown, seek to minimize the number of fitted peaks needed 

to account for the intensity while adhering to the remaining guidelines. The third 
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guideline suggests that all fitted peaks in a spectrum must have the same FWHM value. 

The FWHM value is different for every orbital in every element, although for a single 

element, the values may only differ slightly across the different orbitals. However within 

a single spectrum the fitted peaks should all have the same FWHM value. There are 

certain instances where in some elements that contain doublets the FWHM values will 

be different for the each doublet such as in the Ni 2p spectrum, but these situations are 

exceptions to the rule[]. The next guideline relates to the energy separation between 

doublets. Doublets, defined as the appearance of two peaks for the same orbital, occur 

for all orbitals higher in energy than the s level orbital (i.e. p, d, f, orbitals). This effect 

occurs because of spin-orbit splitting, the process by which any electron in an orbital 

with orbital angular momentum experiences, coupling occurs between the magnetic 

fields of spin (s) and the angular momentum (l). This leads to the total angular 

momentum being equal to Equation 2-2 

  |   |                                                         (2-2) 

As demonstrated by Equation 2-2, in orbitals where s≠0 there will be two degeneracy 

states this leads to the doublets seen in XPS. The doublets are labeled as follows: p 

orbitals are labeled as p3/2 and p1/2, d orbitals are labeled as d5/2 and d3/2, and f orbitals 

are labeled as f7/2 and f5/2. The two peaks in a doublet have a characteristic energetic 

separation distance. This means that if a fitted peak is placed in one peak of the 

doublet, a fitted peak must be added to the other peak in the doublet as well, with the 

distance between the peaks being the characteristic separation energy. The final 

guideline is that there is a characteristic ratio of intensities of doublet peaks that must be 

upheld when fitting doublets. For p orbitals the ratio of the 3/2 to 1/2 peak intensities is 
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2:1, in d orbitals the ratio of the 5/2 to 3/2 peaks is always 3:2, and in the f orbital the 

ratio of the 7/2 to 5/2 peak is always 4:3. As always it should be considered that these 

are guidelines not steadfast rules and small adjustments can be made if after following 

these guidelines the composite fitted signal does not match the actual data. Also if there 

any remaining intensity that has not been accounted for after fitting using these 

guidelines, additional peak(s) should be added to account for the remainder.  

After peak fitting, the area of each fitted peak is calculated in the software. The 

total area of the fitted peaks theoretically equals the area of the actual data for the 

spectrum. This value is needed for quantification of the relative at% of each element 

present in the selvage region of the sample. The integrated intensity of each spectral 

region must be normalized by a relative sensitivity factor. This sensitivity factor is 

related to the X-ray flux, mean free path of electron, and the detector efficiency which is 

element specific. After obtaining the relative total intensity for each element, this value is 

divided by the combined relative intensity for all elements detected. This value is then 

multiplied by 100 to give the relative at% of the element present in the near surface 

region. The relative at% for all the elements should combine to equal 100%.  

Pin-on-Disc Tribometry 

To measure the coefficient of friction for the materials used in the current study a 

novel homebuilt pin-on-disc tribometer was used. The tribometer was built by Dr. 

Gregory Dudder, based on the design of Dr. Brandon Krick and Dr. Gregory Sawyer; 

the final SolidWorks drawing can be seen in Figure 2-4.  
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Figure 2-4.  Final SolidWorks drawing of the novel in-vacuo pin-on-disc tribometer 
courtesy of Dr. Gregory Dudder. 

 
The instrument is based on the archetype design of a set of pin-on-disc 

tribometers used in the MISSE 7 mission that were taken to and installed on the 

International Space Station (ISS) during STS 129 Mission. The novel tribometer has the 

added advantage of being vacuum compatible. The tribometer consists of five main 

components all of which are specially adapted to be used in vacuum. The first 

component was the arm of the tribometer. The main function of the arm is to hold the 

pin and to undergo strain in two axes. The arm is constructed of titanium and is fitted 

with strain gauges from Sensing Systems Corporation of New Bedford, MA. The strain 

gauges have been calibrated using masses of known value suspended from the head of 

the tribometer. The second component of the tribometer is the piezo actuator. The 

actuator applies the normal load to the pin, providing an adequate travel distance to be 

able to load the sample when no voltage is being applied to the piezo. The instrument 

employs a model APA-120S piezo stack from Cedrat. The model was selected after 
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several dynamic strain simulations were run, showing that this model was the best 

choice. This specific piezo functions through the application of a positive, DC voltage to 

a horizontal stack of BiTiO3 blocks. By applying the voltage to this horizontal stack the 

head of the arm contracts vertically.  

The third component of the tribometer is the rotating sample stage. The sample 

stage represents the Omicron GhmB platen mounting position and acts as the flat disc 

for the revolving pin-on-disc test. The stage was made of titanium as well. Two holes 

are drilled into the stage to allow for the prongs on the transfer arm to enter as required 

for sample transfer using the existing transfer device in the XPS vacuum system. A 

square bottom hole was machined on the underside of the sample stage as well for the 

insertion of the D-shaped drive shaft of the motor assembly. The drive shaft secured to 

the sample stage via a set screw inserted through a threaded hole in the stage. Platens 

were secured to the stage via an assembly that mimicked the design of the 4d 

manipulator stage used in the XPS system. The motor assembly that is attached to the 

sample stage is the fourth component of the tribometer. The motor assembly is 

comprised of two pieces, the motor itself and a planetary gearbox. Both of these were 

purchased from Maxon Motors of Fall River, MA and are rendered vacuum compatible 

using specialized grease in the motor and gearbox. The motor is an EC-20 Flat model 

that measures 10mm in height and 20mm in diameter. The maximum speed this model 

can reach is 5000 rpm. The planetary gearbox provides a reducing ratio of 84:1 

meaning that the maximum sample stage rotational speed allowed was 60 rpm. The 

reducer gearbox and motor were assembled together into one piece by Maxon before 

attachment. All of the previous components are directly attached to the fifth component 
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which is mounting block. The dimensions of the mounting block were determined by the 

requirements of transferring samples, a procedure which utilized three separate transfer 

arms to transfer from the load lock to the tribometer and from the tribometer to the XPS 

analysis chamber. The length of the mounting block could not exceed 9cm as it would 

impede motion of one transfer arm and it could be no more than 5cm tall or it would not 

align with another arm. The location of the stage had to be far enough away from the 

front edge of the piezo to allow room for the arm to lock onto the head of the platen. The 

mounting block was attached to a four-dimensional manipulator with a ¼ inch diameter 

stainless steel rod held in place with a set screw. All power inputs and signal outputs 

were wired though UHV feedthroughs on the 4-D manipulator mounting flange. The 

strain gauge signal was relayed via a Sensotec in-line amplifier to a National 

Instruments SCB 68 signal accumulation box interfaced with a National Instruments 

6221 data acquisition card. A National Instruments Labview V8.5 data acquisition 

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

program allows the user to set the direction and speed of rotation, to customize the 

experiment time and data acquisition rate, and to monitor and control the applied normal 

load during operation of the tribometer. Data is saved directly to a Microsoft Excel file 

and includes the lateral force, normal force, time, and friction coefficient.  

Pin-on-Disc Testing Parameters 

The purpose of pin-on-disc test are to measure the friction produced during 

sliding as well as measuring wear performance of a sample under the tribological 

conditions during operation. During the current study a standard set of parameters was 

used. The normal force for every test was set to 1N, the diameter of the wear track was 
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a constant 6mm, and the size and type of ball used was a 3mm radius 440C stainless 

steel ball.  

Scanning White Light Interferometry  

There are a variety of techniques that can be used to measure the wear 

performance of the tribological samples, usually reported as a wear rate. All of the 

techniques involve estimating the volume of material removed during testing. One of the 

simplest ways is to measure the mass of the sample before and after tribological 

testing. The change in mass is the amount of material removed. Multiplying this by the 

density of the material gives the volume lost during testing (VL). Knowing the normal 

force (Fn) used during the test and the total sliding distance (d) of the test, the wear rate 

can be calculated by using Equation 2-3, with wear rate expressed in units of either 

m3/Nm or mm3/Nm. 

  
  

   
                                                               (2-3) 

This technique of measuring mass lost to calculate the wear rate is very reliable 

but becomes difficult when using smaller samples. In addition, when samples that 

experience low wear, a very fine balance is needed to measure the amount of mass 

loss as this can often be small fractions of a gram. As a result, alternative methods have 

been developed to determine the amount of volume lost during tribological testing. 

These entail measuring the wear scar made during the test and calculating the volume 

lost directly. There are a number of techniques available to accomplish this including 

atomic force microscopy (AFM), scanning tunneling microscopy (STM), and white light 

interferometry. For this study scanning white light interferometry (SWLI) was used as 

the wear tracks were too large in width to be scanned using AFM. The approach 
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employed a Veeco Wkyo NT9100 Interferometer and the actual measurements were 

taken by Dr. Rachel Colbert. SWLI works by using the wave superposition principle to 

combine waves to form interference rings. In the Veeco Wyko NT9100, white light 

illuminates a semitransparent mirror. A portion of the light is reflected back onto a 

second mirror, while some is transmitted through to the sample. After reflecting off the 

mirror and sample, respectively, the waves of light merge and form an interference 

image. By changing the z-position of the transparent mirror, different interference 

images are taken at a set sequence of phase differences. Based off these interference 

images at different heights and the movement and intensity of the interference rings on 

the interference images the software generates a 3d image of the sample surface. Once 

the image is recorded, image processing software such as SPIP can be used to 

produce an average of every possible line scan in the entire image. Once this average 

line scan has been obtained, a Matlab program was written to determine a zero point on 

the scan that represents the sample surface and then calculate the area under the zero 

level that had been removed. By taking SWLI images over multiple areas of the wear 

track, the volume removed as a result of wear a can be calculated, by multiplying the 

average area removed by the total length of the wear track. The wear rate for the 

sample is then calculated using Equation 2-3 as described above.  
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CHAPTER 3 
TRIBOLOGICAL AND CHEMICAL EFFECTS OF VARYING ANNEALING 

TEMPERATURE IN ELECTROLESS NICKEL-BORON COATINGS 

Introduction 

There is a large need in the design of engineered pieces for the protection and 

enhancement of the performance of surfaces. In 2009 the global coatings market 

totaled over $90 billion USD with non-decorative coatings (such as marine, hard 

coatings, and tribological coatings) making up over 50% of the market[76]. Hard 

coatings such as diamond-like carbon, chrome coatings, and boron nitride are 

commonly used to increase the hardness of a surface to prolong its operation. By 

covering the surface with a hard coating the lifetime of the part is increased due to the 

fact that the piece will experience less wear during operation. Hard coatings can also 

modify other properties of the surface, potentially providing resistance to corrosion, 

improved frictional behavior, and protection from unwanted chemical reactions. Nickel 

boride coatings offer a number of these advantages [13, 77–81]. 

A number of coating processes can be used to deposit nickel boride, including 

physical vapor deposition, chemical vapor deposition, and electrolytic deposition. One of 

the increasingly used deposition processes is electroless deposition. Electroless 

deposition is a purely catalytic process in which no external power source is needed to 

drive the deposition. Also electroless deposition eliminates line-of-sight issues as well 

as edge effects commonly seen in many deposition processes [9]. Advantages of this 

approach also include the relative simplicity in equipment, low capital expenditure, 

scalability, and the overall lower workforce skill involved in the deposition [9, 82, 83]. 

The electroless deposition of nickel boron coatings is beneficial in protecting against 

corrosion and fouling, extending of service lifetimes, and conservation of energy. Nickel 
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boron coatings have been shown in previous studies to have high hardness, low wear, 

good adherence on a variety of substrates, and provide corrosion resistance [83]. In 

certain situations, nickel boron coatings have shown low friction but many factors such 

as deposition variables, annealing temperature, and tribological testing environment 

play a large role in the variance on friction values reported [84, 85]. Nickel boron 

coatings are commonly annealed to increase the hardness of the coatings; 400°C is 

commonly as a result of empirical investigations that revealed an enhancement in 

hardness following this treatment [86, 87]. In the present study, the influence of 

temperature-dependent oxygen anneals on the tribological properties of electroless 

nickel boride coatings have been investigated. 

Following anneals under a flow of oxygen gas at 250°C, 400°C, 550°C, and 

700°C, X-ray photoelectron spectroscopy (XPS) has been used to document the 

composition of nickel boride coating surfaces as a function of annealing temperature. In 

addition, Raman spectroscopy has assisted in ascertaining the molecular nature of the 

boron oxide species detected in the near surface region following high temperature 

anneals. In turn, compositional changes have been correlated with variations in surface 

morphology and tribological response in order to generate a thorough understanding of 

the origins of favorable performance characteristics. Pin-on-disc tribometry has been 

used to measure the friction and associated wear properties of the nickel boride 

coatings as a function of annealing treatments [88]. The pin-on-disc measurements 

have provided an average coefficient of friction for a given set of sliding conditions while 

interferometry measurements have been used to follow the amount of material lost 
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during sliding. Using known variables from the pin-on-disc testing, fundamental wear 

rates of the variously annealed coatings have been obtained. 

Experimental 

Numerous 4130 steel substrates measuring approximately 10 mm × 14mm were 

processed by UCT Coatings Inc. (Stuart, FL) to deposit a 100 μm thick nickel−boron 

coating from a nickel chloride hexahydrate (NiCl2·6H2O) and sodium borohydride 

(NaBH4) solution. Lead tungstate (PbWO4) was employed as a solution stabilizer. The 

coating thickness was monitored via deposition rate calculations and verified via cross-

sectional SEM images. A tube furnace allowed for ultrahigh purity O2 gas to be flowed 

over the coated substrates during the various annealing procedures. A steady flow of 

0.0094 N m3/min was established to purge the tube of any ambient air before heating to 

the specified temperature. Temperature was measured via a K-type thermocouple 

placed inside the tube immediately above the sample. Once the desired temperature 

was reached, the samples were held at this temperature for 3 hours. Samples were 

allowed to cool to room temperature under a flow of O2 gas. XPS was performed using 

the system and methodology previously described. All samples were sputtered for 5 min 

with the PHI FIG-5CE ion sputter gun with beam energy of 1 kV before general survey 

spectra were taken to remove surface contamination. Processing of the XPS spectra 

was done using the guidelines and methods previously described. Raman spectra were 

collected with a LabRam Infinity (Horiba Group) micro-Raman system, employing 1.5 

mW continuous helium: neon laser (λ = 632.8 nm) and a 100× objective. Spectra were 

recorded using 6 s integration times and averaged 10 times for a total integration time of 

60 s. Backscattered radiation was collected by the same microscope objective, passed 

through a sharp-edge filter to reject elastically scattered light, and imaged by a CCD 
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detector (1024 9 256 pixels). Tribological testing was performed via the novel tribometer 

described previously. All samples were run against a 3 mm radius 440C stainless steel 

ball under ambient conditions with a relative humidity of 40−50%. The tribological 

investigations entailed the application of 1 N normal load and sliding distances in 

excess of 1 km. Under these conditions, the estimated contact pressure of the sliding 

interface was 530 MPa, calculated assuming a Hertzian contact; higher local pressures 

likely existed in the region of asperities. Scanning white light interferometry (SWLI) 

scans were taken using a Veeco Wyko NT9100 Interferometer. Scans over multiple 

regions were processed and compiled in order to illustrate broad regions including the 

wear track. SEM images were obtained using a JEOL NeoScope JCM-5000 benchtop 

SEM employing a primary beam energy of 10 kV. Images were obtained from the region 

of the wear track of each sample to illustrate the deformation and damage caused by 

the tribological tests. Images were also obtained off of the wear track to depict the 

general morphology of the coating and to document changes occurring as a result of the 

annealing processes. The surface hardness values of the nickel boride coatings were 

evaluated with a Hysitron Triboindenter, employing a three-sided Berkovich diamond 

indenter. 

Results 

Compositional and Morphological Changes 

Figure 3-1 shows SEM images, courtesy of Dr. Wei Qiu and Dr. Juan C. Nino, of 

the undisturbed portions of the coatings not affected by the tribological testing 

performed. The as received sample, along with the sample annealed at 250°C depicts a 

nodular structure for the nickel-boron coatings. In the 400°C annealed sample some 

aggregation can be seen on the surface where some of the smaller nodules have 
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coalesced, smaller surface cracks have closed, and the deeper cracks are less 

prevalent. Upon annealing at 550°C extensive changes can be seen in the morphology. 

The nodular structure is completely absent, replaced by a new phase on the surface. 

This new structure, dubbed hereafter as flaked, can also be seen in the sample 

annealed at 700°C. Also seen in the 700°C image are slight remnants of the nodular 

structure indicating that the new flaked structure has evolved from the previous 

structure.  

 

 

 

Figure 3-1.  SEM Images of the surface of the NiB coatings a) as received and after 
annealing at b) 250°C, c) 400°C, d) 550°C, and e) 700°C showing the 
morphological changes that occur due to the annealing at these temperature, 
images courtesy of Dr. Wei Qiu and Dr. Juan C. Nino. 

 
Figure 3-2 depicts the Ni 2p 3/2 core spectra for the series of coatings annealed. 

The Ni 2p spectrum is notoriously difficult to fit due to the number of satellite peaks, 

denoted in the spectra as S1 and S2, which occur due to quantum mechanical effects 
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[89]. Despite these complexities, the 2p 3/2 peak can be fitted with two smaller peaks. 

The first peak located at approximately 853 eV is associated with Ni bonded to B in the 

compound Ni3B, the intended stoichiometric compound during deposition. Prior 

experiments have shown that as nickel-boron coatings are annealed, the films 

crystallize and the dominant phase seen is Ni3B [13].  

 

Figure 3-2.  Ni 2p 3/2 core spectra showing that after higher annealing temperatures no 
Ni is seen in the sample’s surface region. 

 
The second fitted peak, located at 853-854 eV, is assigned to Ni bonded to O in 

the compound NiO. An additional nickel oxide, Ni2O3, may potentially form with a 

characteristic Ni binding energy of 856-857 eV. Unfortunately this peak overlaps with 

one of the satellite peaks and therefore cannot be fully assessed. Slight variations in the 

intensity of these spectral features are seen in the as-received sample and those 

annealed to 250°C and 400°C, however the complete absence of any Ni species is 

indicated by the spectra measured from samples annealed to 550°C and 700°C. Based 

on these results, lower annealing temperatures are seen to produce a minor oxidation of 

the nickel boron coating, while higher temperature anneals are seen to induce a drastic 
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compositional change to the surface region, consistent with the morphological changes 

described above. 

 

Figure 3-3.  B 1s core spectra showing a) the fitted as received sample with peak 
assignments and b) the spectra for the 250°C, 400°C, 550°C, and 700°C 
samples showing a transition from two peaks in the lower annealed samples 
to a singular broad peak in the higher annealed samples. 

 
Figure 3-3 displays the B 1s core spectra for the samples annealed to different 

temperatures in the study. The relative decrease in S/N ratio compared to the Ni spectra 

results from the lower photoelectron cross section for boron. As can be seen in the as 

received, 250°C, and 400°C samples there are two peaks expressed. The lower binding 

energy peak is located at approximately 188 eV and corresponds to boron bonded to Ni 

in the Ni3B structure. The higher peak, located at approximately 193 eV can be 

assigned to B bonded to O. This shows that even in the as deposited coating some 

degree of surface oxidation has occurred. In the samples annealed at the higher 

temperatures, the lower binding energy peak is no longer seen and a single broad peak 

is observed. This peak is attributed to boron oxide species and/or boric acid resulting 

from the diffusion of subsurface boron and hydrogen at these temperatures and the 

extensive oxidation of the surface region. The proximity of reported binding energies for 



 

54 

B2O3 (193.7 eV) and H3BO3 (192.8 eV) [90] and the ill-defined shape of the spectral 

peak prevent a quantitative deconvolution into their respective presence. The formation 

of hydrogen containing boric acid is consistent with the inclusion of hydrogen in Ni3B 

films produced through electroless deposition. The breadth of the peak and the shift to 

higher energies is also observed for both oxygen and adventitious carbon detected in 

related spectra and is consistent with surface charging of the oxide. These spectral 

features observed with increasing temperature demonstrate that all of the boron present 

in the near surface region is converted from its deposited form (Ni3B). 

Figure 3-4 displays the correlated changes observed in the O 1s peak as the 

annealing temperature increases. The lower annealed samples and the as received 

sample show a peak that can be assigned as arising from two species. Intensity located 

at approximately 532 and 533 eV and can be attributed to Ni2O3 and B2O3, respectively. 

For the sample annealed to 250°C, deconvolution of the O 1s peak reveals intensity at 

529 eV that can be attributed to NiO in addition to that observed for the as received 

sample. Upon annealing to 400°C, a relative shift in intensity located at 533 is 

consistent with the formation of more boron oxide species. After annealing above 

550°C, the O 1s peak shifts to a higher binding energy and widens much like the case in 

the B 1s peak, consistent with the complete oxidation of the surface region and related 

surface charging.  
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Figure 3-4.  O 1s core spectra a) showing peak identification for the as received sample 
and b) remaining samples O 1s spectra showing transition in binding energy 
and broadening of the peak due to the creation of a B2O3 rich surface in the 
higher annealed samples. 

 

From the spectra above, the relative percent composition of the surface of the 

coatings was determined using the methods previously described and are presented as 

atomic percentages in Table 3-1. As XPS is insensitive to the presence of hydrogen, its 

relative presence in the near surface region is not reflected. The data for the samples 

annealed to 250°C and 400°C indicate that a change in surface composition has 

occurred as a result of the heat treatment. The presence of C in the as received and 

lower annealed samples can be attributed to surface contamination. In the electroless 

deposition process, PbWO4 is used, in very minute quantities, as a stabilizer for the bath 

[17, 86, 87, 91]. In some samples, a small amount of Pb has been detected on the 

surface, usually less than or equal to one atomic percent, as seen in the 400°C 

composition data. The samples annealed to 250°C and 400°C exhibit a slightly higher B 

concentration at the cost of lower Ni concentration with respect to the as received 

coating. Significant changes in the composition occur once the coatings are annealed at 
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550°C and 700°C. For these samples, a complete depletion of nickel and higher 

concentrations of B and O with a much higher concentration of C is measured. The 

higher concentration of C is likely due to the fact that at these elevated temperatures 

there is diffusion of C into the actual coating as opposed to contamination resting on the 

surface.  

 

Table 3-1.  Elemental composition, in atomic percent, of coatings after various 
annealing temperatures. 

Sample Ni (at. %) B (at. %) O (at. %) C (at. %) Pb (at. %) 

As Received 31 19 42 8 0 
250°C 22 23 45 10 0 
400°C 24 24 45 6 1 
550°C 0 34 49 17 0 

700°C 0 32 53 15 0 

 

In order to further ascertain the nature of compositional changes occurring with 

high temperature anneals in oxygen environments, Raman spectra were collected from 

the Ni3B coating annealed to 700°C by Dr. David Hahn. The resulting spectrum is 

presented in Figure 3-5 and is consistent with the transformation of the near surface 

region to boric acid, H3BO3. The peaks at 510, 894, and 1182 cm-1 are in agreement 

with features previously assigned to boric acid [92, 93]. In addition, the absence of 

peaks at 808, 1325, and 1475 cm-1 characteristic of B2O3 is noted [94, 95]. The small 

feature at 1386 cm-1 in the spectrum reported here has not been assigned, nor were 

assignments for the features at 3193 or 3265 cm-1 identified through an extensive 

search of the literature. Nonetheless, the Raman spectrum clearly highlights the 

formation of boric acid and the influence of hydrogen incorporated into the film during 

deposition. 
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Figure 3-5.  Raman spectrum of the electroless Ni3B sample following a 700°C anneal 
in a blanketing oxygen gas. The spectrum is dominated by vibrational peaks 
attributable to boric acid, courtesy of Dr. David Hahn. 

Friction Behavior 

Figure 3-6 plots the coefficient of friction (μ) vs. sliding distance (m) for each of 

the samples tested. As previously stated, the normal force in each test was 1N and the 

counterface was a 3 mm radius 440C stainless steel ball, resulting in an estimated 

contact pressure of 530 MPa. Again, a separate counterface was employed for each 

unique sample. The as received and 250°C samples behaved similarly, with each test 

having a run-in period for the first 100 m or so of sliding then holding at a value of 
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around 0.5 for a period of 400 m. Then following ~600 m of sliding distance both 

samples exhibit a steady increase in μ until the end of the test, by which point the 

samples have reached coefficient of friction values of ~0.8-0.9. The frictional response 

of the 400°C sample, (c), differs from the previous two samples. In the first 30 m of 

sliding, it begins with a sharp increase of the μ value from 0.35 to 0.7 and then holds 

steady at this higher value for the next 170 m of sliding. Then, a second, abrupt 

increase in μ occurs, increasing to a coefficient value of 1.0 for the remainder of the 

test. As will be discussed below, this second increase can be attributed to formation of 

wear debris within the wear track. Figures 3-6(d) and 3-6(e) illustrate a very different 

frictional response for the coatings annealed in oxygen to 550°C and 700°C. The 550°C 

sample has a very brief run in period then holds at a value of approx. 0.15 for the 

duration of the test. The 700°C sample starts at a slightly higher friction value then 

decreases to a steady state value of 0.06 for the remainder of 1 km sliding test.  

 

Figure 3-6.  Friction coefficient vs. sliding distance for Ni-B coatings a) as received and 
after annealing at b) 250°C, c) 400°C, d) 550°C, and e) 700°C. 
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Wear Behavior  

The wear rates associated with the 1 km sliding runs were determined from an 

analysis of the circular wear tracks measuring 18.85 mm in circumference. Using line 

scans generated from SWLI and averaged over an entire image, the volume removed 

from the coating can be determined and from there the wear rate of the coating can be 

calculated. A representative section of an image analyzed in this way is shown in Figure 

3-7, SWLI images are courtesy of Dr. Rachel Colbert, illustrating the well-defined wear 

track observed on the sample annealed to 550°C. The wear rates of all 5 samples are 

shown in Table 3-2 as well as the average μ value over the entire test for each sample. 

The as received sample and 250°C sample exhibit similar behavior having both average 

μ values and wear rates that are very close together. No wear rate could be calculated 

for the 400°C sample due to debris accumulating on the surface, which will be 

discussed in greater detail later. The 550°C and 700°C samples exhibit a higher wear 

rate as compared to the lower annealed samples, although having lower coefficients of 

friction. The difference between the wear rates of the lower and higher annealed 

samples can be attributed to the change in both composition and morphology occurring 

over this temperature range, as described above. Overall, these wear rate values 

represent a very low rate of material removal from the contact zone as compared to 

many other materials coatings [96, 97]. 

The SWLI measurements further revealed the depth of wear tracks for the lower 

annealed samples to be between 10-30 nm. In comparison, some of the features on the 

surface resulting from deposition of the coatings are on the order of 5-15 nm. As a 

result, there appears to be more of a smoothing of the nodular structure than material 

removal. This smoothing effect can be seen in the as received and 250°C samples SEM 
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images, courtesy of Dr. Wei Qiu and Dr. Juan C. Nino, shown in Figure 3-8A and 3-8B. 

Some of the thinner, deeper lines seen in the images arise from wear debris from the 

ball. The 400°C sample shows a much broader wear track than the other samples as a 

result of the large flat spot formed on the ball during the testing, which lead to a larger 

contact area. The 550°C and 700°C samples, which displayed higher wear rates, were 

revealed to have wear track depths between 70-120 nm. While this is much more than 

the lower temperature annealed samples, a removal of 100 nm correlates to 1/1000 of 

the 100 μm thick coating being removed in 1 km of sliding. As seen in Figure 3-8, the 

higher annealed samples do not display the smoothing effect seen in the as received 

and 250°C samples, but exhibit a more typical material removal process within the wear 

track. The origin of the wider wear track observed on 700°C sample (Figure 3-8E) has 

not been determined in these studies.  

 

 

Figure 3-7.  SWLI image showing the wear track generated on the 550°C sample, 
courtesy of Dr. Rachel Colbert, and a line plot of SWLI data, averaged over 
the entire area of the image, indicating the depth of the wear track. 



 

61 

 

Table 3-2.  Coefficient of friction and wear rates of all samples tested. 

Sample Coefficient of Friction Wear Rate (mm3/Nm) 

As Received 0.55 4.3e-8 
250°C 0.58 4.8e-8 
400°C 0.90 N/A 
550°C 0.17 2.7e-7 
700°C 0.06 2.1e-7 

 

 

 
Figure 3-8.  SEM images of wear tracks of NiB coatings  for the a) as received sample 

and after annealing at b) 250°C, c) 400°C, d) 550°C, and e) 700°C, images 
courtesy of Dr. Wei Qiu and Dr. Juan C. Nino. 

 

Discussion 

Compositional and Morphological Changes 

As seen in the data presented above, the result of annealing Ni-B coatings in 

oxygen at temperatures of 550°C and above is a marked change in both morphology 

and composition. These changes in turn lead to notable changes in the measured 

tribological properties. The typical nodular structure observed on the as received 
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sample and following anneals up to 400°C is converted to a flaked structure when 

coatings are subjected to higher annealing temperatures. The resulting coating 

morphology is smoother than the original coating surface, free of the cracks and gaps 

between nodules in the nodular structure. This change in surface morphology points to 

a complete change in the material that makes up the surface region of the coating.  

This hypothesis is corroborated by the trends seen in the composition of the near 

surface region of the coatings determined via XPS. The as received sample and those 

annealed at lower temperatures have similar compositions showing both Ni and B in the 

selvage region. The B 1s core spectra indicate B bonded to Ni in Ni3B as well as B 

bonded to O in B2O3 like species. Although the core spectra are consistent with B and 

Ni bonded together as Ni3B, a stoichiometric ratio of 3:1 is not observed. In the as 

received sample, the ratio is 1.6, while being 1:1 in the 250°C and 400°C samples. 

These variations likely result from the thermodynamically favorable formation of boron 

oxides and the resulting diffusion of boron to the surface. This picture is supported by 

the presence of the large peak in the B 1s spectra that represents B in B2O3.  

 The drastic change in the composition observed for the samples annealed at 

550°C and 700°C are also consistent with the thermodynamically driven formation of 

boron oxides. At elevated temperatures, the diffusion of small hydrogen and boron 

atoms is enhanced and the surface region of the coating is transformed to boron acid. 

This explains the complete lack of nickel seen in the higher annealed surface as well. 

This surface oxidation mechanism is similar to that observed for the formation on SiO2, 

in which Si atoms diffuse through an ever increasing thickness of SiO2 form the oxide 

layer. For silicon surfaces, higher temperatures are well known to produce thicker oxide 
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layers, consistent with the activated nature of the process [98]. A similar behavior is 

proposed to be occurring at the surface of nickel-boron coatings as hydrogen and boron 

are drawn to the surface to react with gas phase oxygen [99]. The formation of the boric 

acid also provides a basis for interpreting the change in morphology observed following 

the higher temperature anneals. The transformation from the nodular structure to the 

flaked morphology is seen to result from the significant diffusion of boron and hydrogen 

through the near surface region and the corresponding formation of boric acid. It should 

also be note that the Raman data indicate that oxidation is occurring to a substantially 

greater depth than that detected by XPS, again consistent with observable 

morphological changes and the friction and wear characteristics discussed below. 

Frictional Response 

The tribological behavior of the coatings exhibits similarly drastic changes as a 

function of annealing temperature. As seen in Figure 3-6, the as received and 250°C 

samples show a period of stability early, albeit it at moderately high friction,  then begin 

to increase at approximately 600 m of sliding distance. As deposited nickel boride 

coatings of this composition can thus be categorized as having an intermediate friction 

with a relatively low wear rate, consistent with the known hardness of the compound. 

The 400°C sample showed an immediate increase followed by a small plateau and then 

another rise to an approximate μ value of 1. These tribological changes are attributed to 

an interface within which a high degree of wear is occurring. In this case, significant 

interfacial wear occurs on the stainless steel counterface as well as the coating, 

producing large quantities of dark red debris in the region of the wear track, consistent 

with the formation and transfer of an iron oxide species. The mechanism by which this 

form of wear occurs has not been revealed through the studies performed. 
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The 550°C and 700°C samples exhibited a completely different tribological 

response than the samples annealed at lower temperatures, as would be expected with 

the significant change in surface chemistry and morphology. These coating samples 

exhibited notably low μ values, in turn attributed to the formation of boric acid. Boric acid 

is widely known to form a layered structure [100] and is further believed to derive its 

usefulness as a lubricant from this property. In light of this, annealing electroless nickel 

boron coatings at elevated temperatures in oxygen containing environments is seen to 

not only produce a given surface finish, but also produce a relatively thick layer of 

protective, lubricious H3BO3.  

All of the pin-on-disk tests presented above were performed at room temperature 

and pressure in ambient air in which the relative humidity (RH) was ~40% or greater. To 

investigate the role of water in the measured tribological properties, an experiment was 

performed where sliding began in ambient air with a relative humidity approximately 

50% on a sample annealed at 700°C in O2. Following sliding for 9.42 m, a dry N2 purge 

was introduced so as to lower the RH to <10%. This procedure of alternating testing 

environments was repeated while continuously sliding, resulting in the tribological 

response depicted in Figure 3-9. Here, regions of sliding in high humidity have been 

labeled as HH and those in low humidity as LH. After reproducing the friction results 

obtained on a similarly annealed coating, the coefficient of friction was observed to rise 

slightly upon the reduction in relative humidity. The sliding interface was able to recover 

to the lower value upon returning to HH; this trend repeated for the second LH to HH 

cycle as well. Upon lowering the humidity a third time however, an almost linear 

increase in μ is seen with sliding distance, rising from 0.1 to 0.4 over this distance. This 
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result points to a progressive wear of the protective boric acid layer during low humidity 

sliding. Following this ramping up of the friction coefficient, a modest recovery is made 

upon returning to HH, bringing the μ value down to 0.2. The last region of sliding in LH 

exhibits an immediate increase back to a μ value of 0.4, which then holds for the 

remainder of the 9.42m humidity cycle. The last HH cycle highlights a potential kinetic 

effect with respect to the participation of ambient water in tribochemical reactions 

occurring under sliding conditions.  

Wear Response 

The wear response of the various coatings reveals further evidence to the fact 

that annealing temperature has a vast influence on the nature of the surface of nickel 

boron coatings. As previously discussed, no wear data was able to be obtained for the 

400°C sample as the wear debris generated from the ball during testing accumulated in 

the wear track, effectively producing a growth in thickness within the wear track. Beyond 

this sample, the results of the SWLI investigation depict a coatings performance of 

considerable interest. The wear rates calculated for the as received and 250°C samples 

are both very low, in the range of 4.0x10-8 mm3/Nm. The 550°C and 700°C samples 

exhibit a moderate increase in the wear rate to ~2.0x10-7 mm3/Nm; yet, these rates are 

all fairly low. Recognizing that wear rates for many advanced aerospace  coatings are in 

the 10-6-10-7 range demonstrates that these Ni3B coatings offer the potential for 

substantial wear resistance [96, 97]. Although not measured explicitly, ambient water, in 

conjunction with the boric layers formed during oxygen anneals, likely plays a strong 

role in maintaining a low wear rate, as suggested by the low humidity data presented in 

Figure 3-9. 
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Figure 3-9.  Graph of μ vs. time for a 700°C sample with 9.42m relative humidity cycles. 

 

Summary of Findings 

Annealing electrolessly deposited nickel boron coatings above a temperature of 

at least 550°C has been shown to transform the surface of the as deposited coating 

from a nodular structure to a flaked structure. The chemical nature of the coatings shifts 

from one containing Ni3B to a surface that is completely covered with boric acid. The 

presence of these species within the surface layer results in notably reduced 

coefficients of friction with respect to those of the parent coating when sliding against 

steel counterfaces in humid environments. Together, the results of this study document 

correlated changes in surface morphology, composition, and tribological response as 

result of oxygen annealing and demonstrate the potential for further modification of 

these useful coatings through post deposition thermal treatments. 
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CHAPTER 4 
COMPOSITIONAL EFECTS OF EXPOSURE TO LOW EARTH ORBIT ON 

MoS2/Sb2O3/Au COATINGS 

Overview 

The Materials on the International Space Station Experiments (MISSE) program 

presents a unique opportunity for researchers dealing in space application materials to 

have samples exposed directly to low earth orbit (LEO) conditions. Started in 2001, the 

MISSE program has had 8 missions sending samples and experiments to the 

International Space Station (ISS) with the purpose of characterizing the performance of 

existing and new space materials during and after exposure to actual space conditions 

[101]. The materials and experiments selected for testing are mounted in a terrestrial 

environment into passive experiment containers (PECs). These PECs are then mounted 

to the outside of the ISS and are left in LEO conditions for a period of time until their 

retrieval and delivery back to Earth. The MISSE-7 mission contained two PECs, one to 

be placed on the ram side of the ISS and one to be placed on the wake side of the ISS. 

The PECs were carried to the ISS on November 2009 aboard mission STS-129 and 

were retrieved during the STS-134 mission on May 2011, leading to an exposure of 

approximately 18 months [101]. The active experiments consisted of small scale 

tribometers which would be automated to run after attachment to the outside of the ISS 

and transmit data on a number of tribologically relevant samples, including the coating 

reported in the current study [102]. The resulting tribological data is presented 

elsewhere, with the emphasis of this report focusing on the nature of the chemical 

changes incurred by exposure to LEO. The commercially available composite coating 

was comprised of MoS2, Sb2O3, and Au and designed to act as a solid lubricant in 

space applications [103, 104]. The coating has this unique chemistry to increase the 
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desired properties, mainly a low friction coating capable of being used in space. The 

MoS2 component of the coating acts as the solid lubricant, while the Sb2O3 and Au 

components are included for structural support and densifying roles [103, 104]. The 

coating was mounted within a tribometer on the ram side PEC, resulting in exposure to 

a very unique and chemically aggressive environment. The ram side of the ISS is under 

ultrahigh vacuum conditions, but experiences collisions with atomic oxygen on the order 

of 1014-1015 atoms/cm2s [105]. These atomic oxygen atoms possess a kinetic energy of 

4.5eV [105]. The ram side also experiences temperature fluctuations from -40 to 60°C 

as well as the potential exposure to various forms of cosmic radiation striking the 

surface of the sample during orbit [105]. Because the ram side is the forward facing 

direction during orbit, there is finally the danger of debris striking the surface [106].  

The unique environment that exists in LEO can potentially produce extreme 

changes in the composition of the surface of a material. Atomic oxygen is highly 

reactive and can have severe effects on the tribological response of coating. This is due 

to the fact that such composite coatings have their composition carefully engineered to 

yield desired tribological properties. Changing this composition can have drastic effects 

on these properties. Atomic oxygen is known to attack the surfaces, forming oxides with 

metallic components and eroding others. As a result, the chemical transformation of 

tribological components potentially may cause the coating to fail prematurely or induce 

the failure in other components due to wear and high torque. There is great potential for 

surface analysis techniques such as X-ray photoelectron spectroscopy (XPS) in 

determining how exposure to LEO chemically changes the surface of materials exposed 

to these environments. XPS offers the ability to determine not only the elements present 
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on the surface but their local chemical bonding environment. The approach can be used 

to calculate relative atomic percentages, thus illustrating how the surface of the sample 

has changed compositionally after exposure to LEO.  

Methods and Materials  

The specimen reported in this study is a commercially available MoS2/Sb2O3/Au 

coating. The coating was DC sputtered by Hohman Plating (Dayton, OH) from a 

composite target source on to a 304 stainless steel substrate disk. The MoS2/Sb2O3/Au 

coated disk was mounted to the aforementioned tribometer, in turn mounted on the ram 

side assembly as shown in Figure 4-1, image courtesy of Dr. Gregory Sawyer and Dr. 

Brandon Krick. Two samples were used for the current study, the first being a coating 

that was not exposed to LEO and was kept in a clean terrestrial environment; this 

sample is hereafter referred to as the reference sample. The second sample was the 

coating exposed to LEO and is hereafter referred to as the flown sample.  

 

Figure 4-1.  Schematic design of the MISSE 7 space tribometers from MISSE mission, 
courtesy of Dr. Gregory Sawyer and Dr. Brandon Krick. 
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XPS was performed with an Omicron Nanotechnology GmbH Al Kα (1486.7 eV) 

monochromatic X-ray source using the process previously described in Chapter 2. 

Processing of the XPS spectra was performed using CasaXPS software (Casa Software 

Ltd.) and was performed using the methodology that was described in Chapter 2.  

Results 

The first aim of the XPS analysis was to identify the species present in the upper 

10-20nm of a material’s surface. XPS has strong depth sensitivity and therefore only 

obtains information from the near surface region. After identification of the elements 

present and their respective binding energies, the values of the peak energies are 

compared with values in the literature to determine the bonding environment of the 

elements. From these data, the relative atomic percentages of each element present 

were determined using the methodology described previously. To be able to understand 

the impact of exposure to LEO, a reference sample was compared to the flown sample. 

The reference sample was a disc of the same substrate and was coated at the same 

time as the sample that was flown on the ISS. This reference sample was maintained 

under pristine conditions during the duration of the MISSE-7 program and was analyzed 

at the same time as the flown sample. By using this reference method, the chemical 

changes that occurred during exposure could be easily identified through a 

compositional analysis. Table 4-1 shows the relative atomic percentages of the 

elements identified in both the flown and reference samples.  

Chemical State of Reference Sample 

The O 1s/ Sb 3d spectra for the reference sample is shown in Figure 4-2A. As 

can be clearly seen, these two elemental regions extensively overlap and are therefore 

inherently difficult to differentiate and deconvolute. To accurately fit this region a number 
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of procedural rules were evoked. First, the area of the Sb 3d5/2 peaks relative to Sb 3d3/2 

peaks were fixed at a 3:2 ratio, according to the quantum mechanical nature of their 

origin; second, the separation distance between the 3d5/2 and 3d3/2 peaks was held at 

9.4eV, which corresponds to the reported literature value. Finally, the full width half 

maximum (FWHM) values of the corresponding peaks were kept constant [107]. This 

general approach of using set peak energy ratios, set separation distances, and 

consistent FWHM values between peaks was used for fitting all of the regions involved 

in the study. Using these guidelines, two sets of peaks were required to fit the Sb 3d 

spectrum. The first set of peaks located at 529.7 and 539.1 eV are assigned to 

stoichiometric Sb2O3. While slightly lower than most reported energies [107–109], 

provided a consistently  good fit throughout these data sets. The second set of peaks, 

located at 528.2 and 537.6 eV, are assigned to sub-stoichiometric SbxOy sub-oxides, 

which can be produced during the DC sputtering process [108]. After assigning the Sb 

peaks in the combined spectra, the remaining intensity was attributed to oxygen. The 

main O 1s peak is located at 530.7 eV and is assigned to O within Sb2O3 and the sub-

oxides SbxOy species. The remaining intensity, located at 532.6 eV, is assigned to O 

bound in C-O bonds, a species believed to arise from adventitious carbon located on 

the surface of the coating.  

 

Table 4-1.  Atomic percentages of elements in the near surface region of the flown and 
reference samples as determined by XPS. 

Element (at %)  Sb Mo O C Si Au S 

Reference 5 15 22 45 0 1 13 

Flown sample 2 2 65 9 21 0 0 
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Figure 4-2.  Comparison of O 1s/Sb 3d core spectra for the A) reference sample and B) 
flown sample, indicating that all Sb has been converted from a mixture of 
Sb2O3/SbxOy to Sb2O3. 

Figure 4-3A displays the molybdenum 3d spectrum for the unflown reference 

sample. Splitting of the Mo 3d5/2 and 3d3/2 peaks was held to a constant 3.1eV 

separation [107]. Metallic Mo peaks were assigned for energies of 228.3 eV and 231.4 

eV [106, 108]. Peaks with energies of 229.4 eV and 232.5 eV were assigned to MoS2 

[107, 109, 110]. There is possibility of the presence of other Mo compounds, such as 

MoO2, as the energy of these peaks overlaps directly with the peak energies of MoS2 
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[107, 111]. Yet, their presence cannot be confirmed without further testing, with 

techniques such as secondary ion mass spectrometry. 

 

 

Figure 4-3.  Comparison of Mo 3d core spectra of the A) reference sample and B) flown 
sample that shows all the available Mo has become MoO3 in the flown 
sample as opposed to a mixture of Mo/MoS2/MoO2 in the reference sample. 

 

 

Figure 4-4.  S 2p core spectrum of the reference sample. 
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The S 2p core level spectrum of the reference sample is shown in Figure 4-4. A 

1.1 eV splitting of the S 2p3/2 and 2p1/2 was employed, consistent with values listed in 

the literature [107]. The peaks at energies of 161.9 eV and 163 eV were assigned to S 

associated with MoS2 and accounted for the entirety of the intensity measured in this 

region [107, 109, 110]. Figure 4-5 shows the Au 4f core spectra for the reference 

sample. The peaks at energies of 84.7 eV and 88.3 eV were determined to be metallic 

Au and agree with values found in the literature [107, 109].  

 

Figure 4-5.  Au 4f core spectra of the reference sample. 

 

Chemical State of Flown Sample 

Referring back to Figure 4-2B, the O 1s/Sb 3d core spectrum from the flown 

sample is seen to differ significantly from the reference sample. As previously 

mentioned the regions for these two elements overlap and are challenging to assign. 

However, the flown sample proved to be simpler as fewer species than the reference 

sample were present. Sb2O3 peaks were assigned energies of 530.3 eV and 539.7 eV, 
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maintaining a splitting of 9.4 eV [107]. The area of the Sb2O3 peak at 530.3 eV was 

determined by keeping the required 3:2 area ratio between d5/2 and d3/2 peaks [107]. 

After fixing the area of the Sb peaks, the remainder of intensity centered at 530.3 eV. 

This peak was attributed to O in both Sb2O3 and MoO3 which each exhibit an O 1s 

energy of 530.3 and are present in the material [107]. The largest peak in the spectrum, 

located at 531.9 eV, was assigned to a combination of O in SiO2 and C-O bonds. These 

assignments correlate well to values found in the literature [107, 109]. The presence of 

Si in the selvage region of the flown sample is discussed below.  

The Mo 3d spectrum from the flown sample is shown in Figure 4-3B. As with the 

Sb spectrum, the Mo spectrum contains only two peaks with energies of 232.3 eV and 

235.4 eV. Based on values found in the literature, these peaks are assigned to MoO3 

[57, 112]. Neither S nor Au were detected in the near surface region of the flown sample 

(Table 4-1). 

 

Figure 4-6.  Si 2p core spectra from the flown sample. 
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The XPS survey spectrum of the flown sample also contained a large Si peak 

that was not seen in the XPS of the reference sample. The Si core spectrum, shown in 

Figure 4-6, could be fit with to a single species by virtue of the single symmetric peak at 

an energy of 102.6 eV, in turn assigned to SiO2. The SiO2 has been detected in nearly 

all of the MISSE 7 tribology samples exposed to LEO, then analyzed using XPS, and is 

thought to be a contaminant [57, 112–114]. The source of the contamination is 

unconfirmed, though there are a number of likely sources. Potential outgassing of Si 

based lubricants being used in other parts, contamination from the ISS itself, or space 

debris striking the surface could account for its presence [106, 113].  

Discussion  

As seen in the XPS results shown in Table 4-1, there is a tremendous difference 

between the surface composition of the flown sample and the reference sample. The 

most drastic change can be seen in the large increase in the amount of O detected on 

the surface. In the reference sample, only 22% O is seen and is attributed to C-O bonds 

and Sb2O3. However, after exposure to LEO, the amount of O nearly triples to 65%. 

While the main peak is primarily attributed to SiO2, conversion of Mo and Sb species to 

MoO3 and Sb2O3 is evident and contributes to the increase. In the reference sample, Sb 

was present in both Sb2O3 and a second form of sub-oxide; however, in the flown 

sample only Sb2 peak was detected, indicating that all Sb had been fully oxidized to the 

stoichiometric oxide. Further evidence of oxidation of the coating surface could be seen 

in the Mo 3d spectrum. The reference sample exhibited two peaks for Mo, attributed to 

MoS2 and metallic Mo. After exposure, the flown sample exhibits only one species, 

which can only be attributed to MoO3. As previously mentioned, the large amount of 

SiO2 detected, which undoubtedly contributes to the large increase in O signal, stems 
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from contamination coming from some source in LEO. While this contamination partially 

obscures the true surface of the material, it does not detract from the fact that all of the 

components elements detected have been oxidized completely from their states in the 

reference sample. It cannot be ascertained if the Au in the coating has been oxidized, 

as there was no signal detected for the flown sample. Its absence is most likely a result 

of it being obscured by the presence of the large amount of contaminant SiO2.  

Another noteworthy change following exposure to LEO is the removal of some 

species from the surface. The amount of C on the surface greatly differed between the 

two samples, dropping from 45% in the reference sample to 9% in the flown sample. 

This drastic decrease can be explained by the highly aggressive conditions in LEO. On 

the ram side of the ISS, where this sample was located, atomic oxygen collides with the 

surface at a rate of 1014-1015 atoms/cm2s at an energy of 4.5eV [105]. This leads to 

what is essentially a chemical etching of the surface by atomic oxygen. It should be 

noted that XPS is not sensitive to changes in topography, so it cannot show if any 

amount of material has been removed as the intensity detected comes from a thin cross 

section, approximately the top 10nm, of a very broad area, 1.75 x 2.75mm, regardless 

of the topography. The amount of C present in the reference sample is assumed to be 

completely adventitious C as there should be no C present in the coating itself. The 

atomic oxygen striking the surface would react with adventitious C leading to the 

formation of CO2, which would then volatilize leading to a drop in the amount of C 

detected. Sulfur is another element observed to decrease in atomic % after exposure to 

LEO. The atomic percent of S decreased from 13% in the reference sample to 0% in the 

flown sample. Like C, the S present within the coating in the form of MoS2 is thought to 
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react with the incident atomic oxygen to form MoO3 and sulfur oxides. Both species are 

volatile and likely leave the surface as gaseous products. This reaction mechanism is 

consistent with the decrease of the concentration of Mo from 15% in the reference 

sample to just 2% in the flown sample, as well as the complete loss of S [115].  

These drastic changes have large implications to the tribological performance of 

this and similar coatings. The tribological properties of composite coatings have been 

shown to originate from a variety of surface active species, depending on environment 

(vacuum versus ambient pressure) [109]. As previously discussed in the case of the 

MoS2/Sb2O3/Au coating, MoS2 is intended to serve as a solid state lubricant while Sb2O3 

and Au play structural support and densifying roles [104]. However, as seen in the 

results presented above, these compounds are no longer present in the near surface 

region probed by XPS, which has become dominated by oxides. As a result, the 

tribological properties of the coating cannot be expected to perform as intended or 

predicted, based on testing in a terrestrial environment. 

Summary 

A MoS2/Sb2O3/Au coating was exposed to LEO for ~18 months during tribological 

testing on board the MISSE platform on the ISS. This exposure has led to several 

drastic changes in the chemical nature of the near surface region of the coating. By 

comparison to a reference sample of identical original composition, it has been shown 

that the original surface, composed of a mixture of components, is transformed primarily 

to the oxides of each component. The reference sample included a native mixture of 

Mo, MoS2, and MoO2 while the flown sample exhibited only a singular molybdenum 

species, MoO3, after exposure. While the reference sample contained a mixture of Sb 

and Sb2O3, the flown sample has been transformed completely to Sb2O3. Furthermore, 
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it is noted that the coating composition is altered through the formation and release of 

volatile reaction products, namely MoO3 and SO2. Finally, the aggressive conditions of 

LEO were seen to drastically reduce the amount of carbon observed on the surface to 

residual amounts. These LEO ram results underscore the need for the protection of 

solid lubricant coatings from the aggressive action of atomic oxygen and highlight the 

need to design chemically robust alternatives. 
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CHAPTER 5 
COMPOSITIONAL EFECTS OF EXPOSURE TO LOW EARTH ORBIT ON 

MoS2/YSZ/Au/DLC COATINGS 

Background Information 

As detailed in Chapter 4 the MISSE program was created to give researchers a 

chance to expose materials designed for space applications to LEO conditions. 

Samples are physically mounted to PEC’s which have to undergo rigorous testing to 

make sure both the samples and mountings can handle the tremendous forces 

encountered during launch and transport in space. Upon arrival to the ISS the PEC’s 

are mounted to the outside of the station. One PEC is mounted on the ram (or leading) 

side of the station and the other is mounted to the wake (or trailing) side of the station. 

For the MISSE-7 mission the PEC’s were carried to the ISS aboard mission STS-129 on 

November 2009 and after an exposure of 18 months were retrieved during the STS-134 

mission on May 2011 [101]. The MISSE-7 mission is unique in that it involved the first 

ever active experiment ever conducted on the outside of the ISS. The active experiment 

involved the use of small scale tribometers used to test the tribological activity of a 

variety of coatings and samples used as lubricants in space applications [102]. While 

the tribological data is presented elsewhere, this report will instead focus on the 

changes seen in the chemical nature of the coatings due to exposure to LEO.  

The samples that are discussed in Chapter 5 represent a unique and complex 

material coating system. It was developed by the Air Force Research Labs (AFRL) for 

the purpose of being able to be tribologically active and provide low friction in a variety 

of environments ranging from terrestrial to LEO to pure vacuum and high temperature. 

There are solid lubricants that perform well in each of these environments individually 

such as MoS2 in vacuum, graphitic carbon in terrestrial environments, and Au in high 
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temp. applications [5]. But each of these materials performs poorly when introduced to 

other environments [5, 116]. Therefore, AFRL sought to solve this problem of not having 

a universally beneficial tribological coating by combining a number of solid lubricants 

together. Thusly a so called “Chameleon” coating was created using MoS2, yttria-

stabilized zirconia (YSZ), Au, and diamond-like carbon (DLC). This coating has been 

shown to perform very well in differing environments, displaying a friction coefficient of 

0.10 in air due to the graphitic C formed from DLC and 0.02 in a dry nitrogen 

environment due to MoS2  [116]. Upon heating to 500°C a friction coefficient of 0.15 was 

recorded, this was explained in terms of Au segregation to the surface in turn providing 

low friction [116].  

This coating was also unique in the MISSE-7 experiments in that a sample was 

run tribologically in both the ram and wake PEC’s. This provides the opportunity to 

compare how the sample changes chemically depending on its position on the space 

station. It is well documented that the environments in the ram and wake are very 

different. As discussed in Chapter 4 there is a high collision rate (1014-1015 atoms/cm2s) 

of high energy (4.5eV) atomic oxygen, as well as extreme temperature fluctuations (-40 

to 60°C), exposure to cosmic radiation, and the danger of debris striking the surface 

[105]. In contrast the wake side of the ISS is considered to be more like a pure vacuum 

environment.  

These differing environments offer the chance to study how the chemical nature 

of the various constituents of the coating is affected. Like the Hohman coating covered 

in Chapter 4, this Chameleon coating is carefully engineered to have certain chemical 

components be tribologically active in these diverse environments. Any reactions that 
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occur with any of the components could lead to extreme changes in the tribological 

response of the coating. This could lead to the coating failing earlier than designed 

which in turn could lead to the failure of a part that uses the coating as a lubricant. As 

previously discussed, the atomic oxygen that strikes the surface on the ram side is 

particularly interesting as it has the most potential to wreak havoc upon the coating’s 

composition by forming surface oxides or reacting to form gaseous species, thus 

directly altering the surface composition. To analyze how the chemical nature of the 

surface of these coating changed due to exposure to LEO, X-ray photoelectron 

spectroscopy (XPS) was used. XPS has high energy sensitivity, which gives the ability 

to distinguish between different bonding environments of the individual species on the 

surface. This technique can also be used to calculate relative atomic percentages of the 

elements on the surface. 

Methods and Materials 

The sample reported on in this study is a MoS2/YSZ/Au/DLC coating developed 

by the AFRL. The substrates used for the study were a 304 stainless steel disk. The 

coating was deposited using magnetron assisted pulse laser deposition (MSPLD), a 

transition layer of Ti was placed on substrates prior to coating and substrates were 

biased at -150V (with respect to ground) and heated to elevated temperatures to 

promote crystallization [116]. Four section targets were used for laser ablation for the 

coatings with the targets consisting of two quarter sections of YSZ, a quarter section of 

carbon, and a quarter section of MoS2. The Au was deposited via magnetron sputtering. 

After coating, the disks were mounted to the previously mentioned tribometers, which 

were in turn mounted in their respective PEC’s. For this study, three samples were 

examined, the first was a sample that was not exposed to LEO but instead was kept in a 
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clean environment until XPS was performed after the return of the space samples. This 

sample is referred to as the reference sample. The second and third samples are the 

two which were flown on the ISS, one on the ram side and one on the wake side. They 

will be referred to as the ram and wake samples respectively. XPS was performed with 

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

using the process previously described in Chapter 2. Processing of the XPS spectra 

was performed using CasaXPS software (Casa Software Ltd.) and was performed using 

the methodology that was described in Chapter 2. 

Results 

One of the main advantages of using XPS to analyze the coatings is that the 

atomic species can be identified and quantified in the sample. But, a small drawback to 

XPS is its extreme surface sensitivity. While X-rays penetrate the sample a large 

distance, the signal from XPS only comes from the top 10-20nm of the material’s 

surface. Therefore elemental information only pertains to this near surface region and 

cannot be thought of as representative of the bulk composition which can vary widely 

from surface composition. As discussed in the methodology for XPS laid out in Chapter 

2, the relative atomic percentages for the elements in the near surface region can be 

determined through the use of a curve fitting regime and atomic sensitivity factors. 

Table 5-1 lists the relative atomic percentages of the elements detected with XPS in the 

near surface region of the reference, ram, and wake samples. One interesting thing to 

note is that many of the metals seen in the reference and ram samples are missing in 

the wake sample. In the wake sample, the only elements detected were C, O, Si, Au 

and surprisingly F. The significance of these values and how the value change between 

samples will be further discussed later in Chapter 5. 
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Table 5-1.  Atomic percentages of elements in the near surface region of the reference, 
ram, and wake samples as determined by XPS. 

Element 
(at %) F Mo Zr O C S Si Au 

Ram 0 4 2 56 15 2 15 6 

Wake 3 0 0 61 7 0 29 <1 

Ref. 0 3 5 33 42 4 0 13 

  

Chemical State of Reference Sample 

The Mo 3d spectrum for the reference sample is shown in Figure 5-1A. The 

spectrum features a doublet with peaks at energies of 232.9 eV and 236 eV. These 

peaks are attributed to the 3d5/2 and 3d3/2 of Mo bonded in MoO3 [57, 112]. The coating 

is meant to be deposited with MoS2 being the desired Mo compound due to its frictional 

properties. However it is seen that the deposited MoS2 has reacted with the Mo having 

completely oxidized, existing in its highest oxidation state. This differs from many of the 

coatings that have been made by the AFRL. In their own studies as well as studies 

done by others, the Mo was seen to be bonded as MoS2 or MoSx compounds [116, 

117]. The explanation of the observation that these samples had oxidized when as 

deposited coatings were seen to be un-oxidized relates to the fact that the samples 

used in this study had been deposited over 18 months before being analyzed. Even in a 

clean environment there still is the potential for oxidation and given the long time the 

samples sat it is likely that the oxidation occurred naturally.  

YSZ is an important part of the coating as it is included to increase the hardness 

of the coating and the abrasion resistance [55, 116, 118]. These factors help the coating 

hold up to the operating conditions experienced without having large amounts of wear 

occurring. Therefore it is important for YSZ to remain in its intended chemistry so as to 



 

85 

provide these benefits. The Zr 3d spectrum for the reference sample is seen in Figure 5-

2A. There are two prominent peaks displayed, one at 182.5eV and the other at 

185.0eV. They have the characteristic separation distance of ~2.5eV and are identified 

as the 3d5/2 and 3d3/2 peaks for Zr bonded to O in ZrO2 [107]. These results coincide 

well with values seen in the literature for ZrO2 in YSZ [107, 119].  

 

Figure 5-1.  Comparison of the Mo 3d core spectra of the A) reference and B) ram 
samples. 

The S 2p spectrum, shown in Figure 5-3A shows a singular peak at a binding 

energy of 162.9 eV. The peak is very broad with a FWHM of 3.5eV. The peak position 

initially would indicate that the peak should be assigned to S bonded to Mo in MoS2 or 

some other MoSx compound [107, 109, 110]. However, as seen from Figure 5-1A the 

Mo 3d spectrum shows that Mo is bonded as MoO3 only with no signal seen at the peak 

position for MoS2. Therefore since the Mo has obviously been oxidized it is reasonable 

to assume that the S which broke apart from the MoS2 that was originally deposited 
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would have formed some new compound as well. Following this likely scenario the peak 

seen in Figure 5-3A is attributed to atomic sulfur, with a binding energy of 162-164 eV 

depending on which literature values are considered and sulfur in the surface that has O 

atoms adsorbed, which in literature is assigned to a value of 163 eV [107, 120]. 

. 

Figure 5-2.  Comparison of the Zr 3d spectra for the A) reference and B) ram samples. 

 
Figure 5-4A displays the Au 4f spectrum for the reference coating. The two main 

peaks detected are located at 84.1eV and 87.8eV. These peaks correspond to the 4f7/2 

and 4f5/2 peaks for metallic Au. The peak positions agree very well with values found in 

the literature for pure Au [107, 109]. This is to be expected as it is very difficult to have 

reactions involving Au, its presence is important to the coating for providing low friction 

at elevated temperatures.  
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Figure 5-3.  Comparison of the S 2p spectra for the A) reference sample and B) ram 
sample.  

 
Figure 5-4.  Comparison of the Au 4f spectra for the A) reference, B) ram, and C) wake 

samples. 
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The O 1s spectrum is shown in Figure 5-5A. There is one large peak with a 

significant shoulder to the higher binding energy side. This singular peak can be broken 

down into three smaller peaks. The first peak located at 530.6eV is attributed to a 

combination of the signals of O bonded to Zr in ZrO2 and O bound to MoO3. These 

values agree well with values found in the literature for ZrO2 and MoO3 [107, 109, 119]. 

The assignment is further corroborated by the fact that the Mo 3d and Zr 3d spectra are 

identified as only arising from as MoO3 and ZrO2 respectively. The second peak located 

at 532.0 eV is attributed to C-O, which arises from adventitious carbon that has 

adsorbed to the surface during the period between deposition and analysis [107]. The 

third peak which has a binding energy of 533.4 is attributed to C=O, also present due to 

the adsorption of adventitious carbon compounds on the surface of the coating from the 

ambient environment [107]. 

 

Figure 5-5.  Comparison of the O 1s spectra for the A) reference, B) ram, and C) wake 
samples. 
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Figure 5-6.  Comparison of the C 1s spectra for the A) reference, B) ram, and C) wake 
samples. 

 
The C 1s spectrum for the reference sample, shown in Figure 5-6, shows one 

large peak at 284.8 eV with two smaller shoulders at the higher binding energies of 

286.6 eV and 288.5 eV. The large peak is consistent with values in the literature for a 

carbon single bonded to another carbon [107]. This peak is typically seen in most XPS 

spectra of samples exposed to ambient atmospheres, regardless of intended 

composition, due to adventitious adsorption. But this general peak shape has also been 

seen in DLC coatings with a predominant peak at 284.5 eV [116, 121]. Other studies 
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have seen that DLC C-C peaks tend to be between 284.5 eV, which is typical of a 

graphitic bonding, and 285.2 eV, which is seen in diamond bonding [121]. While there is 

some discrepancy on where the main C-C peak should be for DLC coatings, it is 

noteworthy that the main peak does not appear below 284 eV, as this would be 

indicative of unwanted carbide formation. The two shoulder peaks previously mentioned 

at binding energies of 286.6 eV and 288.5 eV are attributed to C-O and C=O 

respectively [107]. These two peaks are assigned to adventitious carbon that has 

adsorbed onto the surface of the coating after deposition.  

Chemical State of Ram Sample 

The Mo 3d spectrum for the sample flown on the ram side of the ISS is shown in 

Figure 5-1B. It shows two peaks with shoulders to lower binding energies. Using the 

fitting procedures discussed in Chapter 2, the overall intensity can be fitted with two Mo 

3d doublets using the characteristic separation distance listed found in the literature 

[107]. The larger doublet, with peaks at binding energies of 232.7 eV and 235.8 eV, is 

attributed to Mo bound to O in MoO3 and similar to the spectrum for the reference 

sample; these values agree well with those found in the literature [107, 109]. The 

second smaller doublet, with peaks at energies of 231.6 eV and 234.7 eV, is attributed 

to sub-stoichiometric oxides (MoOx) that formed under the high flux of atomic oxygen 

present in the ram environment.  

Figure 5-2B shows the Zr 3d spectrum for the ram sample. The spectrum 

displays two peaks at energies of 182.5 eV and 184.9 eV. The peaks were identified as 

the 3d5/2 and 3d3/2 for Zr bound to O in ZrO2. As with the reference coating the values 

coincide with the characteristic separation distance of 2.4 eV for Zr doublets as well as 

literature values for Zr in ZrO2 [107, 119]. The S 2p spectrum for the ram sample is 
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shown in Figure 5-3B. There is one large peak in the spectrum at a binding energy of 

168.8 eV. This peak is attributed to S bound in the form SO2 [107]. This differs from the 

spectrum seen in Figure 5-3A in which the S was bonded as atomic sulfur or sulfur 

bonded to adsorbed oxygen. This result indicates that exposure to the aggressive ram 

environment has fully oxidized the S to its highest oxidation state.  

The Au 4f spectrum for the ram sample is shown in Figure 5-4B. Similar to the 

reference sample, the spectrum includes peaks at binding energies of 84.1 eV and 87.7 

eV. Au is very difficult to oxidize and therefore it is not surprising to see that it remains in 

its pure elemental state. This is desirous as its elemental presence enables the coating 

to perform tribologically in high temperature environments. The O 1s spectrum seen in 

Figure 5-5B, shows a significant change in the coating after exposure to the ram 

environment. The peak shaped has entirely changed with respect to the peak seen in 

the reference sample in Figure 5-5A. Instead of a large peak at a lower binding energy 

with a shoulder leading to the higher binding energy side there is a larger peak at a 

higher binding energy with a shoulder to the lower binding energies. The main peak 

located at a binding energy of 532.2 eV is attributed to a combination of signal from O in 

SO2, C-O, and SiO2. All three of these signals are to be expected at this binding energy 

and are indicated to be present in the surface region of the coating through the S 2p 

(Figure 5-2B), C 1s (Figure 5-6B), and Si 2p (Figure 5-7A) spectra. The value for this 

peak agrees well with values seen in the literature for all three species listed [107, 109]. 

The second lower binding energy peak located at 530.4 eV is attributed to a 

combination of signal from O bound in ZrO2, MoO3, and MoOx. All three compounds are 

expected to contribute signal as they were present in the Mo 3d (Figure 5-1B) and Zr 3d 
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(Figure 5-2B) spectra. The values at which signal is detected coincides well with those 

in the literature [107]. 

The C 1s spectrum for the ram sample, Figure 5-6B, is seen to have two 

dominant peaks at binding energies of 284.4 eV and 286.5 eV. The larger of the two 

peaks, which is located at 284.4 eV, is attributed to C-C bonds. The second peak at a 

binding energy of 286.5 eV is identified as C-O. These values, like the values for the 

reference sample’s spectrum in Figure 5-6A, coincide with values seen in the literature 

[107, 121]. It is worth noting that while the location of the peaks has not changed 

drastically, the ratio of the integrated intensity of the peaks has changed. The ratio of 

the integrated intensity of the C-C to C-O peak in the reference sample is 3.6 whereas 

in the ram sample the ratio has decreased to 1.55. This indicates that some portion of 

the DLC component of the coating has likely oxidized during exposure to the atomic 

oxygen present in the ram environment.  

Finally, as seen from Table 5-1, the ram and wake samples contained Si which 

was not found in the near surface region of the reference coating. The possible origins 

of the Si seen in the two samples flown on the ISS will be discussed further in a later 

section. The Si 2p spectrum is shown in Figure 5-7A and has one large peak located at 

a binding energy of 103.0 eV and is attributed to SiO2. This value is concurrent with 

values seen in the literature for Si bound in SiO2. The single peak indicates that all the 

Si is completely oxidized, existing in a single chemical state on the surface of the 

coating [107].  



 

93 

 

Figure 5-7.  The Si 2p spectra for the A) ram sample and B) wake sample. No silicon 
was detected in the surface region of the reference sample. 

 
Chemical State of Wake Sample 

The wake sample varied quite drastically chemically from the reference and ram 

samples. The only elements detected were O, C, Si, F, and a very small amount of Au. 

The Au 4f spectrum seen in Figure 5-4C shows two peaks at binding energies of 84.1 

eV and 87.8 eV. Au is the only element seen throughout all samples and the only 

element in which the spectrum for each sample was relatively consistent. This can be 

explained by a couple of factors relating to Au. Firstly the photoelectrons coming from 

Au will have the highest mean free path when compared to photoelectrons from the 

other elements. This is determined because it has the lowest binding energy of any of 

the elements, according to Equation 2-1 calculating binding energy, this means it 

conversely the measured kinetic energy of the electrons is the highest, which gives it 

the highest mean free path. The second factor is that the atomic sensitivity factor for Au 
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is the highest at 5.24 it is almost two times higher than the next closest ASF (Mo at 

2.867). This means that the signal collected is 5.24 times higher than the actual amount 

in the sample. Therefore even a small amount will shows a distinct peak. This means 

that the other elements deposited in the coating may be present but at atomic 

percentages that are two low to be detected. As with the reference and ram samples the 

two peaks detected were attributed to elemental Au. The O 1s spectrum for the wake 

sample is shown in Figure 5-5C. The spectrum differs from the O 1s spectra seen in 

Figure 5-5A and 5-5B in that there only a single peak at a binding energy of 532.5 eV. 

The reference and ram samples both exhibited features representative of O in a variety 

of chemical environments. This single peak in this spectrum is attributed to O bound in 

SiO2 and/or to C-O bonds. These compounds are confirmed to be present through 

corresponding intensity appearing in the Si 2p spectrum (Figure 5-7B) and C 1s 

spectrum (Figure 5-6C). The binding energy values for the signals from these two 

compounds also agree with those found in the literature [107]. The signal largely derives 

from SiO2 as in Table 5-1 there is 29 at% Si in the near surface region; correspondingly 

58 at% of the 61 at% detected arises from this compound. The fluorine seen in the 

wake sample arises from contaminants that have adsorbed onto the surface of the 

sample during flight.  

The F 1s spectrum, seen in Figure 5-8, shows a large broad peak that requires 

two species to accurately fit. The molecular identity of these peaks cannot be exactly 

determined due to the fact that the contamination could come from any number of 

sources. The most likely scenario to occur is that the contamination arises from the 

volatilization of some kind of fluorinated grease or the degradation of a solid sample 
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used in the other experiments in the PEC’s that contained the wake samples. Many 

fluorinated greases are used in space applications. While it probable that the F seen is 

bound in some polymer, there is no indication in the C 1s spectrum for the wake 

sample, seen in Figure 5-6C. This is likely due to the fact that there is only a small 

amount of F detected. A calculation of the intensity of C signal that would be associated 

with a fluorinated species indicates that the signal would be indistinguishable from the 

background noise. Another possible situation is that there is some SiOxFy compound 

that has formed on the surface; yet, like the situation with fluorinated grease, the 

resulting signal that would be detected in the Si 2p spectrum is indistinguishable from 

the noise in the background.  

 

Figure 5-8.  The F 1s spectrum for the wake sample. 

Discussion 

From Table 5-1, it is immediately apparent that a significant change in surface 

composition has occurred due to exposure to LEO. The largest changes have occurred 

when comparing the wake sample to the ram and reference samples as the wake 

sample is seen only to have a few nonmetal constituents. While the ram and reference 

samples have similar elements in the near surface region there is still a difference in 
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how these elements are bonded that shows how the chemistry of the coating has been 

changed. The most apparent difference that can be noted is the large increase in the 

amount of oxygen seen in the ram and wake samples. The reference sample contained 

33at% oxygen while the ram and wake samples contained 56at% and 61at% 

respectively. This increase in the amount of oxygen in the ram sample can be explained 

by two observations. The first is that the atomic oxygen present in the ram environment 

leads to the oxidation of all constituents of the coating to their largest oxidation state. 

This leads to an increase in the amount of oxygen present but more importantly rids the 

coating of the desired compounds that were selected for their tribological or 

strengthening properties. This oxidation is less evident than the oxidation seen in the 

Hohman coating discussed in Chapter 4, because some components of the Chameleon 

reference coating had already oxidized whereas all of the constituents of the reference 

Hohman sample showed no initial oxidation. This was indicated through the appearance 

of Mo being bound exclusively as MoO3 in the reference sample. Whereas for the 

reference sample for the Hohman coating, Mo was shown to be bound as MoS2 and 

elemental Mo, then upon exposure was oxidized to MoO3. The element that was seen 

to oxidize in the Chameleon coating was S. As previously discussed S was seen in the 

reference coating as being bound in MoS2 but after exposure was found to be bound as 

SO2. This shows that any MoS2 found on the surface had undergone chemical reactions 

to form oxides. The second reason for the increase in the amount of oxygen in the 

surface of the coating is the introduction of the contaminant SiO2. In the ram coating 

there is 15 at% Si found in the surface. This means that 30 at% of the 56 at% O seen is 

bound in SiO2. The origins of the SiO2 will be discussed later in this section. The 
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increase in the amount of O in the wake sample, as previously mentioned can be 

attributed nearly exclusively to the introduction of SiO2 to the coating. As mentioned in 

the Results section the presence of 29 at% Si indicates that 58 at% of the 61at% of O 

being bound as SiO2. The wake environment differs from the ram environment due to 

the fact that there is less atomic oxygen and less of a chance of collisions with space 

debris, as it is by definition on the trailing side of the ISS.  

Another interesting trend seen from the results in Table 5-1 is that some of the 

elements have decreased in atomic percentage after being exposed to LEO. The 

amount of C seen in both the ram and wake samples was far less than the amount seen 

in the reference sample. The reference sample contained 42 at% C whereas the ram 

and wake samples only had 15 at% and 7 at% respectively. This decrease could be due 

to a few different factors. For the ram side the decrease is most likely due to a 

combination of sputtering and etching by the atomic oxygen that is present. This 

reaction pathway leading to the decrease of surface C is supported by the XPS results 

in Figure 5-6B in which the peak corresponding to C-O has risen in intensity when 

compared to the same peak seen in the reference coating. This shows that either the 

DLC in the coating or adventitious carbon on the surface is reacting to form more C-O 

bonds, it is also likely that the formation of CO2 would produce species leaving the 

surface as a gas and therefore not be seen in the XPS data. As for the wake sample, 

the lack of atomic oxygen in this environment means that another mechanism must be 

occurring to decrease the amount of carbon seen. One possible explanation for this is 

that the surface is being covered with the contaminant SiO2. This means that the carbon 

is still present but is being covered by the large amount of contamination present. As 
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previously discussed nearly 90% of the signal coming from the surface of the wake 

sample is Si and O in SiO2, therefore only places where the surface has a thinner layer 

of SiO2 or adventitious carbon that has settled on the surface after return to the 

terrestrial environment is detected, producing the very low intensity of carbon detected. 

Alternatively, adventitious carbon species may have volatilized in the pure ultrahigh 

vacuum environment of the wake. 

The atomic percentage of other elements was lowered due to exposure to LEO 

as well. The amounts of Mo and Zr in the reference sample were 3 and 5 at% initially; 

after exposure the amounts of these two elements had changed to 4 and 2 at% 

respectively. The removal of these two elements is once again tied to the presence of 

large amounts of atomic oxygen in the ram environment. While the YSZ in the coating is 

already oxidized, the Mo present is deposited as MoS2. Upon exposure to the 

chemically aggressive ram environment, there is likely segregation of MoS2 to the 

surface where it would undergo oxidation and volatilization.  

One of the more interesting things that can be noted from the XPS results is that 

both the ram and wake samples showed large amounts of Si in the near surface region 

after exposure on the ISS. From Table 5-1, it can be seen that there is no Si present, 

and from the literature and AFRL press releases, Si is not an intended component of the 

coatings. Therefore the Si must be coming from some external source and 

contaminating the surface [57, 112–114]. This Si contamination was seen in all of the 

MISSE-7 samples that had been exposed to LEO and further all of the Si is seen as 

being bonded as SiO2. As discussed in Chapter 4 with the Hohman coatings, the exact 

origin of the Si contamination is unknown but there are several theories. The first being 
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that it comes from a Si based lubricant used in other MISSE samples or parts of the 

space station. Another theory is that it comes from the ISS itself where Si is a known 

component of some of the parts on the outside of the space station [113]. A third and 

less likely theory is that the Si comes from space debris striking the surface and 

depositing small amounts of Si on the surface [106]. This is unlikely though as Si is 

seen even on the wake samples where no such collisions would occur.  

Summary of Findings 

A MoS2/YSZ/Au/DLC coating was exposed to LEO orbit via the MISSE-7 mission 

on the ISS for a period of ~18 months. One sample of the coating was exposed on the 

ram side of the ISS, an aggressive chemical environment in which a high flux of atomic 

oxygen is present as well as space debris, micrometeorites, and galactic radiation. A 

second sample of the coating was flown on the wake side of the ISS, where a more 

pure vacuum environment is present.  

Due to these exposures, the chemical nature of the near surface region of the 

samples was changed dramatically. The ram sample showed that the high flux of atomic 

oxygen had oxidized all the components of the coating completely, save for Au. The 

coating was designed for each of the original components to contribute tribologically to 

the coating under different environments. The breakdown and oxidation of these 

components could lead to the coating losing the tribological benefits of the constituents. 

This would lead to the coating failing prematurely and causing the failure of components 

where this coating is intended to provide solid lubrication. The ram sample contained 

more atomic percentage of Mo and less atomic percentage of Zr than the reference 

sample. The reasoning amounts are reversed is due to Mo migrating to the surface to 

react with the atomic oxygen to form MoO3, whereas the Zr is already oxidized as ZrO2. 
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The ram sample also contained less S than the reference sample. This is due to the S 

oxidizing and forming gaseous compounds that then volatilized from the surface, 

leaving the coating with less S than was deposited. Furthermore, the amount of C seen 

in the surface of the ram samples decreased from 42 at% to 15 at%. This is due to 

adventitious carbon being either sputtered from the surface by the flow of atomic 

oxygen or reacting and volatilizing from the surface. The atomic percentage of O has 

also greatly increased. On the ram sample this is partially due to the oxidation of 

samples from atomic oxygen and also due to the introduction of the contaminant SiO2 

which greatly changed the surface of the samples flown on the ISS. 

Both the ram and wake samples have been contaminated from outside sources 

during exposure. Both the ram and wake samples contained large amounts of Si, 15 

at% and 29 at% respectively. The Si was seen by the XPS to be bound as SiO2, 

consistent with the large increase in the amount of O detected in the samples that had 

been flown on the ISS. While the source of the Si remains unknown, it is important to 

note that much of the surface has been covered with this contaminant which could also 

attribute to further loss of the intended tribological properties of the coating. Furthermore 

the wake sample also contained a second contaminant, fluorine. The F signal seen in 

the XPS likely derives from the volatilization of fluorinated grease that is used in 

aerospace applications or from the degradation of other fluorinated polymer samples 

flown in the wake PEC on the ISS. But the conclusive evidence to take from the wake 

samples is that nearly the entire surface has become contaminated with SiO2 and F 

containing contaminants. Without the knowledge of how fast the contamination occurs 

and how easy it is to remove, it is difficult to predict how the coating would be affected 
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tribologically. But it can be concluded that the sample will not initially perform as 

intended due to the contaminants masking the species that were intended to dominate 

the tribological response of the coating.  

When comparing the Chameleon samples with the Hohman sample discussed in 

Chapter 4, a more complete picture of the environments that samples are exposed to in 

LEO can be seen. The Hohman coating only had one sample flown on the ram side, 

and similar to the Chameleon coating discussed in Chapter 5 showed oxidation of all of 

the coating constituents to their highest oxidation state. Also seen in the Hohman ram 

sample was the same SiO2 contamination seen in both Chameleon coatings. This SiO2 

contamination has been in seen in the literature for other samples that have been flown 

on the ISS in other MISSE missions as well [57, 112, 113]. The preferential removal of 

certain species also occurred in the Hohman coatings. The amount of C in the flown 

sample was far less than the reference coating. This was also the case for the 

Chameleon coating in which the amount of C in the samples flown on the ISS was far 

less than the reference coating. As previously mention though, a more complete 

knowledge of the environment experienced by materials in LEO was discovered through 

the study of the Chameleon coatings. Though it was known that the environments 

differed between the ram and the wake side of the ISS, it was not known how materials 

would be changed after exposure. With the complete set of Chameleon samples we can 

see multiple sources of contamination that nearly completely obscure the surface of the 

coating due to outgassing of samples and lubricants in the more “pure” vacuum 

experienced in the wake of the ISS.  
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With this new knowledge it can be concluded that though these materials may 

perform as intended in simulated LEO conditions, once the materials are actually sent 

into LEO the surface chemistry changes. The affects these chemical changes could 

have on the tribological properties of the coatings is undetermined. But, given the 

advanced nature of the coatings and the amount of time and care taken to formulate 

them and deposit them as formulated, any changes could drastically affect how the 

coating behaves.  
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CHAPTER 6 
TRIBOLOGY OF CADMIUM SULFIDE 

Background Information 

The metal cadmium was discovered in 1817 as a contaminant in zinc compounds 

due to its rarity and difficulty in purification it would not be until 1820 that cadmium 

sulfide would be synthesized. As previously mentioned cadmium sulfide is primarily 

used as a pigment. In its crystalline state it can assume three different forms. The first 

and most common form of CdS found in nature is that of the mineral Greenockite, which 

exists in the hexagonal Wurtzite crystal structure. The other natural form of CdS is the 

rare mineral Hawleyite which was only discovered in 1955. In this mineral CdS is found 

to be in the cubic zincblende structure. There is another non-naturally occurring form of 

CdS, at high pressures CdS will transform to the cubic NaCl structure [122, 123]. 

Synthetically, there are multiple ways to deposit CdS including chemical bath deposition 

,sol-gel technique, metal-organic chemical vapor deposition, sputtering, electrochemical 

deposition, and screen printing [124–130]. In Chapter 6 the frictional and wear 

properties of CdS will be investigated using linear reciprocating tribometry. The 

properties of CdS relating to tribology are essentially unknown and based on its 

similarities to other solid lubricants it presents a chance to broaden the knowledge of 

the behavior of this material. 

Methods and Materials 

As mentioned in Chapter 1, there is virtually no knowledge of the tribological 

behavior of CdS despite the fact that based on similar materials there is the possibility 

of it exhibiting desirable tribological properties such as a low coefficient of friction and 
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low wear rate. Single crystal CdS is commercially available but only in smaller quantities 

as depositing large samples is difficult. Therefore to test this material new 

methodologies and equipment had to be used.  

The sample used in this study was a randomly oriented single crystal CdS 

sample that was purchased from MTI Corporation. The dimensions of the sample 

measure 10 mmx10 mmx1 mm. The sample was polished to a surface roughness of 

Ra<10 Å. The single crystal CdS was deposited through physical vapor deposition in the 

hexagonal Wurtzite structure.  

The smaller dimensions of the sample did not allow for tribological testing on the 

home-built tribometer described in Chapter 2 as there is no ability to change the 

diameter of the wear track made on the sample, which is larger than the CdS 

dimensions. Therefore, to test this sample, a linear reciprocating tribometer designed in 

the lab of Dr. Greg Sawyer at the University of Florida was used. This tribometer is 

unique in that it is designed for microscale contact and measurements. In this set up a 

variety of cantilevers of varying stiffness and accommodating a wide variety of pins and 

counterfaces is employed. Capacitance probes that measure the displacement of the 

cantilever combined with the calibration of the cantilever itself measure the normal and 

friction forces during testing. The sample is mounted on a motorized stage that provides 

the reciprocating motion. The smaller size of the tribometer allows for smaller and more 

precise loads into the μN range. For this study the only variable that was changed 

between tests was the load. The counterface was a 1.5 mm radius Sapphire ball. 

Sapphire was chose due to the high modulus of elasticity 345 GPa which would 

guarantee that wearing of the CdS would occur before wearing of the ball. A new ball 
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was used for every test performed. The magnitude of the linear reciprocation was 600 

μm, giving a total cycle length of 1200 μm. The sliding speed was 400 μm/s and the 

number of cycles in each test was 10000. The samples were all run in under ambient 

temperature and pressure with the temperature being held at 68°F and the relative 

humidity being approximately 54%. As previously stated the only variable that was 

changed was the load, normal force, applied during the test. Runs were performed at 

loads of 0.08 N, 0.125 N and 0.25 N. Using Hertzian contact mechanics, these loads 

correspond to contact pressures of 330 MPa, 380 MPa, and 481 MPa respectively. Due 

to the stiffness of the cantilever used to hold the 1.5 mm radius ball the load could not 

be increased past 0.25 N. Multiple loads were used to discern if any tribological effect 

could be seen from varying the load. 

To measure the wear rate of the CdS, atomic force microscopy (AFM) scans 

were taken using an Asylum MFP-3D AFM. The scans measures 70 μm x 70 μm and 

imaged the entirety of the wear track width as well as some of the nascent surface on 

either side. After scanning the wear region, image processing was performed using 

SPIP software. Processing entailed planarizing and flattening the image and then 

averaging the line profile perpendicular to the wear track for the entire scan. The 

averaged line scan data was then plotted using Origin. After plotting the data, a baseline 

corresponding to the plane of the nascent surface on either side of the wear track was 

established. Then the area between the data and the baseline, attributed to the wear 

track, was calculated using the integration tool in Origin. This area equaled the area of 

the material removed during tribological testing. Multiple scans of each wear track were 

performed and averaging the values of the area removed from each image gave an 
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average amount of material removed from the wear track. This value multiplied by the 

length of the wear track gave the volume of material removed by tribological testing. 

Using Equation 2-3, the wear rate of the material was calculated by dividing the volume 

of material removed by the normal force used and the total sliding distance.  

Results 

Friction of Cadmium Sulfide 

Figure 6-1 shows the friction response of the CdS using an applied load of 0.08 

N which corresponds to a contact pressure of 330 MPa. As previously stated, a 

sapphire ball of radius 1.5mm was used for the test to prevent wear of the counterface 

interfering with the tribological testing. Figure 6-1 shows a brief run-in period, then the μ 

value decreases to approximately 0.16-0.17 and remains in this range for 2000 cycles. 

After this the μ value begins to steadily increase over the next 6000 cycles to a value of 

0.21 where it remains from cycle number 8000 until the end of the test. As seen from 

the graph there is only one portion where a steady state is reached and that is the 

portion from cycle number 8000-10000 where the value holds steadily around 0.21. 

However, even in this region where the μ value is overall neither increasing for 

decreasing there is still fluctuation in the local μ values between 0.2-0.21.  

The friction response of sapphire on CdS under a load of 0.125N (resulting in a 

contact pressure of 380 MPa) is shown in Figure 6-2. This graph shows a steep run-in 

period followed by an eventual settling of the μ value again at 0.16-0.17. Then at cycle 

number 2000 the μ value begins to increase. This increase continues for the remainder 

of the test upon which is finishes at a value near 0.25.  
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Figure 6-1.  Graph of coefficient of friction vs. cycle number for CdS under a load of 

0.08 N. 

 

 
Figure 6-2.  Graph of coefficient of friction vs. cycle number for CdS under a load of 

0.125 N. 

 

Figure 6-3 shows the graph of coefficient of friction vs. cycle number for sapphire 

on CdS under a load of 0.25 N, which gives a contact pressure of 481 MPa. After run-in 

the coefficient of friction begins to increase to a value of 0.23 at cycle number 2000. At 

this point the value oscillates around 0.23-0.25 until around cycle number 9500 at which 

the μ value begins to rise again for the remainder of the test ending at a value of 0.27. 
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Figure 6-3.  Graph of coefficient of friction vs. cycle number for CdS under a load of 

0.25 N. 

 

Wear Behavior of Cadmium Sulfide 

As previously stated the wear rates of the CdS samples were calculated using 

AFM scans to determine the wear volume removed during tribological testing. For each 

wear track made, five scans were conducted, each encompassing 70x70 μm. 

Representative images of the wear tracks, all taken and courtesy of Alexander Rudy, 

and the averaged line profiles for the 0.08, 0.125 and 0.25 N tests are given in Figures 

6-4 through 6-6.  

 
Figure 6-4.  70x70 μm AFM scan of a part of the 0.08 N test wear track and the 

averaged line profile of the scan (with units of nm on the y-axis and μm on the 
x-axis), courtesy of Alexander Rudy. 
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Figure 6-5.  70x70 μm AFM scan of a part of the 0.125 N test wear track and the 

averaged line profile of the scan (with units of nm on the y-axis and μm on the 
x-axis), courtesy of Alexander Rudy. 

 
Figure 6-6.  70x70 μm AFM scan of a part of the 0.25 N test wear track and the 

averaged line profile of the scan (with units of nm on the y-axis and μm on the 
x-axis), courtesy of Alexander Rudy. 

 

It can be seen from the AFM images that the wear tracks look like they were 

formed by gouging away of the materials as evidenced by the deep scratches seen. 

Table 6-1 shows the calculated wear rates for the three tests in the standard units of 

mm3/Nm. 
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Table 6-1.  Calculated wear rates for CdS under varying loads. 

Load During Testing Calculated Wear Rate (mm3/Nm) 

0.08 N 2.69x10-7 

0.125 N 3.01x10-7 

0.25 N 3.32x10-7 

 

Discussion 

The frictional data reveals that despite similarities to other low friction solid 

lubricants, CdS does not display low friction. While the friction coefficient is not 

exceptionally high, with the highest value only reaching approximately 0.27; it cannot be 

classified as displaying low friction as this usually requires a coefficient of friction under 

0.1. It is interesting that all three tests did not display an exact steady state friction. 

Even in portions where a plateau in coefficient of friction was observed, there would be 

strong local oscillations in the value from cycle to cycle. This phenomenon was only 

observed in the latter portion of all the tests. This could be due to wear debris being 

trapped in the wear track. As a result, the pressure on the wear debris would be 

increased as it slides across the surface until the debris is worn away and another piece 

of debris comes into contact and begins sliding. This mechanism would also be 

consistent with the deep gouges seen in the wear tracks as debris sliding back and forth 

would cause gouging of the surface.  

The wear behavior of CdS is characterized by a desirable low wear rate. As 

previously discussed the mechanism for wearing appears to be gouging, but this only 

occurs after the initial formation of wear debris from the surface. The initial wear debris 

may be quite large as some of the gouges are very large and deep or, alternatively, this 

could be an effect of wear debris becoming trapped and gouging out more material 

inside the wear track. This being said a wear rate in the 10-7 mm3/Nm is considered to 
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fall in the range of low wear. In work performed by Krick and Sawyer, the wear rate of 

ionic solids including NaCl, CaF, ZnS, and FeS2 were studied. From this study it was 

determined that wear rates of these materials were 1.9x10-5, 2.9x10-7, 1.0x10-7, and 

3.0x10-8 mm3/Nm respectively [75]. The results for the wear rates of CdS, the values of 

which can be seen in Table 6-1 show that they are comparable to those seen by Krick.  

Cadmium sulfide was chosen to be studied as a result of its similarities to other 

materials that display solid lubrication. First, other metal sulfides such as MoS2 and FeS 

have shown to be low friction. ZnS while not displaying low friction has low wear 

properties. These materials, like CdS have crystal structures that have metal layers 

bonded to sulfur layers. But, they have several different bonding arraignments and 

crystal structures. The most common form of CdS is the wurtzite structure and the 

sample used in this study was the wurtzite form, while the common form of ZnS is the 

zincblende structure. CdS and ZnS are obviously the closer related of the materials as 

they have the same oxidation state (+2), similar ionic radii (88 pm for Zn and 109 pm for 

Cd), and very close electronegativity values (1.65 for Zn and 1.69 for Cd) leading to 

very similar percent ionic character (19.44% for ZnS and 17.965% for CdS). These 

factors help to explain why the wear rates of CdS are very similar to ZnS. As the ionic 

bond strength would be very similar therefore the difficulty to remove atoms from the 

surface of both materials would be very close. This would make both crystals wear in 

similar fashion and display wear rates on the same order of magnitude which was seen 

experimentally. Both FeS and FeS2 are used a solid lubricants for brake pads and while 

they do not display friction under 0.1 they do provide increased lubrication over steel on 

steel contacts with a coefficient of friction around 0.24 [131]. FeS has the same crystal 
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structure as ZnS so this is yet another clue that the structure of CdS leads to increased 

coefficient of friction when comparing to other metal sulfide type materials.  

MoS2 however exhibits a different type of structure than CdS, ZnS, FeS, and 

FeS2 having a layered structure where the molybdenum is bonded to a layer of sulfur 

atoms above and below. Adjacent sulfur layers are only weakly bonded to each other, 

thus providing the low shear surface for sliding. Previous studies have shown that while 

having low friction, the wear behavior of MoS2 is interesting. It has been shown that 

initially the wear rate of MoS2 is extremely high, where up to 90% of coating thickness 

will be worn away just in the run in period, but after this point the wear behavior 

changes to an extremely low wear rate [26]. At this point very thin films of MoS2 will 

provide lubrication for long periods of time showing little wear. The reason for this is 

explained by columnar collapse of the MoS2 structure until the film is thin enough that 

the reinforcement of the bonding to the substrate prevents its collapse. From this point 

on the sliding of the MoS2 layers begins and low friction occurs. To prevent this initial 

wearing away of the film the advanced MoS2 coatings like those discussed in Chapters 

4 and 5 were made and wear rates for those coatings are low throughout the entirety of 

testing [110]. This behavior by MoS2 is interesting in relating to CdS in that it shows that 

having low friction and low wear rate in a pure substance is extremely difficult to find. 

Often materials that are lower in friction tend to wear more since it involves the material 

sliding over itself, whereas materials with lower wear often have higher friction as the 

material resists sliding. However the fact that a larger number of metal sulfides display 

lower friction warrants continued tribological investigation into other unexplored sulfur 

compounds.  
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Summary 

In light of the lack of knowledge of its tribological properties and its similarities to 

currently known solid lubricants, the friction and wear properties of single crystal 

hexagonal cadmium sulfide were studied using reciprocating tribometry. Using a 

sapphire pin, the CdS was investigated with loads of 0.08 N, 0.125 N, and 0.25 N. The 

resulting data showed that CdS did not display low friction, however following run-in, 

exhibited coefficient of frictions ranging between 0.2-0.27. The wear rate of the material 

determined from a quantitative assessment of the wear topography. The wear rates, all 

of which were close to 3x10-7 mm3/Nm, show that CdS has low wear properties similar 

to like materials. While the frictional properties of CdS are not low enough for it to be 

considered a solid lubricant, the wear rate is low where it could be considered for 

applications where a low wear coating is needed, as this is an application for other ionic 

solids that exhibit low wear rates. 
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CHAPTER 7 
CONCLUSIONS 

Solid lubricants are a class of materials which are growing in need of both 

quantity and the breadth of situations in which they can be used. Since the discovery of 

solid lubrication many different materials have been used and studied for a wide variety 

of applications. Solid lubrication is needed in applications where traditional liquid 

lubrication cannot be used, such as vacuum or space applications, extremely dry and 

arid environments, and elevated temperatures. As most solid lubricants have been 

developed empirically, often entailing mere testing many materials in a variety of 

situations and environments until the material with the best properties in that situation is 

found. A large fundamental base of knowledge on how the lubricants operate or how 

they are affected by their environment or processing conditions for many lubricants 

does not exist. Also based on performance trends and limitations seen in current solid 

lubricants it is important to discover new lubricants and improve upon older systems to 

tailor the tribological response for the advanced needs of today’s scientific and industrial 

applications. The preceding dissertation addressed this need for fundamental 

knowledge of how environment and processing conditions affect the behavior of solid 

lubricants for a number of systems. This was done using x-ray photoelectron 

spectroscopy to study the chemical nature of the surface region, pin-on-disc tribometry 

to determine the coefficients of friction, and multiple techniques to determine the wear 

rates of materials. In Chapter 3 a study was presented on an electrolessly deposited 

nickel boride coatings which were annealed in oxygen at various temperatures and the 

effects on the chemical and tribological effects of the annealing was investigated. 
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Chapters 4 and 5 introduced a study of the chemical effects of exposure to low earth 

orbit on two different advanced MoS2 based coatings, one being a MoS2/Sb2O3/Au 

coating and the other a MoS2/YSZ/DLC/Au coating. Chapter 6 introduced a novel study 

on the frictional properties of cadmium sulfide an ionic solid that had previously been 

uninvestigated in the literature for its frictional response.  

Electroless nickel boride coatings represents an emerging class of solid lubricant 

that are interesting in that they are cheaper and easier to produce and suffer from none 

of the negative effects seen when using other deposition methods for nickel boride 

coatings. The coatings are annealed at a specific temperature, empirically determined 

to produce coatings with the desired microstructure while having the highest hardness 

value and desired tribological properties. In Chapter 3 the effect of changing the 

annealing temperature, under a flow of oxygen, on the chemical state of a set of 

commercially deposited nickel boride coatings, the coefficient of friction, and the wear 

rate was described. It was discovered that little effect was seen on the coating when 

annealed below temperatures of 400°C. The as received, 250°C, and 400°C samples all 

showed the nodular structure that is typically seen in electroless NiB coatings and 

showed similar tribological characteristics. The counter face used were 440C stainless 

steel balls, and the friction coefficients of as received, 250°C, and 400°C coatings were 

all high, above 0.4, which in most applications will provide an improvement over metal 

on metal contacts which would be present without the coating, however higher than 

typically desired. The wear rates of the lower temperature annealed samples were also 

similar being approximately 4x10-8 mm3/Nm. However upon annealing at 550°C and 

700°C the properties of the coating changed completely. The nodular microstructure 
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was replaced with a flaked microstructure and coefficients of friction were seen to be 

0.16 for 550°C and 0.06 for 700°C. The wear rates of these two samples increased to 

values of ~ 2x10-7 mm3/Nm. The reason for this transformation in behavior was 

attributed to the formation of a thick layer of B2O3, which upon exposure to humid air 

underwent a reaction to for the lubricious compound H3BO3. This was confirmed by 

Raman spectroscopy and a pin-on-disk test where the relative humidity was modulated 

between high and low humidity. This knowledge of that fact that annealing at higher 

temperatures causes the surface to be fundamentally changed from the as deposited 

NiB3 to B2O3, which in humid air will spontaneously form H3BO4, can shape how this 

coating could potentially be used and processed. If the coating is going to be used for 

tribological purposes in a humid environment it would actually be beneficial to anneal 

above the temperature needed to form B2O3 so that the lubricious boric acid can form 

and provide a low friction coefficient. Also this can effect processing in that knowing how 

annealing at a certain temperature effects the properties of the coating. 

In Chapters 4 and 5 an extremely unique experiment was performed. MoS2 is a 

solid lubricant that has long been known to perform extremely well in vacuum. This has 

led to it widely being used in aerospace applications, and especially in parts put into low 

earth orbit. However, MoS2 suffers in terrestrial environments and at elevated 

temperatures. Therefore, to try to improve the performance and applications in which 

MoS2 can be utilized, advanced coatings are produced in which MoS2 is co-deposited 

with other materials that improve various properties of the coating or provide for 

lubrication in environments where MoS2 is deficient. A large problem with designing 

these coatings is simulating and testing in environments similar to what will actually be 
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experienced in low earth orbit. However the MISSE-7 mission allowed for an opportunity 

for a number of samples to actually undergo tribologically testing in low earth orbit. The 

tribological data is not presented in this current work, but the effects of exposure to low 

earth orbit on the surface chemistry of two sets of samples were studied. The 

experiments were performed on samples that were returned from orbit under extreme 

scrutiny and sample cleanliness procedures due to the rarity of the samples. Samples 

were mounted in passive experiment containers on either side of the International 

Space Station. The leading side or ram side of the space station involves exposure to 

an aggressive flux of high energy oxygen ions, large temperature shifts, and exposure 

to micrometeoroid impacts. The trailing or wake side of the space station is a more pure 

vacuum environment.  

Two sets of coatings were examined, a MoS2/Sb2O3/Au coating produced by the 

Hohman Plating Co. and a MoS2/YSZ/Au/DLC or “chameleon” coating developed by the 

Air Force Research Lab. Reference coatings that had remained in terrestrial 

environments were investigated as well, with the Hohman coating only having one 

sample that was mounted in the ram passive experiment container. The chameleon 

coating had a sample mounted in both the ram and wake passive experiment 

containers. The samples were investigated using x-ray photoelectron spectroscopy to 

determine how exposure had changed the composition of the surface of the coatings. 

The results revealed a number of interesting conclusions. In both samples that had 

been mounted on the ram side of the station, all components of the coatings, except for 

Au, had been oxidized to their highest oxidation state with no traces of the original 

compounds that had been deposited in the reference samples. The exposed samples 
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also had decreased amounts of adventitious carbon and the amounts of some elements 

detected in the reference samples were decreased. This was attributed to sputtering or 

etching by the high flux of atomic oxygen in the ram environments and the masking of 

the coating by contaminants in the singular wake sample. In addition, all of the samples 

that had been exposed to low earth orbit had large amounts of SiO2 on their surfaces. 

This was attributed to an undetermined source of contamination but it has been seen in 

other studies where samples were exposed to low earth orbit. Also the chameleon 

sample that had been mounted in the wake passive experiment container showed a 

second contaminant; F was detected by x-ray photoelectron spectroscopy and its 

presence was also attributed to either the volatilization of a fluorinated grease or some 

other F containing sample in the more pure vacuum environment of the wake. All of 

these changes to the chemical nature of these coatings undoubtedly would undoubtedly 

have a negative effect on the tribological properties of the coatings. These coatings are 

specifically tailored for the constituents to provide lubrication in different environments 

or under certain conditions. The x-ray photoelectron spectroscopy data showed that all 

of the MoS2 in the surface region had been oxidized to MoO3, which has poor frictional 

properties. This study therefore helps to understand how actual exposure to the 

environment where these coatings are expected to perform changes the coatings and 

will negatively affect the tribological properties of the coatings because in most cases 

oxides have higher friction coefficients and worse wear behavior. These negative 

impacts can lead to severe problems in cases such as space applications where the 

parts cannot be easily serviced. 
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Chapter 6 describes the initial study of the tribological properties of cadmium 

sulfide, an ionic solid with the hexagonal wurtzite crystal structure. Cadmium sulfide has 

been investigated due to its similarities to other metal sulfide based solid lubricants. 

CdS is polymorphic with the more common form being the wurtzite structure, but it also 

has two cubic forms, the first being the naturally occurring zincblende structure and a 

high pressure induced NaCl structure. This is opposite of the similar ZnS in which its 

more common form is the zincblende structure with the wurtzite being the less common. 

MoS2 and iron sulfides display low friction and are used extensively as solid lubricants, 

however exhibit distinctly different structures. By studying metal sulfides of different 

structures, the fundamental nature of how crystal structure affects the frictional 

response of a material can be evaluated. Single crystal CdS was tested on a linear 

reciprocating tribometer, sliding against a 1.5mm sapphire ball with a speed of 400°C 

μm/s for with a track length of 600 μm. The normal force or load was varied to values of 

0.08N, 0.125N, and 0.25N, leading to contact pressures of 330 MPa, 380MPa, and 

481MPa respectively. The particular experimental set up, due to the smaller dimensions 

of the sample, prevented higher loads from being used. The frictional data revealed that 

CdS does not exhibit low friction under these sliding conditions. All three tests indicated   

friction coefficient values between 0.2-0.3, yet steadily increasing with sliding distance. 

The wear rate of each test was calculated from atomic force microscopy scans to 

measure the amount of material removed in the wear tracks, and from knowledge of the 

normal force and the total sliding distance of the test. The wear rates of all three tests 

were calculated to be approximately 3x10-7 mm3/Nm. This is a relatively low value and 

is consistent with values seen in the literature for other similar ionic solids. While not a 
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success in terms of finding a new solid lubricant, the push for trial and discovery of 

materials for solid lubricity is important. These tests provided insight into the fact the 

presence of S in a structure does not lead to lubricity but rather there must be a 

combination of both chemistry and crystallographic structure to achieve solid lubricity. 

Testing materials similar to those that exhibit solid lubricity is key in trying to find a way 

to establish what causes materials to have solid lubricity and identify materials that 

could provide interesting tribological characteristics.  

The field of solid lubrication has been growing since the discovery of solid 

lubrication itself and will only continue to grow as the number of applications for solid 

lubrication increases. The growth and maturity of MoS2 based lubricants serves as a 

good example of how the field of solid lubricity is moving more away from the discovery 

of new materials and into the refining and improvement of existing materials. However 

as mentioned numerous times previously in this document, the fundamental knowledge 

of many solid lubricants remains relatively unknown and unexplored due to the empirical 

and industrial drive behind solid lubricant innovation. However, fundamental knowledge 

such as that gained through the studies describes in this dissertation can help to 

provide information on how to improve the performance and properties of solid 

lubricants. By discovering how they function under sliding conditions, their methods of 

failure, and the relevant wear mechanisms, it will be possible to better determine how to 

provide successful solid lubrication schemes required for future applications. 

Surface science and surface based techniques can be of particular usefulness. 

Lubrication is a phenomenon that occurs on the surface of materials and understanding 

more about the surface can yield important insight into solid lubrication. The use of x-ray 
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photoelectron spectroscopy in particular is useful in that its only senses the top 1-10nm 

of a material. This gives extreme depth sensitivity and gives the exact knowledge of 

what chemical compounds are present on the surface of a material. Knowing this can 

help to see what really is interacting tribologically. Most materials will have some sort of 

passivation on the surface, whether it is a relaxation, reconstruction, oxidation, or 

adsorption of molecules to lower surface energy. These often result in the surface being 

chemically different from what the bulk of the material even if only in very small layers 

on the surface.  

Similar studies to the one described in Chapter 4 and 5, where a solid lubricant 

was exposed to an extreme environment and then studied after by x-ray photoelectron 

spectroscopy to determine how the intended environments changed the material, are 

important and should be considered for a much larger variety of solid lubricants. As 

seen from the measured results the exposure to low earth orbit had a dramatic effect on 

the surface of the Hohman and Chameleon coatings where almost all of the deposited 

components of the advanced MoS2 coatings were affected. As the applications and 

environments in which solid lubricants are used continue to grow it will be important to 

understand how the intended operational environments will affect their performance. 

Too often components are designed to work in an application based on discussion in 

the literature on optimal performance, but little is known on the effects of the 

environment after exposure or the effects of operation on the surface chemistry of the 

component. X-ray photoelectron spectroscopy studies such as the ones performed on 

the MISSE-7 samples can reveal that the surface is completely different than the 

intended composition after exposure. This information can be used to try to better 
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develop coatings or add preventative measures needed to increase performance even 

beyond what is originally intended.  

Vacuum tribology is a growing area of testing that can be easily integrated with 

other vacuum techniques to perform complete studies where samples do not have to 

leave the vacuum environment. In the Perry lab, at the University of Florida the 

microtribometer used in the study of NiB is housed in a vacuum chamber attached to 

the main x-ray photoelectron spectroscopy vacuum system through a number of load 

locks. Using transfers arms the samples can be transferred directly from the tribometer 

to the x-ray photoelectron spectroscopy analysis chamber. This opens up a large 

possibility of measurements that can be accomplished. Certain materials can undergo 

transformations under contact pressures, such as the transition of CdS to the NaCl 

structure, or can undergo tribochemical reactions where tribological interaction induces 

a chemical reaction. Using the vacuum tribometer, samples such as these can be 

evaluated in the tribometer and then analyzed using x-ray photoelectron spectroscopy 

to confirm such chemical changes without exposure to air where adventitious carbon 

could deposit or oxidation could occur. Also the chamber where the tribometer is 

mounted includes a dosing system so that the sample can be tested in other 

environments besides vacuum or ambient air. The doser also allows for liquid lubricants 

to be specifically dosed onto the sample as it is running. As previously mentioned, the 

chamber can be evacuated and then directly introduced to the x-ray photoelectron 

spectroscopy analysis chamber, removing the chance of contamination from ambient 

air.  
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Such a system can aid in the discovery of new lubricants. Many known and 

potential solid lubricants are only tested in ambient conditions or under very specific 

operational conditions. Therefore, the number of solid lubricants known to perform well 

across many environments and the mechanisms by which they successfully perform is 

extremely small. The investigation of a broader class of lubricants under vacuum could 

potentially reveal new and interesting tribological properties that remain unknown simply 

due to the materials not being tested. This is an area in which vacuum tribologically can 

really prove its worth through the discovery of new materials for use in vacuum 

environments. As humanity continues to explore the universe around us, the needs for 

additional and more technically advanced lubricants to use in space will continue to 

grow. Vacuum tribology is well positioned to, lead such innovation and through the 

discovery of new materials enabling the operation of moving mechanical assemblies of 

space applications. 
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