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Friction and wear have undisputedly huge macroscopic effects on the cost and lifetime of 

many mechanical systems. The cost to replace parts and the cost to overcome the energy losses 

associated with friction, although small in nature, can be enormous over long operating times. 

The understanding of wear and friction begins with the understanding of the physics and 

chemistry between the reacting surfaces on a microscopic level. Light as a diagnostic tool is a 

good candidate to perform the very sensitive microscopic measurements needed to help 

understand the fundamental science occurring in friction/wear systems. Light’s small length 

scales provide the capabilities to characterize very local surface phenomena, including thin 

transfer films and surface chemical transitions. Light-based diagnostic techniques provide nearly 

instantaneous results, enabling one to make in situ/real time measurements which could be used 

to track wear events and associated chemical kinetics. 

In the present study, two optical diagnostic techniques were investigated for the analysis of 

tribological systems. The first technique employed was Raman spectroscopy. Raman 

spectroscopy was investigated as a possible means for in situ measurement of thin transfer films 

in order to track the wear kinetics and structural transitions of bulk polymers. A micro-Raman 
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system was designed, built, and characterized to track fresh wear films created from a pin-on-

disk tribometer. The system proved capable of characterizing and tracking wear film thicknesses 

of ~2 μm and greater. In addition, the system provided results indicating structural changes in the 

wear film as compared to the bulk when sliding speeds were increased. The spectral changes due 

to the altering of molecular vibrations can be attributed to the increase in temperature during 

high sliding speeds. Raman spectroscopy was also used to characterize the oxidation of 

molybdenum disulphide, a solid lubricant used in many applications, including high vacuum 

sliding. Resonance Raman effects were observed when an excitation wavelength of 632.8 nm 

was used. Raman spectroscopy was carried out on amorphous MoS2 while its temperature was 

increased to track the thermally induced oxidation of the MoS2 surface. In addition, other forms 

of MoS2 were investigated through Raman spectroscopy in which key distinctions between 

spectra were made. The second technique employed was atomic emission spectroscopy (AES) 

used to measure constituent species present in arcs created during electrical sliding contacts. 

Spectra indicated the presence of copper and zinc in the arcs created between copper fiber 

bundled brushes and a copper rotor. Atomic emission was used to measure the arc duration with 

a photo-multiplier tube (PMT) while the collected spectra were processed to assess arc 

temperature. The results suggest arcing in high-current electrical sliding contacts may be at least 

partially responsible for the high asymmetrical wear measured during tribology tests. 
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CHAPTER 1 
INTRODUCTION 

Overview 

Tribology is the study of surface interactions under relative motion. This involves 

phenomena such as friction, wear, and lubrication. Friction and wear are very important in the 

design of mechanical systems and are influenced by one another. The wear of a system defines 

the lifetime and is, therefore, perhaps one of the most important system parameters. Friction is a 

force resisting motion that defines the loads needed to sustain operating conditions, which can 

result in high operating costs and can typically lead to wear. Often, energy put into overcoming 

the frictional forces will reappear itself as wear, i.e. surface energies leading to adhesion 

resulting in wear through detachment, or through conversion of mechanical energy into heat, 

which can cause chemical transformations that greatly impact wear rates. For the reasons just 

named, it is not surprising that most of the measurements made in a tribology laboratory are, in 

fact, friction coefficients and wear rates, and that much of the research is involved with reducing 

each by means of lubrication, material development, and operating conditions. 

Typically, wear rate and friction coefficient measurements are made on a device called a 

tribometer, which measures wear and frictional forces under various loading conditions of the 

sample, typically over great distances. Wear rates, usually defined as the volume removed per 

normal load per sliding distance, mm3/(Nm), are extracted by either measuring the displacement 

of the removed material or the difference in mass which can be converted into volume with the 

density. In either case, it is a difficult measurement to make accurately and in real time. 

This in situ/real time aspect of a measurement can be taken advantage of when optical 

techniques are used to measure species, material amounts, and kinetics associated with chemical 

transformations. In addition to this, optical measurements have the precision and the length scale 
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to measure microscopic features that are responsible for the phenomena observed. Since 

tribology is the study of surfaces containing micro- and nano-scaled features, it is important to 

have similar resolution in a diagnostic technique. Also, having small enough resolution and 

sensitivity to measure monolayer amounts of worn material is sought after in hopes to understand 

initial wear mechanisms. This dissertation will look at how optical techniques, such as Raman 

light scattering and atomic emission spectroscopy (AES) can be applied to tribological situations 

providing opportunity for real time/in situ measurements that can be used to measure localized 

small amounts of wear along with varying degrees of chemical/structural transformations that 

can lead to wear. 

“Analytical Tribology” 

The ultimate goal of tribology is to understand the mechanisms responsible for friction and 

wear so that system adjustments (i.e. materials, working conditions, and lubrication) can be made 

to reduce energy costs and part replacements. Understanding the fundamentals, the chemistry 

and physics, behind these issues is the first step in treating them. Therefore, it is not a surprise to 

see surface chemists, physicists, and material scientists all involved with the science of tribology. 

One field, which is of particular interest for this dissertation, involved with elucidating some of 

the unknowns in tribology is analytical spectroscopy. Using spectroscopic techniques in concert 

with tribological tests can allow for chemical, electronic, and structural information at a high 

spatial resolution along the frictional interface while mechanical information, such as friction 

coefficients and wear rates in the same region are gathered. This becomes a valuable tool in 

aiding to understand the physics responsible for many of the surface interactions we see. The 

high spatial resolution and great sensitivity one can acquire with many of the spectroscopic 

techniques provides information on the molecular level that are the building blocks of creating 

models to represent macro scale motion under a variety of conditions. 
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There have been a number of studies focused on spectroscopy as a tool for measuring 

tribological mechanisms. These include studies dedicated to material structures and how they 

change with a moving contact, induced chemical transformation, and material detection to 

quantify wear rates. There are a number of books which review many of the techniques, 

including high energy/short wavelength diagnostics, such as x-ray photoelectron spectroscopy 

(XPS), Auger electron spectroscopy (AES), x-ray absorption spectroscopy (XAS), and x-ray 

scattering techniques, as well as, spectroscopic techniques using longer wavelength excitation 

sources in the UV-visible-IR range (Miyoshi 1993, Chung 2001, Briggs 1983, Riviere 1990, 

Siesler 1980). Although not in the scope of this research, high energy spectroscopy has played 

and will continue to play an important role in the field of tribology. The short wavelengths 

associated with this type of diagnostic allow for very high spatial resolution, relaying 

information about chemical, electronic, and crystallographic properties of a material at an atomic 

scale. If the reader is interested in these techniques see the books listed above, as well as, the 

review by Martin and Belin (Martin 1993). 

More specific to the scope of this research are achievements made by those involved with 

understanding complex tribology through spectroscopic techniques analyzing electromagnetic 

radiation located in the UV/VIS/IR spectrum. These include vibrational spectroscopy (Raman 

and infrared spectroscopy) and atomic emission spectroscopy. The following references serve as 

a good overview for this class of diagnostics (Seisler 1980, Martin 1996, Colthup 1990). Because 

of the large quantity and high diversity, literature more specific to the topics of this dissertation 

will be explained in greater detail in the remaining chapter. 

The remainder of this chapter will serve to introduce each research topic. An explanation 

of the problem will be given along with a brief review of past studies in the relevent field. The 
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topics discussed include the construction of an in situ Raman tribometer and subsequent analysis 

of polymer wear measurements and platicization, Raman study of MoS2 films, and electric spark 

diagnostics and their association with wear. 

In Situ Raman Tribometer 

The tribometer is a device used to measure mechanical properties of a system including 

friction coefficients and wear rates. Using an analytical tool to measure material properties at or 

just behind the interface of frictional contact, can result in a greater understanding of the physics 

responsible for the observed mechanical properties. This study used Raman light scattering as the 

analytical tool to detect and molecularly characterize wear films on a tribometer. Prior to these 

measurements, the system was constructed and characterized with various bulk materials, 

including silicon, polyethylene, polytetrafluoroethylene (PTFE), and diamond. Additionally, the 

constructed micro-Raman system was used to track molecular conformations during high 

speed/high loading tribometer tests.  

In Situ Raman Studies 

There has been a lot of work done to measure material properties and transitions at the 

same instance friction and wear are being characterized. Studies of this sort have more 

specifically dealt with characterizing wear debris, thin film transitions, polymer plasticization, 

and quantifying wear film and coating thicknesses. Examples of each of these types of studies 

are explained below. 

Constable et al. used Raman light scattering to analyze the wear debris from a number of 

different physical-vapor deposition (PVD) ceramic hard coatings created on a ball-on-disk 

tribometer. Static Raman measurements were made to determine the degree of oxidation by 

heating the coatings to a uniform temperature and measuring the Raman response. This was done 

over a temperature range of 500°-800° C to measure the transformation of the films in order to 
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set up a scale for comparison with the in situ results. The different films were then worn on a 

tribometer applying a 5 N load and a sliding speed of 10 cm/s, on which Raman spectra of the 

wear debris were collected. The spectra from the in situ measurements were compared with those 

from the static oxidation measurements to determine the degree of oxidation that occurred and to 

correlate the contact temperatures. The in situ Raman measurements also were used to explain 

the friction coefficients measured. It was determined that the contact temperatures were between 

500°-800° C, and that the oxidation of many of the coatings contributed to the measured wear 

and friction coefficients (Constable 2000). 

McDevitt et al. have published a number of studies involved with characterizing thin film 

solid lubricants using Raman spectroscopy applied on an in situ tribometer. Their setup traced 

the oxidation of the thin film solid lubricants and its effect on the wear rate. (McDevitt 1993, 

McDevitt 1994, Zabinski 1993) The results of their studies will be discussed in more detail in the 

section covering Raman spectroscopy and MoS2. 

Similarly, Dvorak et al. used Raman to investigate the third bodies generated on a 

tribometer test of Mo- based thin films. Their tribometer consisted of a reciprocating coated plate 

pressed up against a stationary transparent hemispherical counterface. The optical access was 

then made through the counterface, in which microscopy and micro-Raman measurements were 

made. The tribometer was sealed so that the effects of humidity and alternate environments could 

be witnessed. The third body generation was measured versus number of cycles and compared to 

the corresponding measured friction coefficients. It was determined that the generation of the 

MoS2 third bodies contributed to the decrease of friction, that the main contribution to the 

friction was the interfacial shear strength of the MoS2 against MoS2, and that the rise of friction 

in humid atmospheres was due to the increase in the interfacial shear strength (Dvorak 2007). 
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In situ Raman/tribometer experiments can be used to quantify material thicknesses. Scharf 

and Singer used the same type of setup as Dvorak et al. to identify several third body processes 

including thinning, thickening, and loss of transfer films during dry contact sliding on diamond-

like nano-composite coatings. By collecting spectra during sliding at the sliding interface, the 

condition of the transfer film was compared and correlated with the friction and wear response. 

The wear of the coatings were tracked by monitoring the C-C bands while transfer films were 

determined by following the upward shift of the G-band peak. They determined that in situ 

Raman was a more efficient method to track transfer film thickness than in situ visualization. 

The same authors furthered their investigation of using Raman to monitor film thicknesses by 

developing a light scattering model that used the information of Raman spectra to determine thin 

film thicknesses and wear scar depths. This model was tested and proved to be very effective 

(Scharf 2002, Scharf 2003). Additionally, others who have experimentally investigated the issue 

of using Raman spectroscopy to measure wear amounts include Varanasi et al. and Kohira et al., 

who traced wear amounts of diamond-like carbon coated sliders versus sliding distance by 

relating Raman intensity to material thickness (Varanasi 1997, Kohira 2000). 

PTFE Raman Studies 

Polymers are widely investigated in the field of tribology because of their self-lubricating 

properties. Polymers can appear as bulk, in lubricating films, and in composites in which their 

lubricating and wear resistant properties are utilized. For this study, polymers were used to 

characterize the constructed in situ Raman system. In addition, the system was used to monitor 

polymer transfer film thicknesses and resultant structural changes during tribometer tests of 

polymers. For this reason, a few studies involved with characterizing polymers using Raman 

spectroscopy will be noted and discussed in the following paragraphs. 
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A number of books and papers have reviewed Raman and its application to polymers 

(Maddams 1994, Siesler 1980, Xue 1997). More specifically, Stuart reviewed Raman 

spectroscopy as a tool to understanding plasticization of polymers which can greatly change the 

tribological properties of the material. The degree of thermally induced and solvent induced 

plasticization was characterized for polyether ether ketone (PEEK), nylon, and polycarbonate by 

comparing Raman spectra before and after induced plasticization. As plasticization occurs 

molecular bonds are stretched, thereby affecting their vibrational energies thus making Raman 

spectroscopy very useful in quantifying the degree of plasticization (Stuart 1998).   

 

Figure 1-1. Raman spectrum of bulk PTFE taken at room temperature (Koeing 1969). 

Additionally, Samyn et al. used Raman to investigate transfer films left by polymers 

following sliding tests, in which changes of intensity ratios of certain absorption bands were 

observed, suggesting a change in molecular structure due to the localized frictional heating. The 

sliding tests were performed at various temperatures in the range of 100-260°C in which it was 
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noticed that friction coefficients reduced and wear rates increased at about 180°C. Raman 

analysis of the wear films also indicated a change in the molecular conformation at the polymer 

sliding interface at 180°C (Samyn 2006). 

Wu and Nicol produced one of the first studies in which changes to the Raman spectrum of 

PTFE were measured as a response to high pressures. They measured shifts of multiple lines in 

which slight red shifts were noticed as the pressure was increased and approaching the phase II-

III transition pressure. Once the transition pressure (~7 kbar) was reached, more dramatic shifts 

were measured both blue and red shifted. The 1380 cm-1 peak was shifted to higher 

wavenumbers while the 290 cm-1 peak was shifted to lower wavenumbers. In addition, as the 

pressure approached the transition pressure, a peak began to grow at ~620 cm-1 while the peak at 

575 cm-1 began to dissipate (Wu 1973).  

Rabolt et al. used Raman spectroscopy to characterize the crystallinity of PTFE composite 

polymers. With increasing pressure the authors noticed a change in the intensity ratios between 

the 285 and 385 cm-1 bands. As pressure increased, the 285 cm-1 line intensified faster than the 

385 cm-1 line which they attributed to the increase in crystallinity rather than just decreasing 

inter-atomic distances as the structure took a planar zigzag form. This intensity ratio remained 

constant even when the PTFE was unloaded (Rabolt et al. 1978). 

Nagao et al. used Raman spectroscopy to measure the molecular dynamics in PTFE during 

laser shock compression. A time dependent Raman signal was acquired immediately following 

the laser shock compression, which delivered approximately 1 GPa of pressure. As the shock 

wave progressed through the PTFE, the C-C symmetric stretch located at 1380 cm-1 underwent a 

blue shift (increase of ~ 8 cm-1) while the CF2 twisting band located at 287 cm-1 underwent a red 
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shift (a decrease of ~8 cm-1). Both shifts were due to the II-III phase transition of the PTFE 

sample due to the high pressure (Nagao et al. 2003). 

Table 1-1. Observed Raman peaks of bulk PTFE as seen in Figure 1-1. The species as well as the 
assigned vibrational modes are also presented (Koeing 1969). 

  

A fundamental study by Koenig and Boerio applied Raman spectroscopy to 

polytetrafluoroethylene (PTFE).  Spectra were acquired at multiple temperatures below and 

above room temperature. The observed bands were assigned and transitions were noted as the 

bulk temperature was adjusted. Their results can be seen in Figure 1.1 and Table 1.1 (Koeing 

1969). With the increase in technology improving the ability to filter out fluorescence, many 
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additional studies have focused on Raman as a tool for quantitative analysis of polymers, with 

many attempting to characterize the qualitative chemical nature and also the quantitative 

composition (e.g. thickness, purity, additives) (Hahn 1997, Stuart 1996, Garton 1993). 

MoS2 Raman Study 

 Introduction 

Molybdenum disulphide (MoS2) has proven itself to be a very advantageous substance in 

the tribology/lubrication field. As a solid lubricant, it can reduce friction coefficients below 0.10 

(Savan 2000, Roberts 1992, Donnet 1993, Fleischauer 1999, Winer 1967). The lubricating 

properties of MoS2 are a direct consequence of its crystalline structure. As seen in Figure 1-2, 

 
Figure 1-2. Crystal structure of Molybdenum disulfide (Lince 1987) with atomic distances 

determined by Dickinson (Dickinson 1923). 

MoS2 follows a hexagonal layered structure with two molecules per unit cell. The covalently 

bonded layers of sulfur-molybdenum-sulfur are connected to subsequent covalently bonded 

layers by weak van der Waals forces along the (002) plane or between the sulfur-sulfur faces. 
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These weak forces lend to preferential basal layer cleavage along this plane, resulting in low 

friction. 

It has been shown that water vapor and oxygen present in the atmosphere may lead to 

oxidation of MoS2, disrupting the basal layer sliding and decreasing the effectiveness and 

lifetime of MoS2 as a solid lubricant. Studies of these phenomena became popular following the 

pioneering study by Savage (Savage 1948), in which it was demonstrated that graphite along 

with a moist atmosphere resulted in lower friction and less wear of the graphite. Since graphite 

and MoS2 undergo similar basal layer sliding which is responsible for the low friction properties 

seen in each, it was expected that similar effects of friction due to moisture would be seen in 

both compounds. However, a consensus was formed by those investigating the effect of moisture 

on MoS2, namely that increasing the relative humidity, or the amount of adsorbed water vapor, 

increased the coefficient of friction when MoS2 was used as a lubricant between sliding surfaces 

(Peterson 1953, Midgley 1956, Haltner 1966, Peterson 1955). In addition to water vapor, the 

effect of adsorbing oxygen on MoS2 films has been investigated (De Gee 1965, Salomon 1964) 

and has also been shown to increase the friction and wear rate of MoS2  (Fusaro 1981, Gardos 

1987). When MoS2 is in the presence of oxygen, oxidation can occur, resulting in MoO3. The 

process can be complicated, however, the oxidation can be superficial and flake off due to the 

reduction of the oxide layer through cohesion to the bulk, as well as, due to the increased 

susceptibility oxides have for adhesive wear. Additionally, oxidation can work its way into the 

bulk of the material, creating internal blisters which act as weak points that can lead to cracking 

and greater volumes peeling away (Savan 2000, Singer 1996, Bartz 1987). In general, the top 

surfaces of the crystal cell, along the (001) and (002) planes, are more resistant to adsorption of 

gases, and are also the places where low friction occurs. The polar sites on the edges of the unit 
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cell exhibit higher friction and are more susceptible to the adsorption of oxygen and water vapor. 

Therefore crystals grown in parallel orientation with the (002) planes being the only location of 

shear, will result in low friction and greater resistance to oxidation leading to at least a two-fold 

increase in wear life (Fleischauer 1983). 

Temperature plays a large role on the frictional properties of MoS2. For temperatures less 

than the melting and sublimation temperatures, the film temperature indirectly affects the sliding 

properties through its direct effect on the adsorption of water vapor and rates of oxidation. For 

temperatures ranging from 0º-100ºC, it has been shown that with increasing temperature, 

adsorption of water vapor decreases, resulting in lower friction coefficients (Midgley 1965). 

Oxidation rates of static MoS2 samples have been shown to be slow at lower temperatures 

(<100ºC), even in very humid atmospheres (Ross 1955). This has been attributed to protective 

oxidation, where the outermost S-Mo-S layer oxidizes and protects the rest of the crystal from 

further oxidation. Bisson et al (Bisson 1957) found that oxidation rates were slow when 

temperatures were below 370ºC, yet increased when the temperature exceeded this value. Similar 

results were found by Sliney (Sliney 1963), in which it was shown that oxidation rate of MoS2 

was much faster than WS2 for temperatures greater than 390ºC, and occurred at a very rapid rate 

at 560ºC (Godfrey 1949). 

The transformation of MoS2 is directly related to the lifetime and its functionality as a 

lubricant. Being able to in situ measure the percentage of oxidized material becomes very 

important in understanding this transformation. For example, tribological experiments with 

varying atmospheres and temperatures have been carried out along with characterization of MoS2 

through analytical techniques such as x-ray diffraction (Lince 1987, Ratnasamy 1973) and, more 

relevant for this study, Raman spectroscopy. The remainder of this section will attempt to review 
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the literature involved with Raman spectroscopy of MoS2, trying to combine work done from 

tribology laboratories (McDevitt 1994, McDevitt 1993, Voevodin 2006, Zabinski 1993) with 

more fundamental analytical studies (Chen 1974, Stacy 1985, Sekine 1984, Wieting 1971, 

Sandoval 1991, Payen 1989, Mernagh 1993, Chang 1981, Frey 1999). 

Raman Spectroscopy of MoS2 

MoS2 and its oxide, MoO3, produce very unique and detailed Raman spectra making this 

analytical technique a popular and useful choice for film characterization. The real time results 

allow in situ measurements which can be very useful in understanding the kinetics of MoS2 

oxidation and how it relates to friction and film wear. Because of this, tribologists, physicists, 

and chemists have put forth considerable effort to understand the optical properties of MoS2. 

There are four first-order Raman active modes, E1g (286 cm-1), 1
2gE (383 cm-1), A1g (408 

cm-1), and 2
2gE (32 cm-1), that are present in most reported MoS2 Raman spectroscopic studies. 

All of the first order bands are a result of vibrational modes within the S-Mo-S layer except for 

the 2
2gE  (32 cm-1) band which is due to the vibration of the adjoining rigid layers. Exciting the E-

1g (286 cm-1) frequency has been shown to be forbidden when examining basal surfaces through 

a backscattering collection scheme (Frey 1998). Chen and Wang (Chen 1974) and others have 

noticed additional second order lines that come about through a resonance type of Raman effect 

where excitation frequencies with energies close to absorption bands cause the crystalline 

structure to behave differently, resulting in an emission of light shifted from the first order 

modes. Stacy et al., Sekine, and Frey showed this effect by using excitation frequencies that 

matched previously determined electronic absorption bands (Stacy 1985, Sekine 1984, Frey 

1998). The absorption spectrum can be seen in Figure 1-3. 
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Figure 1-3. Absorption spectrum of MoS2 with photon energies of various wavelengths 

overlapped. The A and B peaks represent strong absorption that are responsible for 
many of the second order Raman lines (Stacy 1985). 

The sharp A and B peaks in Figure 1-3 are located at 1.9 eV (652.6 nm) and 2.1 eV (590.5 

nm), respectively, and are due to the d-to-d transitions from the filled 2z
d orbital to a combination 

of the dxy and 2 2x y
d

−
orbitals (Stacy 1985). In addition, direct and indirect band gaps at room 

temperature are located at 1.95 eV (635.9 nm) and 1.2 eV (1033.3 nm), respectively (Frey 1998). 

The matching of laser photon energy into the absorption band causes strong coupling of energy 

into phonon modes that can combine with the four first order Raman frequencies creating 

additional energy states that can be excited, resulting in a variety of new second order emission 

lines. Inelastic neutron scattering data provided by Wakabayashi et al. (Wakabayashi 1975) have 

shown that the energy dispersion of the E1g, 1
2gE , and A1g modes in the Γ – M (from center 

outward toward the [100] plane) direction is very small. However, the energy of the 2
2gE  mode at 

Γ does increase in the M direction to a longitudinal acoustic mode with frequency of LA(M) ≈ 

232 cm-1 at the M point. With this result, the following studies attributed most of the second 
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order peaks to combinations of this longitudinal acoustic mode and the first order peaks. For 

example, in the spectrum by Stacy et al. taken with a 676.4 nm laser, there is a large peak at 466 

cm-1 which can be attributed to twice the LA(M) frequency of 232 cm-1. The 643 cm-1 peak is a 

combination of the LA(M) frequency and the A1g mode (408 cm-1) at point M while the 177 cm-1 

peak is due to the subtraction of the LA(M) from the A1g frequency (408 cm-1) at point M. The 

author’s prediction of the origin of these lines, as well as others, can be seen in Table 1-2. There 

are usually slight differences between frequencies of Raman lines in all studies, including the 

current study. Besides common calibration/equipment differences, first and second order Raman 

lines have been shown to undergo slight shifts due to differences in temperature (Chen 1974) and 

crystal size (Payen 1989, Frey 1999) which are possible explanations for these variations in 

reported wavenumbers. 

Raman spectroscopy has several advantages that make it a valuable tool in tribology 

studies. First, it relays information about molecular species, as well as orientation. Second, it 

provides real time in situ information allowing for wear and transformation kinetics to be 

measured. Thirdly, depending on the sample of interest, it can produce spectra that are very 

sensitive, possibly down to single molecular layers (Sandoval 1991). 

There have been a number of tribological studies on MoS2 films in which Raman 

spectroscopy has been used to map its chemical transformation. McDevitt et al., using an in situ 

tribotester (pin-on-disk tribometer in conjunction with a Raman system) measured the oxidation 

of different MoS2 films (McDevitt 1993). In addition, a more fundamental study performed by 

the same authors compared Raman spectra of differently prepared MoS2 films (pulsed laser 

deposition and ion sputter deposition) resulting in different crystal sizes and orientation, showing 
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that Raman spectroscopy could be used to determine the crystallinity of different types of MoS2 

films (McDevitt 1994). 

Table 1-2. Previously acquired collection of Raman MoS2 first and second order lines. The 
frequency and the possible origin of each line are presented. 

Stacy & Hodul (Stacy 1995)  Chen & Wang (Chen 1974) 
Frequency 

(cm-1) Order Origin  Frequency 
(cm-1) Order Origin 

34 First   32 First  

177 Second   188 Second  

287 First   286 First  

383 First   383 First  

409 First   408.3 First  

466 Second   450.2 Second  

529 Second   567.3 Second  

572 Second   596 Second   

601 Second   750 Second  

643 Second   778 Second   

780 Second   816.7 Second  

820 Second      

 

The previous literature when combined from an assortment of study groups provides a 

good foundation to understand phenomena that arise when various types and sizes of MoS2 are 

irradiated by a laser. With that in mind, the remainder of the study will focus on results obtained 

by carrying out Raman spectroscopy on different samples of MoS2, amorphous and crystalline, 

in different ambient conditions, including atmosphere and temperature. 

Spark Diagnostic Study 

Introduction 

Arcing, as a result of a dielectric breakdown due to intermittent contact between 

electrodes, can cause high amounts of wear to one or both electrodes. This is important in 
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electromagnetic driven motion, i.e. electric motors, in which high currents are transferred 

between brushes and the commutator. When high rotational speeds are met, maintaining contact 

between the brush and the commutator becomes increasingly difficult, leading to gaps that lend 

themselves to the creation of sparks. If the spark temperature is large enough, 

melting/vaporization of the electrodes (brush/commutator) can result, leading to pitting and 

craters of removed material. The work described here investigated these phenomena by means of 

spectroscopy, in which atomic emission was analyzed in order to determine the time duration 

and the components affected by the spark, as well as, to determine the average temperature of the 

spark. The remainder of this section will review the implications arising from both sparking and 

non-sparking current transfer across sliding contacts. A physical explanation of the spark 

creation will be given followed by a review of previous work done in the field of spark induced 

wear more specifically by means of spectroscopic measurements. 

Spark Creation Fundamentals 

For electrode spacing much greater than the electron mean free path, sparks created in 

strong insulating gases (i.e. air), ionization of the gas molecules must occur to create a bridge 

across the gap for current to pass. Typically, ionization of a gas between two electrodes is due to 

the removal of electrons from a strong electric field exceeding the dielectric strength of the gas 

resulting in positively charged ions and free electrons. A uniform electric field, E, can be simply 

represented, as in the case of two flat plates, by Eqn. 1-1, where ν is the voltage and d is the 

distance between the electrodes. The electrons once free from the nucleus are no longer 

quantized and can be excited by the electric field to very high speeds colliding with atoms to 

create more free electrons. This process can cascade, creating a large conductive volume of free 

electrons and positively charged ions that are able to transport current.  
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vE
d

=  (1-1) 

The voltage required to initiate a breakdown is dependent on the distance between 

electrodes, the dielectric constant of the gas, the pressure, the temperature, and the electrode 

material and shape. For example, if the pressure is too low a strong electric field is needed to 

induce a breakdown to overcome the lower probability of electrons impacting a molecule. In 

addition, when pressures are very large, high voltages are also needed due to the reduction of the 

electron mean free path resulting in an increase in the number of collisions and the inability to 

acquire enough kinetic energy to dissociate and ionize molecules.  

Although electric field ionization is the most common process, surface electron emission 

can also transfer current across a non-conductive medium or even in vacuum. When gaps are 

small and large electric fields are present, electrons can be ejected from the negatively charged 

surface impacting the positively charged surface resulting in a transfer of charge (Latham 1995). 

This is termed field emission. Other sources of energy can cause electrons to be ejected from a 

metal surface including high frequency photons, large temperatures, and impaction from other 

high speed electrons or ions. The ejected electrons can initiate the breakdown process by 

ionizing the gas molecules as previously discussed, resulting in similar high temperature 

plasmas. The number of free electrons can cascade into very high quantities as mentioned before. 

In addition to the cascading effect, electrons can be added to the mix from the negative surface 

due to the positive ion collisions, resulting in ion assisted field emission (Slade 1999). This type 

of secondary electron creation process can most likely be seen in large gaps. 

For small gaps, less than 5-10 electron mean free paths (<~15-30 μm in air under standard 

conditions), breakdown can occur primarily consisting of metal vapor liberated from the 

contacts. If the voltage across the contacts is large enough, electrons will emit from the negative 
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surface with enough energy to impact the positive surface and evaporate the material. In 

addition, joule heating on the negative electrode can result in metal vapor which combined with 

the metal vapor originating from the positive electrode can ionize resulting in a breakdown 

(Latham 1995). 

For an opening contact, an arc is always initiated with the metal vapor of the contacts. The 

contact resistance can be shown by Eqn. 1-2, 

2c
HR
F

ρ π
=  (1-2) 

where H is the material hardness, ρ is the resistivity, and F is the holding force. As the contact 

begins to separate, F → 0 and the resistance increases. The increase in resistance causes the 

voltage drop across the contact to increase which follows Eqn.1-3, 

c cV IR=  (1-3) 

where I is the current. This increase in the voltage drop will increase the contact temperature, as 

represented by the following equation 

2 2 2 7
0 10c cT T V x K= + ,  (1-4) 

where T0 is the initial temperature. As the contact voltage drop increases, the contact temperature 

will continue to increase eventually reaching the material melting temperature. The molten 

material will then attach itself to both of the separating electrodes creating a molten metal bridge. 

As the bridge is drawn further, it becomes unstable and will rupture feeding metal vapor into the 

electrode spacing which is then able to be ionized by both field emission and/or electric field 

assisted ionization (Boddy 1971, Gray 1973). An arc will remain as long as a minimum voltage 

is maintained which is related to the ionization potential of the gas and the work function voltage 

responsible for supplying the energy responsible for field emission. In addition, a minimum 
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current must be maintained to supply enough heat to the negative surface so that large enough 

temperatures are met to provide electron feeding via thermal field emission. For Cu electrodes 

Imin and Vmin have been determined to be 0.4 A and 13 V (Slade 1999). 

For air at standard conditions, large voltages and/or large electric fields are needed to 

create a breakdown through either field emission or electric field induced ionization. Voltages 

greater than 320 V are typically needed to create a breakdown for gap sizes on the order of 10 

microns (Slade 1999, Kaiser 2006), however, sparks may be induced with voltages down to 12 V 

if gaps are very small and the field strength is very high (> 50 MV/m). 

This study’s interest is of sparks induced by a high current/low voltage power supply 

(approximately 100 A and 5 V) created between zinc coated copper brushes and a rotating 

copper disc representing a commutator in an actual motor. The best way to model the formation 

of a spark in this setup is through a periodically opening and closing switch. As the commutator 

rotates, the fibers of the brush will move resulting in intermittent contact or an opening and 

closing switch. When the switch opens, even though a low voltage power supply is used, a very 

large voltage can result. This occurs due to the inductance in the system reacting to the sudden 

change in current producing a high kickback voltage, strong enough to create a spark, even with 

a supply voltage as low as 2 V. This effect of a rapid voltage rise can be seen in Eqn. 1-5, in 

which L is the inductance, di/dt is the change in current over small times, and V is the voltage, 

diV L
dt

=  (1-5) 

This kickback voltage coupled with the non-uniform electric field resulting from the odd 

geometries and the individual fibers of the brush oscillating between contact as well as the 

micron sized gaps that are present when the brush is lifted provide a reasonable explanation why 
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electric discharging occurs for a system with a voltage supply much lower than needed to initiate 

a breakdown. 

To understand the spark lifetime we first need to consider a simple d.c. circuit,  

( )C A
dIU L RI U t
dt

= + +
,
 (1-6) 

where Uc is the circuit voltage, L is the circuit inductance, R the circuit resistance, I the current, 

and UA is the arc voltage. For the case when the circuit voltage is less than the arc voltage, i.e. 

Uc< 12 V, it can be assumed that the arc voltage is reached instantaneously upon the molten 

metal bridge rupture and remains constant until the current decreases to zero. Following the 

nearly instantaneous rise of the gap voltage to the minimum arcing voltage, the circuit voltage 

becomes opposed by the constant arc voltage thus decreasing the current shown by the following 

equation 

( ) expC A A bU U U U RtI t
R R L
− −     = + −    

     ,
 (1-7) 

where Ub is the bridge rupture voltage which represents the voltage at which separation occurs 

and t = 0. The arc will continue until the minimum arcing current is reached. Assuming Imin is 

approximately zero, the arc time can be given by Eqn. 1-8, 

0 ln A b
a

C A C

LI U Ut
U U U

 −
=  − 

 (1-8) 

The arc duration represented by Eqn. 1-8 can be increased when the contacts are activated, which 

can occur by the adsorption of carbon based particles resulting in the contacts being covered by a 

blackish powder (Germer 1957). 
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Spark Induced Wear Mechanisms 

The high energy associated with the large numbers of free electrons can result in enormous 

temperatures, usually higher than the vaporization temperature of the electrodes thereby causing 

them to wear. The high temperatures can evaporate the material resulting in craters or pitting. 

This can roughen the contacts increasing the friction and the wear. The erosion process induced 

by arcing is a very complicated subject, and varies with many different parameters, including the 

current, arc duration, opening velocity, the material properties, size, and shape to name a few. It 

is possible to witness the development of craters on either the cathode or anode and mounds of 

deposited material on the opposite electrode. Typically when gaps are small and arcing is short, 

the metal vapor resulting from the molten metal bridge rupture is responsible for the induction of 

the plasma. The electrons emitted from the negative surface will ionize the metal vapor creating 

more electrons that will in combination with the emitted electrons ablate the surface of the 

positive electrode creating a crater. The positively charged ions will gravitate toward the 

negative electrode sticking to the surface creating a pile. For longer lasting arcs and larger gaps, 

the molecules in the atmosphere will more predominantly ionize than the metal vapor (Gray 

1973, Chen 1994). This type of arc is typically accompanied by an increase in arc voltage, which 

causes the positively charged gaseous ions to acquire more energy resulting in erosion of the 

negative surface and a net gain of material on the anode. This type of mechanism does not 

always remain true depending on the material. For example, Cu electrodes will typically show 

material transfer from the positive to the negative electrode independent of arc duration and gap 

size. When a surface is activated, the arc roots will quickly jump to carbon sites, allowing more 

uniform erosion, minimizing craters and pitting. 
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Non-Sparking Electric Induced Wear Mechanisms 

In addition to arcing, current flow can also increase wear when there is no lost contact. 

Current flowing through asperity sized contacts can result in higher resistances and electrical 

heating, which in combination with frictional heating creates more efficient wear processes that 

are very different from those without current flow (Zhao 2001). This phenomenon has been 

explained by thermal mounding, in which the high current densities through the contact 

asperities cause thermal expansion faster than the rate of wear. These thermal mounds transmit 

frictional and electrical energy until they are worn down or ripped off thereby transferring the 

load they felt to a nearby spot which then acts as a thermal mound (Dow 1982, Marshall 1976). 

In addition, the high temperatures created by arcing and electrical heating can contribute to the 

production of poor conducting oxides on the electrodes, which will wear away with the moving 

contact taking additional material with it (Quinn 1985). A review of the non-sparking wear of 

electrical contacts can be seen in the following book by Braunovic et al. (Braunovic 2007). 

Previous Work 

There are only a few papers that are aimed at analyzing sparks generated by current across 

brush/commutator contact (Sawa 1992, Lawson 1985, Takaoka 2001). However, other processes 

involving physics similar to the aforementioned problem have received attention, including 

sparks generated in switches and the resulting wear that occurs (Atalla 1954,Germer 1958, 

Germer 1949, Turner 1978, Muniesa 1983), as well as, plasma torch welding and cutting (Pardo 

1999, Ramakrishnan 1997). These types of problems have lead to research involved with 

understanding physical mechanisms of an electric discharge both experimentally and 

computationally. A few of these studies involved with electric discharge and wear will be 

reviewed in the following paragraphs.  
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Since the application of electricity, understanding the wear as a result of current transfer 

between electrodes has been of great interest. In 1949, Germer and Haworth (Germer 1949), 

discussed the phenomena of sparks and their effect on gold and platinum electrode erosion. They 

collected magnified images of the electrode surfaces following multiple sparking events as well 

as single sparking events. In both cases, the authors observed erosion on the positive electrode 

resulting in craters, while material was observed to gather on the negative electrode. Additional 

experiments were carried out including monitoring the voltage as the electrodes were switched in 

and out of contact. Based on the phenomena they observed, the authors presented one of the first 

theories explaining the creation of a discharge. They proposed that the discharge predominantly 

consisted of the electrode vapor created either by the field emitted electrons bombarding the 

positive surface, or from the rush of current through very small contacts. 

Cobine and Burger (Cobine 1955) attempted to determine both theoretically and 

experimentally the power associated with the erosion of the anode spot. This was done by 

modeling the electric input power and its loss through radiative and conductive heat loss and 

material evaporation. The input power density into the anode was determined to be 

approximately 5x104 – 1x106 Watts/cm2 from which the material evaporation was most 

responsible for dissipating the power while radiative and conductive heat transfer were 

determined to be negligible. Their model was confirmed by comparing their predicted values of 

eroded material to experimental values. They concluded that boiling temperatures typically are 

met for spots near the anode indicating erosion.  

Sawa and Shimoda (Sawa 1992) analyzed brush-commutator contact and resulting arcing 

in varying atmospheres using a commutation circuit modeling a real dc motor. In an attempt to 

understand phenomena that occur in fuel pump motors, tests were done in air and gasoline. 
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Using a 20-30 V d.c. power supply, they measured arc duration in air between a rotating Cu 

commutator and a carbon/copper/lead brush to be a linear function of the residual current or the 

current measured at first instance of arcing just after contact had been broken. This equation they 

developed for spark duration created in air can be seen here: 

2.30 eIτ =  (1-9) 

where τ is the arc duration measured in microseconds and Ie is the residual current measured in 

amps. A similar expression was found for arcs created in gasoline in which the slope as seen in 

Eqn. 1-9 was flatter, equaling a value of 1.39 due to the larger arc voltage needed to maintain a 

spark in gasoline. The measured arc durations spanned from 2-16 μs in air and 1-8 μs in gasoline. 

As a follow up to the previous study, Bekki et al. looked at the effects of atmosphere on 

arc discharge types and the resulting surface morphology. Electric discharges between Cu 

electrodes in dielectric liquids such as air, distilled water, methanol, hexane, and gasoline were 

investigated. By measuring the voltage across the gap and noticing the increased roughness of 

the contact surface exposed by the arc, the authors hypothesized that a showering arc occurred in 

the distilled water and methanol, materials with high dielectric constants, which was due to the 

dissociation of carbon activating the surface causing the arc spot to move during arcing (Bekki 

1996). 

While others have focused their research on measuring the erosion that an arc can have on 

the electrodes (Germer 1958, Turner 1978, Muniesa 1983, Donaldson 1986, Wang 1992), many 

studies have focused on understanding underlying phenomena by measuring properties of the 

spark. Many have used spectroscopic techniques to determine such properties as temperature, 

electron density, as well as, detecting the presence of eroded materials. 
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Analyzing the radiative atomic emission from the spark can relay a lot of information 

about the temperature, electron density, and materials present (Pillans 2002, Descoeudres 2005, 

Bye 1993, Pardo 1999, Slade 1999, Moriyama 2006, and Corliss 1962). Many different methods 

to determine temperature via spectral emission have been applied. For instance, temperatures 

have been determined by comparing spectra to blackbody emission curves (Pillans 2002), using 

equations relating emission coefficients to temperature (Pardo 1999, Slade 1999), using the 

Saha-Boltzmann equation to relate neutral and ion line intensities to temperature (Bye 1993), and 

the method of Boltzmann plots which uses excitation energy and the line intensity to the 

determine temperatures (Descoeudres 2005, Moriyama 2006, Corliss 1962). The method of 

Boltzmann plots to determine temperature will be discussed in further detail in the next chapter. 

Many have investigated the spectral characteristics of machining arcs (Pillans 2002, 

Descoeudres 2005, and Pardo 1999). For example, Pillans studied the temporal evolution of an 

EDM plasma showing a temperature decay over the 200 μs lifetime of the plasma initially at 

25000 K decaying to 11700 K. Descoeudres determined EDM plasma electron densities via 

Stark broadening of the Hα (656.2 nm) line to range from 1018-1017 /cm3 over the lifetime of the 

plasma and an average arc temperature of 8100 K. Pardo measured the spatial distribution of 

temperature, electron densities, and chemical species densities for EDM plasmas. The 

temperatures ranged from 20000 K in the center of the plasma to 8000 K at the edge of the 

plasma, while the electron densities ranged from 1.5 x 1017- 5 x 1016/cm3. 

The following studies have investigated the characteristics of the arcs created via electric 

discharging. Using a high-voltage/60 A supply, Bye (Bye 1993) determined arc temperatures in 

argon around 15000-16000 K via argon emission lines. Slade et al. (Slade 1999) measured arc 

temperatures created with an 1100 A source in argon around 16000 K and in air around 21000 K. 
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Moriyama (Moriyama 2006) using Boltzmann plots of Cu emission lines measured temperatures 

for a breaking arcs created with a 42 V/10.5 A supply ranging from 5000-6000 K. Also 

interesting was that the temperature near the anode was slightly greater than that near the 

cathode, which agrees with previous theories and measurements in which anode ablation was 

seen to be more dominate than cathode erosion.
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CHAPTER 2 
SCIENTIFIC FUNDAMENTAL THEORY 

Raman Light Scattering 

The phenomena of Raman light scattering was first discovered by C. V. Raman in 1928, 

which resulted in a Nobel Prize awarded in 1930. Raman light scattering can be explained in two 

manners. The first involves a classical derivation which shows that dipoles can be induced on a 

molecule at frequencies other than that of the incident electromagnetic wave, thus explaining the 

inelastic scattering that is Raman light scattering. The derivation in this manner also helps to 

setup the selection rules which explain why some molecular vibrations are Raman active while 

others are not. The second way in which Raman scattering can be explained is through the use of 

discrete vibrational energy states and energy wells. This serves as a more visual understanding 

and helps explain the difference between the two types of inelastic Raman light scattering, 

Stokes and anti-Stokes light scattering. The remainder of this section will describe in detail the 

two Raman explanations mentioned above, as well as, the Raman selection rules and the two 

different types of Raman scattered light. 

Before deriving the classical framework of Raman scattering, a little discussion about light 

scattering needs to be carried out as seen in a reference by Hahn (Hahn 2007). Light scattering 

occurs when an electromagnetic wave (EM) interacts with non-homogeneities within the 

medium it is passing through causing its path to be altered or redirected. For example, an EM 

wave passing through air can strike a small aerosol, particle or a molecule, causing its path to be 

redirected or the light to be scattered. As seen in Figure 2-1, when the EM wave interacts with 

the non-homogeneous matter, the electron orbits of that matter’s constituent molecules are 

altered periodically at the same frequency of the incident EM wave. The oscillating perturbation 

of the electron orbits causes a separation of charge within the molecules which is called an 
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induced dipole moment. As the induced dipole oscillates it creates an EM radiation wave pointed 

in some new direction which is scattered light. Most of the scattered light occurs at the same 

frequency as the incident EM radiation, which is called elastic scattered light. However, in most 

cases, small amounts of light is scattered at a frequency different than the incident EM radiation 

which is called non-elastic scattering. A derivation is presented in the next paragraph explaining 

how an induced dipole moment can oscillate at a frequency other than the incident EM wave 

resulting in inelastic scattering. 

 

Figure 2-1.  Visual explanation of an induced dipole and resultant scattered light (Hahn 2007). 

The electric field, E, of an incident excitation source can be given by the following 

expression,  

0cos(2 )mE E tπυ=


 (2-1) 

where mE  is the amplitude and 0υ  is the frequency of the of the incident wave. As the oscillating 

field interacts with the sample molecules, it induces a dipole moment with the strength, P, given 

by 

0cos(2 )mP E E tα α πυ= =


 (2-2) 

where α is the polarizability of the molecule, which is a measure of how effectively the 

interacting radiation induces a dipole moment on the sample molecules. 
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As one can imagine, the electron cloud and its individual electron orbits differ as the 

separation between the atoms is altered. This affects the ability to induce a dipole moment. Thus 

it is clear to see that the polarizabilty is a function of the nuclear spacing and can be 

approximated by the first order Taylor Series expansion 

0 ( )er r
r
αα α ∂ = + − + ∂ 

 (2-3) 

where 0α is the polarizability of the molecule when the bond is at its equilibrium distance, re. 

The vibrational frequency of the molecule, vυ , cause the bond lengths to change by the following 

expression 

cos(2 )e m vr r r tπυ− =  (2-4) 

where rm is the maximum inter-nuclear distance achieved. Plugging the previous equation back 

into Eqn. 2-3, we obtain the following equation for the polarizability 

0 cos(2 )m vr t
r
αα α πυ ∂ = +  ∂ 

 (2-5) 

Plugging the above equation into Eqn. 2-2, an expression for the induced dipole strength 

can be obtained 

0 0

0

cos(2 )

cos(2 )cos(2 )

m

m m v

P E t

E r t t
r

α πυ

α πυ πυ

=

∂ +  ∂ 

 (2-6) 

After applying the trigonometric identity for the product of two cosines, a final equation 

can be developed which gives the dipole strength as a function of three distinct frequencies, 0υ , 

0 vυ υ+ , and 0 vυ υ−  
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 (2-7) 

Clearly there are three frequencies at which a dipole moment is induced, thus implying 

there are three frequencies of light that can be scattered. The first term in Eqn. 2-7 represents the 

elastic scattering of the molecule, while the second and third terms represent the anti-Stokes and 

Stokes in-elastic Raman scattering, respectively. Anti-Stokes scattering occurs at a shifted higher 

frequency than the elastic scattering, while Stokes is shifted by the same amount to a lower 

frequency. 

 

Figure 2-2. The symmetric and asymmetric stretching of a CO2 molecule. 

For Raman scattering to occur, the second and third terms in Eqn. 2-7 must be non-zero. 

This happens when 
r
α∂
∂

 is non-zero. This means that in order for Raman scattering to take place, 

the polarizability of the molecule must change as the bond length is altered. Or, in other terms, 

the induced dipole moment must change as the molecular bond is stretched or compressed. This 

differs from the selection rules of infrared absorption spectroscopy, which states that the dipole 

moment must change during vibration. The effect of changing only either the dipole moment or 

the polarizability during vibration can be seen in center symmetric molecules. In these types of 

molecules, there is a mutual exclusion principle, which states that there are no IR active 

transitions the same as Raman active transitions. This can be more clearly understood by looking 

at the symmetric and anti-symmetric stretches of a CO2 molecule, Figure 2-2. 

O O C 
Asymmetric Stretch 

(b) 

C O O 
Symmetric Stretch 

(a) 
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As the CO2 symmetrically stretches, the dipole moment (not the induced dipole moment) 

does not change. However, as the molecule compresses and expands, the ability to induce a 

dipole, the polarizability, changes, which leads to Raman activity. The asymmetric stretch works 

oppositely. As vibration occurs, the dipole moment changes making this vibrational mode IR 

active. On the other hand, as one of the C-O bonds expand, its polarizability increases due to the 

less effect felt by the electrons from the opposite atom’s nucleus. However, as the other bond 

compresses more electron/nucleus interaction is present causing the polarizability of this bond to 

decrease by the same magnitude, resulting in a net change in the molecular polarizability of zero 

leaving this mode Raman inactive. 

The above classical presentation is effective at explaining the physics of Raman in terms of 

light scattering, as well as providing a clear understanding of the Raman selection rules. 

However, a more meaningful understanding of Raman and its associated frequency shifts can be 

easily explained through a quantum discussion in terms of a molecule’s vibrational energy states. 

A molecule has different energy levels defined by its electronic and vibrational modes. Within 

each electronic state there are many vibrational energy levels, represented by the energy well in 

Figure 2-3. The amount of molecules in each vibrational energy level will follow the Boltzmann 

distribution function, which is highly dictated by the system’s temperature. With low to 

moderate temperatures, the ground vibrational state (j=0) accounts for most of the population. 

When a molecule interacts with an electromagnetic field, such as a laser, its energy will increase. 

If the excitation source is tuned properly, the energy of the molecule can be raised to a higher 

electronic energy state, but in most cases, the excitation energy doesn’t match exactly, and the 

system’s energy is raised to a virtual energy level. Shown in Figure 2-4, in the case of Raman 

scattering, the EM wave induces an oscillating dipole imparting energy into the molecule raising 
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Figure 2-3. Vibrational energy well. The well represents one electronic state, while each level 
(j=0,1,2,…) represents the vibrational energy states within an electronic state. 

it to a virtual energy level, which is typically higher than the vibrational quanta of the ground 

electronic state. As the molecule relaxes from the excited virtual state, it can return back to its 

original energy state, which represents elastic scattering, or it can return to a different vibrational 

quanta. As mentioned before, most of a molecular population lies in the ground state (j=0), 

therefore it is most likely for in-elastic scattering to occur as Stokes scattering, by a molecule 

being excited from the ground state and relaxing to a higher energy vibrational level, as seen in 

Figure 2-4(A). However, there are usually a finite number of molecules that are in an excited 

vibrational state prior to the interaction of an outside radiation source, which can provide anti-

Stokes Raman scattering illustrated by Figure 2-4(B). Because of the Boltzmann distribution, 

stating that most molecules reside in their ground state at low to moderate temperatures, it is 

clear to see that the signal intensity from a radiated sample will fall in the following order largest 

to smallest: Elastic scattering (Rayleigh or Mie), Stokes Raman scattering, and anti-Stokes 

Raman scattering. 

 

j=2 

j=1 

j=0 
E=hvvib 
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Figure 2-4. Energy-level diagram illustrating Raman Stokes scattering (A) and Raman anti-
Stokes scattering (B). 

Raman spectroscopy: Starting in the 1960’s, improvements of lasers, gratings for 

monochromators, and detection devices have allowed Raman spectroscopy to become one of the 

most widely used optical techniques for characterizing a sample’s molecular structure. The 

technological developments have made it easier to obtain what was once an almost negligible 

Raman signal. A Raman spectroscopic setup starts with the excitation source, most likely a laser, 

which has implications on the Raman signal which are explained later in this section. Once the 

sample is excited, the emitted light is collected and wavelength separated with a grating or a 

prism. The dispersed light is then imaged onto a radiation transducer, such as a charge-coupled 
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device (CCD) or a photo-multiplier tube (PMT), which displays the data with a computer 

software. 

Lasers with intense collimated monochromatic light have enabled measurements of small 

Raman shifts and have increased Raman signal intensity. Also, with the development of lasers, 

selection of the excitation wavelength has become important. The Raman scattering differential 

cross-section, 'σ  (cm2/sr), is inversely proportional to the wavelength of the incident laser to the 

fourth power shown by the following equation: 

4' ( )o vibv vσ ∝ −   (2-8) 

where ov  is the wavenumber of the incident laser radiation (1/λo) and vibv  is the wavenumber of 

the vibrational mode (vvib/c). As a side note, the wavenumber of an EM source is usually 

expressed in units of cm-1 and is proportional to the energy of the wave. The wavenumber of the 

molecular vibrational modes, vibv ,  range from approximately 200 to 4000 cm-1. As one can see 

from Eqn. 2-8, an increase in the incident radiation’s wavenumber increases the Raman 

scattering differential cross-sectional area, which is proportional to the intensity of the signal. 

For example, N2 has a vibrational mode with a wavenumber vibv =2331 cm-1. When a 488 nm 

laser ( ov =20492 cm-1) is used as the excitation, the Raman cross-section equals 5.5x10-31 cm2/sr. 

When a 632 nm ( ov =15823 cm-1) laser is used, the cross-section equals 1.7x10-31 cm2/sr, which is 

a 3 fold reduction. For this reason, it becomes advantageous to use a shorter excitation 

wavelength; however, a couple of problems can arise from this. Firstly, as a laser’s wavelength 

becomes shorter, it is more likely to be absorbed by the sample leading to fluorescence, which 

can mask less intense Raman signals. Secondly, as seen in Figure 2-4, the Raman light emitted is 

a constant shift in energy from the excitation light, which is due to the inherent vibrational 

modes of the molecule. This relates to a constant shift in wavenumber but not wavelength as the 
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incident radiation wavelength is changed. For example, using the same vibrational mode in the 

N2 molecule as before, vibv =2331 cm-1, a 355 nm wavelength excitation laser would result in a 

shifted Raman signal 32 nm longer to 387 nm, while a 632 nm source would result in a 

wavelength shift of 109.2 nm to 741.2 nm. The longer wavelength excitation results in greater 

separation in the wavelength space (which is how a spectrometer disperses light) between the 

elastically scattered light and the Raman signal compared to the shorter laser source. This greater 

shift occurring with the longer wavelength excitation allows for easier separation between the 

Raman signal and the elastically scattered light, thereby removing source of possible stray light 

resulting in better signal-to-noise ratios. To summarize, a more energetic laser wavelength can 

result in a greater intensity in Raman signal, but is also more likely to induce fluorescence and 

also results in a smaller shift in wavelength making it more difficult to filter out the elastically 

scattered light. 

As touched upon in the previous paragraph, the main problem with Raman spectroscopy is 

the sensitivity, which is largely affected by stray light. The intensity of the Raman scattered light 

can be orders of magnitude less than the elastically scattered light. For example, the 488 nm 

elastic scattering cross-section for an N2 molecule equals 8.9x10-28 cm2/sr, while the Raman 

cross-section is 5.5x10-31 cm2/sr, 1000 times weaker. This disparity can even be larger depending 

on the sample, more than 106 times different for some solids. The elastically scattered light, even 

though it is separated away from the Raman signal with a spectrometer grating, can still manifest 

itself onto the CCD as stray light due to higher-order scattering from the grating, which can 

dominate the Raman signal. This is the main issue in Raman spectroscopy, and has led to the use 

of edge/notch filters, to cut out the elastically scattered light just prior to its entrance into the 
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spectrometer, and double or triple monochromators, which uses multiple gratings and housings 

to physically eliminate any stray light that can reach the CCD. 

Emission Spectroscopy 

Emission spectroscopy is a technique which measures emitted photons resulting from the 

transition of atoms or molecules from an excited state to a lower energy level. When an atom or 

molecule relaxes from an excited state, the energy loss in the system can be converted into a 

photon. Since each atom or molecule has discrete electronic energy levels, the energy of the 

photon or the wavelength emitted is unique to the radiating atom or molecule. Collection of the 

photons can provide information on the chemical composition of the excited sample. In addition, 

the intensity or the number of photons of the emitted wavelength can be calibrated to determine 

the amount of a substance in the excited volume. There are two parts to performing emission 

spectroscopy: exciting the sample and collecting the resulting emission. 

There are a number of ways to excite atoms or molecules into upper energy states. For 

example electromagnetic radiation, accelerated particles, and heat are a few of the more common 

techniques. This study involves using strong electric fields to excite and ionize atoms that result 

in the radiation on which analysis is performed. In the case of an electric field excitation, 

ionization occurs, creating free electrons that are no longer quantized and able to convert the 

energy of the electric field into large velocities that can result in the ionization of additional 

atoms through collision via electron-impact ionization. This process can cascade into large 

numbers of ions and free electrons and very high temperatures. As the atom’s electronic energy 

relaxes photons are emitted which are unique to the type of atom. In the case of a transient 

excitation source, in which the excitation energy is short and intense, typically ion emission is 

prominent near the onset of excitation followed by neutral atomic emission and lastly molecular 

emission following recombination. 
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The emitted electromagnetic radiation is collected and dispersed into its energy spectrum 

(wavelength) by a spectrometer. Following dispersion, photons are counted so to determine the 

wavelength intensity and the amount of a certain material in the sample. A typical spectrum 

representing atomic emission can be seen in Figure 2-5. 
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Figure 2-5. Spectrum representing the atomic emission collected from the excitation of a 

phosphate ore with a focused laser. The different elements and state ((I) neutral and 
(II) first ionization) are labeled as well as their corresponding wavelength. 

Once a spectrum has been collected, there are a number of types of analyses that can be 

made. One such measurement used in this study to determine the electron temperature of the 

ionized gas or the spark temperature, was by constructing Boltzmann plots. The method of such 

analysis can be seen in the following pages as initially described by Corliss and Bozman (Corliss 

1962). 
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Boltzmann plot: The Einstein-Boltzmann equation for the intensity of a spectral line is 

hcE
kTNAgI e

uλ

−

=
,
  (2-9) 

where N is the atom number density, A is the transition probability for emission, g is the 

statistical weight of the excited state, u is the partition function for any particular atom/ion, λ is 

the transition wavelength, h is Plank’s constant (6.6256 x 10-34 J•s), c is the speed of light 

(2.9979 x 108 m/s), E is the upper level energy of the excited state, k is Boltzmann’s constant 

(1.3805 x 10-23 J/K), and T is the temperature. Since the atomic number density and the partition 

functions are constant when comparing electron transitions for the same element at the same 

degree of ionization, e.g. Cu (I), Eqn. 2-9 may be written as 

ln .I hc E const
Ag kT
λ  − = +   

  
 (2-10) 

For many of the observed electron transitions, statistical weights, transition probabilities, 

wavelengths, and upper energy levels are known. The intensity can be calculated by summing 

the area underneath the measured peak from a collected spectrum. Therefore by plotting the 

natural log term on the left side of Eqn. 2-10 versus the corresponding upper energy level and 

fitting a line, the slope may be extracted which is inversely proportional to the temperature 

(Corliss 1962). Note that this method requires a state of local thermodynamic Equilibrium (LTE) 

(Lochte-Holtgeven 1995). In addition, to minimize the error of the extracted slope, a wide spread 

in upper energy levels should be used (Bye 1993). A constructed Boltzmann plot built from the 

energy levels and spectra of Cu (I) lines can be seen in Figure 2-6. The slope was determined to 

be -1.7747 x 10-6 m, which is again equal to (-hc/kT). Converting the slope to temperature by 

solving for T, a resultant temperature equal to 8110 K was calculated. 
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(I) lines. The slope of the plot is given by the equation of the fit line and is equal to -
1.7747 x 10-6 m.
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CHAPTER 3 
IN SITU TRIBO-RAMAN SYSTEM 

Tribo-Raman Setup 

 A micro-Raman system was designed and built to provide the ability to perform a variety 

of measurements, including in situ Raman measurements of wear films created on a tribometer, 

Raman measurements to characterize oxidation of solid lubricants such as MoS2, as well as the 

characterization of bulk solid materials. The micro-Raman system consisted of a laser excitation 

causing the sample to emit a Raman signal which was collected and coupled to a spectrometer, 

and then imaged onto a CCD. The system also has the ability to image a magnified spot on the 

surface of the sample, which was useful to ensure that the best focus was achieved. The 

following section will give a more detailed explanation of the setup, including schematics, 

equipment, and parts used, for both the excitation and the emission collection. 

Tribometer 

The fresh wear films that were analyzed with Raman spectroscopy were created on a pin-

on-disk tribometer. The sample of interest was loaded onto a rotating polished steel counterface. 

The rotating counterface initiated wear of the sample creating a circular wear film that was ~1” 

in diameter. This resulted in enough space to insert a microscope objective so that the circular 

wear film opposite the loaded sample could be analyzed. The loads were maintained between 

100-150 N while rotational speeds were varied from ~2.65-10.6 rpm. The tribometer was 

equipped with force transducers allowing it the ability to measure the frictional and normal 

forces. A description of a similar tribometer can be seen in the reference by Schmitz et al. 

(Schmitz 2004) with the only difference being in the translation of the counterface. This study 

used a motor to create unidirectional rotational translation where their system used a stepper 

motor to create bidirectional recipricationg motion of the counterface under the loaded sample. 
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Laser Excitation 

 

Figure 3-1. Side view schematic showing the laser beam path as well as the optical collection of 
the emitted light by the objective. 

 

Figure 3-2. A top view of the beam splitter as it transmits 50% of its energy to the sample while 
reflecting 50% into a beam dump. 

An argon-ion laser (Melles Griot, 35 LAL 415-220) was used as the excitation source. The 

main emission was at 488 nm, but residual light was present at other prominent wavelengths 

(496.5, 501.7, 514.5, and 528.7 nm) characteristic of an Ar-ion laser. The extra laser lines were 

99% eliminated by a high rejection bandpass filter centered at 488 nm (CVI, HRF-488) placed 

just in front of the exit hole of the laser. The laser beam was then passed through a beam splitter 

(Newport, 10BC17MB.1) allowing the same objective used to focus the laser to also be used to 

collect the scattered light. The beam splitter had a 1:1 reflection-to-transmission ratio. Following 
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the beam splitter, the laser power was measured to be 28 mW. The laser was then focused onto 

the sample by a 50x long-working distance magnification microscope objective (Mitutoyo M-

plan APO) yielding a beam diameter of ~10 μm. The laser excitation scheme can be seen in 

Figures 3-1 and 3-2, where Figure 3-1 shows the beam path as well as the excitation and the 

optical collection of the scattered light by the objective, and Figure 3-2 shows the effect of the 

beam splitter on the incident laser beam. 

Table 3-1. Part list describing the optical setup of the laser excitation system 
Item Vendor Product # Description Quantity 
Argon Ion 
Laser 

Melles 
Griot 

35 LAL 415-
220 

150 mW output power at 488 nm 1 

High 
Rejection 
Filter 

CVI HRF-488 Band pass filter centered at 488 nm 1 

1” Mirror Newport M3G7120 1/10 wave; Reflection > 90% 250-
600 nm 

3 

2” Mirror Newport M3G9750 1/5 wave; Reflection > 90% 250-600 
nm 

1 

Beam Splitter Newport 10BC17MB.1 Non-polarizing, Visible Spectrum 1 

Objective Edmund C46-146 Mitutoyo M-plan APO; 50x 
magnification;13mm working 
distance 

1 

CCD Camera Edmund NT55-837 Hitachi KP-D20B; ½” color CCD 1 
Lens CVI PLCX-50.8-

38.6-UV 
2” diameter; 75 mm focal length 1 

Fiber Optic Acton FA-ACT01-
BU04 

2 m long bundle 1 

InfiniTube Edmund NT56-125 Places magnified image on CCD 1 
 
Raman Collection 

Once the laser was focused onto the surface of the sample, the scattered light, which 

included mostly elastic scattered light at 488 nm as well as the Raman scattered light, was 

collected and collimated by the same microscope objective used to focus the laser. This can be 

seen in Figure 3-1. This collimated emission traveled along the same path as the laser but in 
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opposite direction into the beam splitter where it was again 50% transmitted and 50% reflected at 

a 90° angle. The reflected light was then focused onto a fiber optic (Acton, FA-ACT01-BU04) 

which fed the scattered light into a triple monochromator (Princeton Instruments, Trivista), 

which dispersed the light onto a CCD array (Princeton Instruments, 7534-0001) generating a 

signal on the computer software (WinSpec). As mentioned in the previous chapter, the Raman 

signal is always much weaker than the elastically scattered light, which can manifest itself as 

stray light and overwhelm the Raman signal. Due to this, two measures to eliminate the 

elastically scattered light were put in place prior to it reaching the CCD. 

Table 3-2. Part list describing the emission collection and analyzing system.  
Item Vendor Product # Description Quantity 
Triple 
Spectrometer 

Princeton 
Instruments 

TriVista 
Spectrometer 
System 

Triple 
monochromator 
for Raman; high 
resolution (<0.02 
nm) 

1 

CCD Princeton 
Instruments 

7534-0001 Pixis 256 1 

ICCD Princeton 
Instruments 

7397-0001 7397-0001 1 

Edge Filter Semrock LP02-488RU-25 Pass light longer 
than 488 nm to 
Remove elastic 
scattered light 

1 

PMT Acton PD439 Photo multiplier 
tube 

1 

 

The first was a 488 nm RazorEdge filter (Semrock, LP02-488RU-25) used to block out 

most of the elastically scattered light just prior to its entrance into the fiber optic. The filter had 

almost 100% transmission from wavelengths of 494.3 nm to 1100.8 nm (Raman shift of 262.7 

cm-1 to 11407.5 cm-1) while nearly zero transmission below 494.3 nm. The effect of this filter 

can be seen in the silicon peak represented in Figure 3-4. Before the filter was added, the stray 
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light from the laser frequency resulted in too much noise to resolve a typically strong active 

Raman mode. The second precautionary measure was the use of a triple monochromator instead 

 

Figure 3-3. Top view of the beam splitter showing the Raman scattered light collection. The 488 
nm razor filter and the triple monochromator were used to eliminate 488 nm stray 
light. 

of a single dispersion grating. The triple monochromator would allow for additional spatial 

filtering of any stray light that could possibly make its way into the housing and to the CCD. The 

triple monochromator consisted of three single monochromators joined by adjustable motorized 

slits. The light from the fiber optic would enter the first stage and be dispersed by a grating. That 

dispersed light would then be passed through a slit which could be adjusted to only allow the 

transmission of the Raman scattered light of interest, for example just one Raman peak could be 

passed or the whole width of the CCD chip (~12mm) if multiple peaks were important. This light 

would then be re-collimated into a single strip of light by the gratings in the second 

monochromator and passed through a very narrow slit (~100 μm) into the third stage where it 

would again be dispersed and imaged onto the CCD chip. A schematic of the light path and 

control panel can be seen in Figure 3-5. Passing through multiple slits greatly reduced the 

amount of stray light that entered the housing and thus its contribution to noise on the CCD. 
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Figure 3-4. Raman spectra taken with the 488 nm micro-Raman system. The effect of the high-
pass filter can be seen with the added resolution that is obtained when it is in place. 
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Figure 3-5. Simple schematic of the triple monochromator. The red line traces the path of the 
light from the entrance to the CCD. S3 mot. and S7 mot. represent the slits 
responsible for eliminating stray light. Their widths in microns are given on the right 
hand side under the stage settings. 

Results 

Micro-Raman System Characterization 

Following the construction and tuning of the micro-Raman system, it was important to 

measure its effectiveness. Raman spectra from various materials were tested and compared to 

spectra acquired from a fully-integrated commercial micro-Raman system (Horiba Group, 

LabRam Infinity). In addition, to find out the new system’s sensitivity to the sample’s layer 

thickness, spectra of known Raman active materials with varying thicknesses were collected and 

processed. This included taking Raman measurements of polymer wear films on an active 

tribometer to test the systems ability in performing real time Raman characterization. Some of 

the materials which were tested included; diamond, silicon, polyethylene (PE), 
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polytetrafluoroethylene (PTFE), and molybdenum disulfide (MoS2) powders. The spectra of 

some these materials can be seen in the following figures. 

A series of tribological experiments were performed in conjunction with Raman 

spectroscopy to test the constructed system’s effectiveness in monitoring wear films by possibly 

quantifying film thicknesses and detecting chemical transformations. Specifically, wear films of 

PTFE were created on the tribometer previously discussed. Small cube shaped pieces of PTFE 

were loaded onto a rotating steel disc as the PTFE remained motionless. Two separate 

experiments were performed at two different sliding speeds. A simple schematic of the 

tribometer surface can be seen in Figure 3-10. 

The first experiment applied a slow sliding speed, ~2.65 rpm (~4 mm/s), to avoid patchy 

material removal thus creating a more uniform wear track. A normal load ranging between 120-

125 N was maintained. It was not recorded, but the friction coefficient slowly decreased after an 

initial rise down to a value of 0.062. Given its relative intensity, the CF2 symmetric-stretch 

Raman band located at 731 cm-1, as seen in Figure 3-9, was monitored. Because measurements 

were made on very thin films and the sensitivity was extremely important, the slit between the 

first and second stages of the triple monochromator , labeled S3 mot. in Figure 3-5, was reduced 

to 1500 μm to minimize as much stray light as possible. The experiment was run for almost 6 

days. Figure 3-11 shows three spectra ranging over the entire experiment. The spectra 

represented were taken after about 1 hour, 2 days, and almost 6 days following the inception of 

sliding. 

The spectra were processed so that a comparison over time could be made. This was done 

by taking a measure which normalizes the peak intensity by the baseline. This peak-to-base 

measurement (P/B) is the division of the integrated peak over the average baseline. Normalizing  
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Figure 3-6. Raman spectra of a diamond sample taken with the custom and commercial micro-

Raman systems. Both spectra represent an accumulation of 10 spectra taken with a 5 
second integration time. The spectrum taken with the commercial micro-Raman 
system has been shifted to the right by ~35 cm-1 so a comparison can be made. 

the peak intensity by the baseline creates a measure that is independent and can be compared to 

other spectra even if collected in slightly different conditions. The variation of Raman signal P/B 

as a function of time can be seen in Figure 3-12. 

Following the experiment, Raman spectra of the bulk sample and various locations of the 

transfer film were collected to investigate whether any structural changes occurred and to 

characterize different wear film thicknesses. Analyzing the bulk surface on which sliding 

occurred revealed no difference in the Raman spectra before and after the tribo-test. However, 

following the test it was noticed that a brown coating had formed on the sliding surface of the 

PTFE sample. This has been attributed to the fluorine atoms shredding off and creating a 

discoloration. Raman was performed on both types of surfaces, brown and white, revealing no  
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Figure 3-7. Raman Spectrum of a bulk polyethylene sample taken with both the custom built 

micro-Raman system and the commercial system. The spectrum represents 10 
accumulations of individual spectra collected with 10 second integration times. Peak 
locations and assignments are also provided (Sato 2002). 
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Figure 3-8. Comparison of PTFE Raman spectra collected with both the custom and commercial 
micro-Raman systems. The base lines were normalized and the commercial micro-
Raman spectrum was shifted up 1000 counts. 
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Figure 3-9. Raman spectra of bulk PTFE at three different window locations. All spectra were 
taken with the 488 nm custom micro-Raman system. 
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Figure 3-10. Top surface of the tribometer. The PTFE sample was loaded onto a rotating steel 
surface creating a wear film situated under the laser radiation to be analyzed. 
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Figure 3-11. Three spectra representing the growth of the 731 cm-1 PTFE Raman line as sliding 
time and wear increased. The wear represented by these spectra was induced by slow 
sliding velocities. 
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Figure 3-12. Plot of the PTFE 731 cm-1 band P/B as sliding time increased. The plot illustrates 
the increasing Raman signal as sliding time was increased. This data represents the 
slow sliding experiment. 

additional lines, but did reveal a reduction in the intensity of the PTFE lines when the brown 

surface was analyzed. 

To determine the film thickness, the profile of the wear film was measured at various 

points along the track. The profile was created with a stylus profilometer (Dektak 8). The profile 

of the entire track width can be seen in Figure 3-13, while an additional magnified profile can be 

seen in Figure 3-14. Visible light microscope images are shown in Figure 3-15. 

The spectra in Figure 3-16 represents the Raman signal at different material thicknesses. 

Based on the location of the focused laser on the wear track profile given in Figure 3-14, it was 

loosely derived that the spectra from image A and B were of material thicknesses ~2-3 μm and 

that the spectrum taken of image C was of material thickness ~6-8 μm. 
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Figure 3-13. Profile of the entire track width representing material thicknesses of the worn PTFE 
onto the disc during the slow sliding speeds. 
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Figure 3-14. Magnified profile of wear track. 
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Figure 3-15. Magnified images (50x) taken of various spots of the wear film. Spectra were 
acquired from each of these locations and can be seen in Figure 3-16. The laser was 
focused in the center of the images with the approximate location indicated by the 
white arrow. 
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Figure 3-16. Spectra collected from various locations along the wear track. The three spectra 
were acquired from analyzing the material represented in the corresponding images in 
Figure 3-15. 

The same experiment was performed at a higher sliding speed. The speed was set 4 times 

faster than the slow sliding test, ~10.6 rpm (~16 mm/s). The results presented in the following 

pages indicate possible differences in the mechanism and kinetics of wear versus sliding speed. 

In addition to the differences in spectra, observation of the film and wear products revealed 

differences. The wear film was more patchy and localized when a faster speed was applied. Also, 

at high speeds the bulk material wore into flakes and ribbon like shapes, which was quite 

different from the more uniform wear film that was created at slow sliding speeds. Figure 3-17 

shows spectra collected at various times spanning the duration of the experiment. Similarly to the 
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slow sliding experiment, the P/B was calculated for each spectrum collected throughout the 

duration of the experiment and can be seen in Figure 3-18. 
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Figure 3-17. Raman spectra of the wear track at various times spanning the duration of the 
experiment. The spectra represented were induced by the fast sliding speed. 

Unlike the results for the slow sliding wear film in which both the individual spectra and 

the P/B measurements increased as sliding time increased due to the increasing film thickness, 

the fast sliding experiments showed no such trend indicating different wear mechanisms. In 

addition, the wear products of the fast sliding test showed a slightly shifted spectrum than the 

bulk and the wear film of the slow speed test, as evident in Figure 3-19. 
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Polymer Plasticization Results 

Following the collection of Raman spectra of thin PTFE films created on a steel 

counterface, it was noticed that the 731 cm-1 band seemed to have undergone a slight shift to a 

higher wavenumber when the film was created under higher sliding velocities, Figure 3-19. 
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Figure 3-18. Plot of the PTFE 731 cm-1 band P/B as sliding time increased. This data represents 
the fast sliding experiment. 

Attempts were made to reproduce these unexpected results but with greater sensitivity. 

This was accomplished by using the same tribometer/Raman setup as seen in Figure 3-10, but 

instead using a PTFE disc and a steel pin. By performing Raman on a rotating PTFE disk rather 

than on PTFE transfer films which were only ~ 2-10 microns thick, better sensitivity could be 

realized. Different loads and sliding velocities were investigated in hopes to explain the shifts in 

the PTFE Raman spectra previously noted.  
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Figure 3-19. Spectra of wear films created from the slow sliding tribology test and the fast 
sliding experiment. Also included are spectra taken from the bulk sample and the 
ribbon created from the fast sliding experiment. The 731 cm-1 band for the fast sliding 
wear products was slightly shifted from the bulk and the slow sliding wear film 
indicating structural transitions dependent on sliding speed. 

The first set of measurements investigates a slow sliding speed ~2.65 rpm (~4 mm/s) under 

a constant load of ~150 N. The test was run for about 2 weeks in which spectra were collected 

over the entire testing period. Figures 3.20, 3.21, and 3.22 show a number of the resulting PTFE 

lines at different times during the testing period. 

Figure 3.20 shows two bands, the CF2 twist around 294 cm-1 and a CF2 bending doublet 

centered around 388 cm-1. Analyzing the 294 cm-1 band, a slight shift to higher wavenumber as 

sliding time increased was noticed. A vertical line centered on the peak measured from the 

unworn surface was added to give a reference and clarify the noticed shifts. Figure 3.21 shows 
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the 731 cm-1 CF2 symmetric stretch band at various times along the testing period. Again, a 

vertical line was added, and a transition to larger wavenumbers can be seen as sliding time 

increases. Figure 3.22 depicts the 1380 cm-1 line which represents a C-C symmetric stretch. The 

peak seemed to undergo a slight shift to higher waveneumbers. 

Raman spectra were also collected when the PTFE disc was rotated at a higher velocity in 

hopes to measure differences that were in fact a function of sliding conditions. For the high 

sliding speed test, originally, the velocity was set to ~10.6 rpm (~16.2 mm/s) and a constant load 

was set to 150 N. After some time running at these conditions, the velocities and loads were 

increased to accentuate any noticeable shifts. Figure 3.23 shows the 295 cm-1 CF2 twist band 

taken at various times during the test. The two spectra at 2970 and 4050 min were taken 

following an increase in velocity to ~24.4 mm/s and an increase in load to 200 N. It is evident 

that the 295 cm-1 line shifts to smaller wavenumber as sliding time, velocity, and load are 

increased. 

The PTFE CF2 bending mode peak located at ~383 cm-1 is actually a doublet possibly 

stemming from the Raman signal of PTFE chains in slightly altered phases that can coexist at 

room temperature. A phase change can occur at ~19° C in which the PTFE chain changes from a 

13/6 helical chain to a 15/7 helical chain. Under typical spectrometer subtraction setting 

(subtraction method is setting on the spectrometer so that narrow slits can remove unwanted 

stray light manifestation in the spectrometer) the doublet is unresolved. To more closely 

investigate any possible transitions of this line, the triple-spectrometer was set in addition mode 

(addition mode effectively uses three gratings each time dispersing the light into more resolved 

components resulting in a high wavelength resolved spectrum). As seen in Figure 3.24, the less 

resolved peaked centered around 381 cm-1 losses intensity as testing time increases. It should be 
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mentioned that the signal taken at 2910 min followed an increase in load to 200 N and a velocity 

to ~24.4 mm/s. Figure 3.25 represents the progression of the 1383 cm-1 C-C symmetric stretch 

band during the high velocity test as it transforms to smaller wavenumbers. Also interesting to 

note, the 729 cm-1 line for the fast velocity test showed absolutely no variation when collected at 

different test times and under different operating conditions. 

Probably the most clear transformation of PTFE during high velocity sliding may be 

observed in the changes in intensity ratios of two bands located around 589 cm-1 (CF2 wag) and 

600 cm-1 (CF2 rock). As seen in Figure 3.26, prior to loading, the 580 cm-1 line is more intense 

but as sliding time increases, the ratio of the two lines slowly changes with the 600 cm-1 

becoming ever more intense than the 580 cm-1 line. Not presented, but the slow velocity test with 

data collected over two weeks of sliding revealed no such transformations as seen in Figure 3.26. 
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Figure 3-20. Raman spectra of bulk PTFE during tribometer tests with low velocities. Spectra 

were collected at different times following the inception of the test to monitor 
structural transformation. 
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Figure 3-21. Raman spectra of bulk PTFE during tribometer tests with low velocities. Spectra 

were collected at different times following the inception of the test to monitor 
structural transformation. 
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Figure 3-22. Raman spectra of bulk PTFE during tribometer tests with low velocities. Spectra 

were collected at different times following the inception of the test to monitor 
structural transformation. 
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Figure 3-23. Raman spectra of bulk PTFE 295 cm-1 CF2 twist band during tribometer tests with 

high velocities. Spectra were collected at different times following the inception of 
the test to monitor structural transformation. 

Following both tests, the PTFE disc was analyzed on the 632.8 nm excitation micro-

Raman system. An adjustable aperture on this system allowed confocal measurements to be 

made, thus providing a signal that more precisely interrogated the surface while eliminating bulk 

response that would potentially mask the superficial changes of interest. Unfortunately, 

following these measurements, there were no clear differences between the slow and fast wear 

tracks or even between the wide field and confocal measurements. The lack of noticeable trends 

in peak transformations under static conditions following the tribometer tests may indicate that 

the trends observed during the tribometer testing are not plastic deformations, but rather elastic, 

possibly due to thermal expansion from the mechanical heating. 

To test the effect of temperature on the Raman spectra of PTFE, a sample was heated with 

a heat gun, while Raman spectra were acquired. Figure 3.27- Figure 3.30, depict the  
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Figure 3-24. Raman spectra of bulk PTFE 383 cm-1 CF2 scissors band during tribometer tests 

with fast velocities. Spectra were collected at different times following the inception 
of the test to monitor structural transformation. 
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Figure 3-25. Raman spectra of bulk PTFE 1383 cm-1 C-C symmetric stretch band during 

tribometer tests with fast velocities. Spectra were collected at different times 
following the inception of the test to monitor structural transformation. 
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Figure 3-26. Raman spectra of the bulk PTFE CF2 wag (580 cm-1) and rock (600 cm-1) bands 

during the fast velocity tribometer tests. Spectra were collected at different times 
following the inception of the test to monitor structural transformation.  

transformations observed by comparing spectra collected at room temperature, and spectra 

collected following significant heating. 

In Figure 3.27, both CF2 lines underwent changes due to heating. The CF2 twist band 

shifted to smaller wavenumbers following heating, while the CF2 scissors band lost its split 

component and took the form of a single peak following heating. In addition, the ratio between 

the two bands underwent drastic changes with the CF2 scissors band becoming much more 

intense. Similar changes can be seen in Figure 3.28, with the CF2 symmetric stretch band shifting 

to smaller wavenumbers following heating. Figure 3.29 indicates the rise of the 600 cm-1 CF2 

rocking band and the suppression of the CF2 wagging mode during heating. Finally, Figure 3.30, 

depicts drastic shifts in the C-C stretching bands to smaller wavenumbers during heating, while 

very little changes to the CF2 asymmetric stretch band are noticed. 
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Figure 3-27. PTFE Raman spectra indicating peak transformations due to sample heating. The 
sharp peak located around 355 cm-1 is due to a residual frequency created by the Ar-
ion laser.  
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Figure 3-28. Raman spectra indicating peak transformations of the CF2 symmetric stretch band 
due to sample heating.  
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Figure 3-29. Raman spectra indicating peak transformations of the CF2 wag and rock bands due 
to sample heating. 
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Figure 3-30. Raman spectra indicating peak transformations due to sample heating. 
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Discussion 

The objective of this study was to design and build a micro-Raman system that was able to 

detect very thin wear films with the ability to measure differences in spectra that would indicate 

possible wear mechanisms. The system was built in hopes to measure and understand wear of a 

variety of materials including polymers, solid lubricant films, and composite materials designed 

for optimal friction and wear performance. 

Following construction, the system was characterized by analyzing multiple samples. The 

spectra were compared to those made on a commercial fully-integrated micro-Raman system. 

The built micro-Raman system proved to be slightly less sensitive, but comparable to the 

commercial system. To quantify the two systems for comparison, the signal-to-noise (SNR) and 

peak-to-base (P/B) ratios were calculated on the diamond 1331 cm-1 line. The custom micro-

Raman system resulted in values equal to 103 and 80 for the SNR and P/B, respectively. The 

commercial system resulted in SNR and P/B values equal to 666 and 154 when a 100x objective 

was used and values equal to 28 (SNR) and 5 (P/B) when a 10x objective was used. The 

commercial system’s use of a 100x objective seemed to be responsible for the better sensitivity. 

Therefore, increasing the objective’s magnification, as well as, using optics with better than 50% 

transmission efficiencies to replace the beam splitter used to separate the emitted radiation from 

the exciting radiation, could greatly increase sensitivity of the custom Raman system. 

After characterization and comparison, a tribometer was situated directly below the laser 

so that in situ polymer wear films could be analyzed. PTFE and polyethylene were tested at slow 

sliding speeds (~2.65 rpm) in which Raman spectra were collected over 1-2 weeks of sliding. 

PTFE’s higher wear rate allowed for detection with the micro-Raman, but not for almost 2 days 

after the beginning of testing. Polyethylene was unable to be detected after 2 weeks of sliding. 

The test was repeated with PTFE at a higher sliding speed (~10.6 rpm). The increased sliding 
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speed contributed to the wear much differently. PTFE was detected almost immediately 

following the initiation of sliding. The wear track seemed patchier and the resulting spectra were 

slightly shifted to longer wavelengths indicating possible structural changes leading to less 

energetic vibrational modes. Static Raman measurements made on the wear film revealed that 

limits in PTFE detection occurred at film thicknesses ~2 μm, and that the signal intensity-to-

noise ratios would increase as film thicknesses grew. 

The film thickness detection limits were higher than desired, which have led to the 

considerations of more sensitive diagnostic techniques such as surface plasmon resonance 

measurements. Possible applications that would be interesting to test with the in situ Raman 

tribometer include analyzing lubricating systems, including MoS2, which has a strong Raman 

activity, explained in more detail in the next chapter, as well as, using surface enhanced Raman 

(SERS) as a possible method to increase Raman signals and detection limits. Even doping 

polymer samples with SERS active substances may be a possible solution to Raman 

spectroscopy sensitivity problems. 

There were very small changes in the spectra taken during the slow sliding speed test, 

however, the most defined peak transitions occurred during the high sliding speed test. A number 

of studies have measured the Raman spectrum of PTFE while under pressure, obtaining results 

that may help to explain the results in this study. The red-shifted CF2 twisting band at 290 cm-1 

in the fast velocity test followed a similar trend reported by Wu and Nagao when Raman spectra 

were collected from PTFE samples under compression (Wu 1973, Nagao 2003). They attributed 

the shift in wavenumber to the phase transition of PTFE in which the structure conforms from a 

helical shape to a planar zigzag. In addition, Wu et al. measured the emergence of a peak 

centered at 625 cm-1 and the degradation of the peak centered at 575 cm-1 as pressure was 
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increased. This is very similar to the trend depicted in Figure 3.26 during the fast test. However, 

in this study, the symmetric C-C stretching mode ~1380 cm-1 was red-shifted during the fast 

sliding speed test, which is opposite to the blue shift noticed by Wu and Nagao during 

compression. 

 The results of this study agree with those collected during compression phase 

transitioning for the CF2 vibrational modes. The transformation of the CF2 vibrational modes in 

previous studies have been attributed to the change in crystal orientation creating new atomic 

contact points for the fluorine atoms thus affecting the CF2 vibrational modes (Wu 1973). In the 

current study, if the observed shifts were only due to the normal/compression force, then similar 

shifts would have been noticed on the slow and the fast speed tests, however, no common shifts 

were noticed and, in fact, shifts were often in opposite directions between the two tests. 

Therefore, the measured peak transitions must be influenced by either the increased mechanical 

heating or the increased frictional force due to the higher sliding velocity. Since the shifts were 

the same as previous reports, it is reasonable to imply that the heating/shear force/normal force 

act in some combination to locally alter the crystallinity on the surface if the PTFE disk causing 

a reorientation changing the contact points of the fluorine atoms and thus the CF2 vibrational 

modes. 

In the present study, the observed C-C symmetric stretch (1380 cm-1) underwent a redshift 

as velocity was increased, which was opposite of previous reports regarding shifts due to PTFE 

compression. Using similar logic, the results presented here seem to indicate a possible 

elongation of the PTFE chains rather than a compression, again either due to the higher 

mechanical temperatures or the larger friction or the combination of both. 
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The spectra acquired during heating underwent the same changes as noticed during the 

high velocity tribological test. All the shifts of each band were in the same direction but of 

greater magnitude during the heating with the heat gun. These similarities in the results support 

the idea that heating was responsible for the noticed shifts during the high speed sliding. In 

addition to the shifts, the intensity ratio of the 285 cm-1 and the 385 cm-1 bands were significantly 

different when the sample was heated. This can be seen in Figure 3.27, in which the 385 cm-1 

band becomes much stronger than the 285 cm-1 band indicating a loss of crystallinity previously 

noted by Rabolt et al. (Rabolt et al. 1978).  

Much of the results presented above are difficult to describe and explain definitively, hence 

discussion or theory is speculative at this point, and based on the current findings in combination 

with previous studies. Additional measurements are needed to more fully explain the 

mechanisms responsible for the observed changes in the PTFE Raman signal as sliding velocities 

are increased. More complete Raman measurements of PTFE as a function of temperature may 

serve to better elucidate temperature’s role on the structural transformation. Performing a 

carefully controlled Raman study on PTFE versus temperature between ~0° C and ~140° C could 

help explain some of the transitions seen under sliding. In addition, using polarized Raman 

spectroscopy may be very advantageous to describe the orientation of the PTFE chains relative to 

the motion against the loaded pin. This would provide insight on the direction of the forces 

occurring inside the molecule. With this information, possible compression and elongation of 

bonds within the molecule may be more easily realized. In any case, the following study has 

proven Raman to be a valuable tool when attempting to understand changes in a polymer during 

sliding contact. Raman is capable of measuring slight changes to the molecules which may be 

important in understanding the surface wear of the polymers so that new materials or slight 
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variations to old polymers may be applied to prevent wear and provide lower friction 

coefficients.
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CHAPTER 4 
RAMAN LIGHT SCATTERING OF MOS2 

There were two objectives of this study. The first was a more fundamental investigation 

of molydenum disulphide and its Raman scattering properties. Raman data from various forms of 

MoS2 with two different laser systems was collected. The results are presented and explained 

along the same lines as previous work in the field. The second objective focused on the tracking 

of MoS2 oxidation by monitoring the Raman signal when MoS2 was heated and exposed to 

different atmospheres. The resulting product will hopefully explain many common phenomena 

that can arise when MoS2 interacts with a laser and hopefully elucidate some of the unknowns 

regarding MoS2 and its oxidation. 

Fundamental MoS2 Raman Study 

To more fully understand molybdenum disulphide’s Raman activity, spectra of different 

forms of MoS2 were investigated. The spectra of a fine powder, a natural crystalline sample, and 

a fine powdered MoO3 were analyzed and compared. The fine powder samples will be referred 

to as “amorphous” samples in reference to their look of any long-range orientation. However, it 

is recognized that the powder samples are essentially micro-crystalline. Two micro-Raman 

systems with different excitation frequencies were used to acquire spectra in order to observe the 

resonance second order Raman lines discussed in Chapter 1. 

Raman System 

The Raman system which was used to make the majority of the measurements, including 

those with varying atmospheres and temperatures, consisted of an integrated Raman system 

(LabRam Infinity, Horiba Group). This fully automated micro-Raman system used a 15 mW 

continuous helium:neon laser (λ=632.8 nm), focused by a microscope objective. Two objectives 

were available for this work, an Olympus 100x magnification (N.A. = 0.9), which was used to 
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collect the majority of the spectra, and an Olympus 10x magnification (NA = 0.25). The 100x 

objective yielded a focused laser diameter of ~5μm. The excitation energy of the laser was 

capable of variable attenuation with the use of neutral density filters. The max irradiance (no 

attenuation with an NDF) produced by the 100X objective was equal to ~36,000 W/cm2. 

Following excitation, the Raman light was backscattered and collected by the same microscope 

objective and dispersed by 1800 groves/mm grating. The dispersed light was then imaged by a 

high performance CCD detector (1024x256 pixels). The system also had an internal camera that 

allowed the user to view a digital video of the focused sample, which became a useful feature 

especially when different surface topographies of a sample were of interest. 

The second micro-Raman system, was the same custom system described in the previous 

chapter, consisting of an argon-ion excitation laser with a 488 nm wavelength. The beam was 

focused with a 50x objective and also took advantage of the same backscatter collection 

technique used by the first system. The Raman light was separated by a triple monochromator 

(Princeton Instruments, Trivista) and imaged onto a CCD detector (Princeton Instruments, 7534-

0001). A high pass edge filter was put into place to further reduce elastically scattered 488 nm 

light. 

Results 

Figure 4-1 shows spectra of the amorphous powdered MoS2 taken with the 632.8 nm 

Raman system with two different laser powers, 6.3 mW and 0.6 mW. It is clear the three peaks 

centered around 400 cm-1 are significantly affected by the different laser energies. Not only were 

the intensity ratios of the three peaks altered, but their respective wavenumbers were also shifted 

to smaller values by ~4 cm-1 when the higher laser power was applied. Also, the outlying peaks 

present in the attenuated spectrum are significantly diminished in the 6.3 mW laser spectrum. In 

addition, the higher power laser spectrum reveals new peaks present about 994 cm-1 and 279 cm-
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1, as well as, a more resolved peak around 820 cm-1. These peaks represent MoO3 vibrational 

energy states, indicating the material being oxidized (e.g. MoS2 + 3½O2 → MoO3 + 2SO2) by the 

higher laser power. This will be further investigated and discussed in subsequent pages. 
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Figure 4-1. Raman spectra (632.8 nm excitation) of amorphous MoS2 with different laser 

powers. 

In addition to amorphous MoS2, a natural crystalline (molybdenite) form of MoS2 was 

analyzed. The molybdenite sample (SPI supplies, Lot# 1070104) was easily cleavable so that 

fresh surfaces could be explored. Figure 4-2 shows the Raman spectra of the molybdenite with 

the two different laser powers. To make comparing easier, the 6.3 mW spectrum was shifted 

upward by 1000 counts. First, comparing the spectra of the crystalline and the amorphous, there 

are clear differences. The molybdenite spectrum is much more resolved, the peaks are sharper, 

especially around the 600 cm-1 and 800 cm-1 regions. Also, there is a peak around 420 cm-1 in the 

molybdenite spectrum that is not visible in the amorphous data. In addition, there is a noticeable 
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difference between the ratio of the 450 and 409 cm-1 peaks in the spectra of the two different 

forms of MoS2, even more so when a high laser power is applied to the crystal. 
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Figure 4-2. Raman spectra (632.8 nm excitation) of the crystal MoS2 with different laser powers. 

The 6.3 mW spectrum has been shifted vertically. 

Unlike in the amorphous samples, where a large difference was noticed, the spectrum of 

the molybdenite only underwent a slight change when a higher laser power was applied. The 

only noticeable change was in the intensity ratios of the two peaks located at 409 and 420 cm-1. 

There was not an observed shift which was present in the amorphous spectra. It should also be 

noted that unlike the powder samples of MoS2, when allowed to sit under the high powered laser, 

the crystalline MoS2 did not undergo any sort of laser assisted oxidation. One possible reason is 

that the crystal MoS2 having larger and more uniform pieces, when irradiated from above, did 
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not have as many available polar edge sites which have a greater tendency to adsorb gasses and 

oxidize. 
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Figure 4-3. Raman spectrum (632.8 nm excitation) of amorphous MoO3. 

In a tribological application in an air atmosphere, the cause of failure for MoS2 films is 

mainly due to oxidation, which is responsible for a number of wear mechanisms. In order to 

track oxidation of MoS2 films through Raman spectroscopy, a reference needed to be 

established. Raman spectra of amorphous MoO3 were collected for this purpose, with one 

example shown in Figure 4-3. Spectra were collected for both laser powers, however, there was 

not an obvious difference detected, therefore, only the spectrum of the attenuated laser is 

presented. The MoO3 spectrum is very different from that of the MoS2 which allows Raman to be 

an effective technique to monitor such transition. The location of all the lines for each of the 

different samples and laser energies collected with the 632.8 nm Raman system can be seen in 

Table 4-1. 
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Table 4-1. Raman lines detected from an amorphous MoS2, a crystal MoS2, and an amorphous 
MoO3 sample. All results were taken with the 632.8 nm micro-Raman system. The 
two MoS2 samples were analyzed at two laser powers, high power was 6.3 mW and 
low power was 0.6 mW. First order lines are denoted with an asterisk. 

MoO3
High Power Low Power High Power Low Power

Wavenumber (cm-1) Wavenumber (cm-1) Wavenumber (cm-1) Wavenumber (cm-1) Wavenumber (cm-1)
148 177 145 146 158
282 380* 179 179 198
377 407* 383* 384* 217
403* 451 409* 409* 245
447 464 419 424 283
622 526 453 465 338
818 565 465 529 365
992 595 528 573 379

639 570 600 471
820 599 644 666

643 723 819
765 738 996
778 767
820 780

806
821

Amorphous MoS2 Crystal MoS2

 

MoS2 spectra were also collected with a micro-Raman system which used a 488 nm laser 

to excite the sample. The same amorphous powder and crystal samples as presented above were 

investigated. The spectra for each can be seen in Figure 4-4 and Figure 4-5. The amorphous 

sample had two clearly distinct peaks located at 402 cm-1 and 377cm-1, while the crystal sample 

had peaks at 383 cm-1, 408 cm-1, along with a broad weak structure centered around 453 cm-1. 

The overall spectrum is completely different than those collected with the 632.8 nm micro-

Raman system. Comparing the 488 nm spectra of the two types of MoS2, the amorphous and 

crystal, only slight differences are noticed. The relative shape and intensity ratios of the peaks in 

each spectrum are very similar, however the peak locations differ slightly with the amorphous 

sample being a bit red shifted. Also, the broad band centered around 450 cm-1 in the crystal 

spectrum indicate a slight second order effect, but much more reduced from that seen in the 

632.8 nm spectra. 
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Figure 4-4. Raman spectra of the amorphous MoS2. Spectrum was taken with the custom 488 nm 

excitation micro-Raman system. 
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Figure 4-5. Raman spectra of the crystal MoS2. Spectrum was taken with the built 488 nm 

excitation micro-Raman system. The peak centered at 562 cm-1 is not a Raman 
frequency, but rather a residual frequency produced by the argon ion laser located at 
501.7 nm. 
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Discussion 

There is a striking difference between the MoS2 spectra taken with the 632.8 nm laser vs. 

the 488 nm laser. This, as noted by Stacy et al. and Chen et al. (Stacy 1985, Chen 1974), is due 

to the resonance second-order Raman effects that appear when the excitation wavelength is near 

that of the electronic absorption bands. The 632.8 nm excitation source converts to about 1.96 eV 

of photon energy which is very close to the 1.9 eV absorption band and the 1.95 eV direct band 

gap energies. The resonance Raman peaks that are present are very similar in shape and location 

to those acquired by Stacy et al. with a 647.1 nm (1.92 eV) laser and Frey et al., who used the 

same 632.8 nm excitation wavelength. The 287 cm-1 first order line that has been reported in 

many papers was not distinguishable, most likely due to the fact that the basal layers were 

preferentially situated perpendicular to the irradiation in a backscattering configuration which 

prohibits the excitation of such transitions (Frey 1998). The Raman spectra taken with the 488 

nm laser (2.54 eV) showed almost no features typical of a resonance Raman spectrum. The 

LA(M) mode responsible for the second order Raman peaks is weak when the exciting photon 

energy is not equal to the 1.9 and 2.1 eV excitons as seen in Figure 1-3, which was the case for 

the 488 nm (2.54 eV) laser. The broad peak centered at 453 cm-1 was the only feature present, in 

which its possible origin may be explained in the following paragraph. 

Supporting results found in a study by Frey et al. (Frey 1999), taking a closer look at the 

resonance peak centered around 460 cm-1 for the attenuated amorphous and the non-attenuated 

crystal spectra (632.8 nm excitation), the peak has an asymmetrical shape and appears to have 

additional structure. The structure seems to have local maximums at ~ 450-455 cm-1 and ~460-

465 cm-1 along with additional peaks between the two, see Table 4-1 for a full listing of the 

peaks discovered. Frey et al. suggested that there are two peaks in this frequency location that are 

contributing to the broad single peak often observed by others. They attributed the lower 
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frequency peak at ~454 cm-1 to the 2LA(M) mode and the higher frequency peak at ~465 cm-1 to 

a typically Raman inactive A2u mode that can become activated during high resonance 

conditions. Strong bands centered at the A2u frequency (466 cm-1) have been detected during IR 

measurements and attributed to asymmetrical translation of Mo and S atom in the c-axis. Frey’s 

designations were based on the Raman phenomena that occurred when nano-sized particles were 

analyzed, and may not be true to the larger samples investigated here, but does give light to the 

fact that the 460 cm-1 peak may be a merger of the 2LA(M) mode with some additional mode 

that is only present when resonance occurs. The fact that the current study observes a broad 

structure centered at 453 cm-1 with the 488 nm laser, which doesn’t couple into the LA(M) mode, 

proves that an additional phonon may be excited at this frequency which becomes more active as 

photon energies near that of the direct band gap and exciton energies specified above (i.e. 1.9 

and 1.95 eV). 

With the photon energy of the 632.8 nm laser being so closely resonant with the electronic 

absorption and the band gap energies makes it more likely for heating to occur. This heating may 

be responsible for a number of behaviors and can be seen by comparing the amorphous spectra 

taken with different laser powers. Firstly, the second-order Raman effects become less prominent 

when a higher laser power is applied. This effect may be due to the added heat annealing the 

material changing the optical absorption (Frindt 1962) and/or the lattice phonon and vibrational 

characteristics responsible for the LA modes. In addition, certain locations of the amorphous 

sample when irradiated by the high power laser underwent rapid oxidation as can be seen in 

Figure 4-1 with the presence of the 820 and 994 cm-1 MoO3 peaks. If the laser were left to 

irradiate the sample, these peaks as well as other MoO3 peaks would grow completely 

overpowering the original MoS2 spectrum. This type of behavior has been previously discussed 
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for titanium and vanadium oxides (Witke 1998). This indicates that the localized heating may be 

very high, perhaps 500° C, where it has been reported for MoS2 to rapidly oxidize (Bisson 1957, 

Sliney 1963, Godfrey 1949). The frequency shift of the first order lines has also been attributed 

to temperature changes as well as particle size, which may explain the shift of the peaks to lower 

energy when high power is applied. 

The Raman spectra of the crystal samples did not undergo any of the previously mentioned 

changes that the amorphous sample spectra did. This could be do to the fact that the surface 

being examined on the crystal is a large basal face, which is a stable surface with the sulfur 

atoms forming a shield preventing oxidation and annealing, therefore maintaining resonance 

qualities while not shifting. The large pieces of the crystal most likely were able to conduct heat 

away from the incident laser spot resulting in less heating, as compared to the effects that were 

obvious in the amorphous spectra. The only change observed with the crystal is the change in 

intensities between the 409 cm-1 line and the slight shift of the 423 cm-1 line, which was not 

present in the amorphous sample with an attenuated laser, to 420 cm-1 with the full power. The 

423 cm-1 line has been reported to originate from the sum of a two-phonon Raman process in 

which photon energies above the 1s levels of the A and B excitons trigger a quasi-acoustic 

phonon which in turn excites a non-Raman active optical phonon, 2
1uE , both scattered parallel 

with the c axis (Sekine 1984). The reason this line is visible in the crystal sample and not the 

amorphous is most likely due to the fact that the crystal was oriented so that the c-axis was 

parallel with the laser therefore maximizing the Raman cross-section of this line. The amorphous 

sample, however, was not as isotropic, and was oriented in many directions with respect to the 

incoming laser, thus minimizing the effect to excite the responsible two-phonon process. 
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Temperature/Environment Raman Study 

To get a better understanding of temperature and environmental effects on the oxidation of 

MoS2, a series of experiments were carried out in which Raman spectra were collected while 

heating an amorphous MoS2 powder under different atmospheres. 

Experimental Methods 

Amorphous MoS2 was pressed into a fabricated copper holder, Figure 4.6. The holder had 

three 1/8” holes drilled for placement of 35 W stainless steel sheath cartridge heaters (Omega, 

Product # CSS-1235/120V). A hole was also drilled to allow for a thermocouple. The heaters 

were powered through a control box, which with the thermocouple feedback, enabled a constant 

temperature to be obtained. An entry port was also manufactured into the holder so that a gas 

other than air could be introduced onto the sample. This entry port fed the gas into a channel that 

surrounded the entire sample, so that equal distribution of the gas would be spread across the 

pressed powder. Finally, four holes were drilled and tapped on the top of the holder allowing for 

a cover plate to be screwed on effectively sealing the edges of the holder from escaping gas 

while leaving optical access for a microscope objective to be focused on the sample. The same 

632.8 nm micro-Raman system used in the previous study was also used for all the Raman 

measurements. 

The MoS2 was heated in a stepwise fashion up to about 600 K. This was done in a variety 

of atmospheres including wet and dry nitrogen and oxygen. Raman data was taken as the sample 

temperature was increased. To create a humid environment, a bubbler was built. This simple 

device would exhaust a dry gas through a diffusion stone into a tube of water allowing the gas, as 

it rose, to become saturated with water. This saturated gas would then be passed to the sample 

through the copper holder previously mentioned. The humidity level of the wet gas was 



 

98 

measured with a hygrometer and confirmed to be saturated. The humidity of the dry gas was also 

measured and came out to be approximately 6% at room temperature. 

 

Figure 4-6. Fabricated copper holder used to heat MoS2 samples while introducing different 
atmospheres (air, N2, O2). The arrows represent the gas flow path and its introduction 
onto the sample.  

Results/Discussion 

Raman spectra were collected in dry oxygen and nitrogen as temperatures were increased 

from standard room temperature to 300° C. The MoO3 oxidation peak, centered around 820 cm-1 

was utilized to assess the extent of oxidation that occurred. As expected, the nitrogen samples 

showed no signs of oxidation at any temperature. On the other hand, the oxygen samples, even at 

room temperature, showed slight signs of oxidation that became more evident at higher 
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temperatures. Figure 4-7 shows MoS2 spectra recorded in oxygen data at room temperature and 

at 573 K. The room temperature spectrum is shifted up by 1000 counts so that a more clear 

comparison can be made. The 820 cm-1 peak, as well as other oxidation peaks, including 282, 

997, and 145 cm-1, are more defined and intense in the high temperature spectra indicating a 

greater transition of MoS2 to MoO3. The spectra of the entire range of temperatures were 

normalized so that the baseline of all the spectra in the region of the 820 cm-1 peak were the 

same allowing the intensity of the 820 cm-1 line at each temperature to be compared. The results 

of this can be seen in Figure 4-8. The scatter of the data can most likely be attributed to the 

variety of spectra obtained due to analyzing different types of surfaces. For example, analyzing a 

surface consisting primarily of the [001] plane, which is less likely to show signs of oxidation, 

will result in a different spectrum than that from a surface containing edge sites that are more 

likely to oxidize. Figure 4-7 does indicate slight amounts of surface oxidation occurring at the 

onset of O2 exposure at room temperature, however, no signs of temperature induced oxidation 

were observed until the sample was heated to ~375 K, which is very close to the temperatures 

noted by Ross and Sussman (Ross 1955) in which surface oxidation was first noticed. The 

relative stability of oxidation before sample temperatures reach ~375 K can most likely be 

explained by surface oxidation occurring at room temperature and protecting the bulk from 

further oxidation. At the 375 K mark, energies become such that bulk oxidation does occur 

slowly and will grow as temperatures rise. As the sample temperature was increased further, 

oxidation seemed to grow deeper into the sample increasing the MoO3 Raman signal. All the 

measurements were made in the initial oxidation regime, in which the reaction kinetics are slow 

and the surface is the primary reaction zone. These results should not be confused with the 

regime that occurs at temperatures greater than 775 K in which deep bulk oxidation occurs very 
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rapidly. To get an idea of the interaction volume, the penetration of the laser was estimated using 

the Beer-Lambert Law and absorption coefficients for MoS2 determined by Evans and Young 

(Evans and Young 1965). The absorption coefficient was measured to be ~8 x 104 cm-1 for an 

incident wavelength of 632.8 nm and ~4 x 105 cm-1 for a 488 nm wavelength. Using these values 

and the Beer-Lambert Law, it was calculated that the 632.8 nm laser penetrated only ~125 nm 

and the 488 nm laser only ~25 nm before 1/e of its intensity was absorbed. This indicates that 

data presented relates only surface information, and that any of the changes in the spectrum may 

be read as superficial.  

Interesting to note, the spectra of the heated samples seem to transition to the overall 

spectral shape resembling that of the high laser power spectrum presented earlier, further 

confirming that localized heating can change the shape and location of the second-order peaks. 

This demonstrates that temperature does play a role in altering the absorption spectrum/phonon 

coupling and promoting the transition to oxide, although the role of true resonance-coupling (i.e. 

electronic excitation) on the oxidation transition is unable to be resolved. Following similar tests 

in wet O2 and N2, no effect was realized in the presence of water vapor as compared to dry air or 

oxygen, hence humidity did not play a role in the oxidation as observed in the present study. 

As a more applied study, a deposited MoS2 film that had been part of a tribological study 

was analyzed. A linear reciprocating tribometer applied a translating load to the films, creating a 

visible wear track, Figure 4-9 and 4-10. 

The wear tracks were created in two different atmospheres, air (~25% relative humidity) 

and nitrogen, both under standard conditions. Spectra were collected on the different wear tracks 

as well as on the unaltered coatings. The spectra of the unworn film and the different wear tracks 

taken at two different laser energies can be seen in Figures 4-11 through 4-13.  
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Figure 4-7. MoS2 spectra (632.8 nm excitation) taken with a pure dry O2 environment at two 
different temperatures, 293 and 573 K. The low power laser (0.6 mW) was used for 
all measurements. The 293 K spectrum was shifted vertically for clarity. 
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Figure 4-8. Relative intensity of the oxidation peak at 820 cm-1 as a function of sample 
temperature. All the data was taken in a pure dry O2 environment. 
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Figure 4-9. Image of the wear track created on a MoS2 film in the ambient air environment. The 

image was taken with a 10x magnification. 

 

 
Figure 4-10. Image of the wear track created on a MoS2 film in a nitrogen environment. The 

image was taken with a 10x magnification. 
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Figure 4-11. Raman Spectra (632.8 nm excitation) of unworn MoS2 film collected with both low 

and high laser powers. The 6.3 mW spectrum has been shifted vertically. 

Comparing the tribological film spectra to that of the amorphous sample, Figure 4-1, and 

crystal sample, Figure 4-2, it was noticed that the peaks of the film and the crystal were more 

aligned and more similarly shaped than the amorphous spectra when the attenuated laser was 

used. In addition, for the lower laser energy the ratio of the peaks around the 400 cm-1 followed 

more closely to that of the crystalline spectra. However, when a higher laser energy was applied 

to the film, the changes in the spectra that occurred were very similar to the changes that were 

seen in the amorphous samples. For example, the peaks shifted to smaller wavenumbers, ~5 cm-

1, while the peak around 450 cm-1 lost intensity and the peak centered at 400 cm-1 underwent a 

sharp increase. In addition to shifting, the peaks located around 600 cm-1 and 800 cm-1 became 

less resolved with a more energetic excitation, which was also similar to the amorphous sample. 
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Figure 4-12. Raman spectra (632.8 nm excitation) of the MoS2 track created in ambient air. 

Spectra were taken with both low and high laser powers. The 6.3 mW spectrum has 
been shifted vertically. 

Raman spectra were collected in the two wear tracks created in air and nitrogen. Judging 

from the images in Figures 4-10 and 4-11, the track created in air seemed smoother and with 

more grooves in the direction of the translating load. The air track also seemed thinner than the 

nitrogen track. For all the wear track spectra represented, the surface types investigated were 

what seemed to be the most common type or the surface which covered the majority of the area 

visible under the microscope. Different topographies or surface structures were investigated, but 

are not presented here, as no clear trend was seen. Comparing the spectra from all three cases, 

unworn film, the wear track in air, and the wear track in nitrogen for the attenuated laser energy, 

it is clear that the nitrogen wear track and the unworn film resulted in almost identical spectra, 

with the peaks of each aligning up to each other and following the same structure. The spectra 

from the wear track created in air, looks completely different than the other two. The peaks are  
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Figure 4-13. Raman spectra (632.8 nm excitation) of the MoS2 track created in a nitrogen 

atmosphere. Spectra were taken with both low and high laser powers. The 6.3 mW 
spectrum has been shifted vertically. 

not sharp and resolved, and the ratio of the three signature peaks located around 400 cm-1 are 

quite different. In view of the above discussions, this indicates that the local environment plays a 

role in the wear process of the MoS2, and that the oxygen in the air is important. However, it is 

very important to note that the prominent MoO3 peaks around 283, 820 and 996 cm-1 are lacking 

in both the air and nitrogen wear tracks. Clearly transition to the MoO3 state did not occur under 

tribological sliding conditions. 

The spectra of all samples taken with the full laser power (6.3 mW) have very similar 

shape. The only real difference is that the unworn film is slightly shifted to smaller 

wavenumbers. By increasing laser energy, the nitrogen wear track and the unworn film both go 

through similar changes, with the only difference being a greater shift to smaller wavenumbers 

for the unworn film. On the other hand, the air wear track does no undergoe any changes except 

for the overall intensity due to exciting the sample with more energy. Overall, this might suggest 
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some aligning along preferential basal planes during sliding contact. Another interesting note is 

the appearance of a peak located around 227 cm-1 for nearly every film spectra, worn and 

unworn. This has been accredited to the first order scattering of the LA(M) phonons which has 

only been reported to date when nano-particles are analyzed. 

To test the directional dependency of the crystal on the laser assisted oxidation seen in the 

amorphous MoS2 sample under resonant excitation conditions (632.8 nm excitation), Raman 

spectra were acquired on manufactured MoS2 crystals developed so that the crystal orientation 

could be either perpendicular or parallel to the surface normal or the incident laser (Muratore 

2006). The Raman spectra of both orientations at low and high laser energies are represented in 

Figure 4.14. The spectra indicated by [100] represents the MoS2 orientation in which the layers 

are arranged parallel to the incoming laser beam so that the laser would irradiate the edge of the 

MoS2 unit crystal. The [002] labeled spectra represent the orientation in which the layers were 

arranged perpendicular to the incoming laser beam so that the laser irradiated the top of the MoS2 

unit cell. 

The results were as expected, with the [100] orientation undergoing laser assisted oxidation 

when a high laser intensity was applied and the [002] orientation undergoing no transformations 

when higher laser energies were applied. This confirms a previous notion that the sulfur layer in 

MoS2 acts as a shield against oxidation, where as the polar edges on the side of the unit crystal 

preferentially lend themselves to oxidation when activation energies are met and oxygen is 

present. This explains the non-laser assisted oxidation in the MoS2 crystal due to it being layered 

and arranged in the [002] orientation with respect to the laser. On the other hand, the amorphous 

MoS2 was disordered and aligned in multiple orientations to the laser so that when the right 

location was irradiated by the high intensity laser, rapid oxidation would occur. Multiple factors 
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may be responsible for this shielding effect. First, the anisotropic heat conduction through the 

crystal may effect temperature distributions preventing substantial enough heating into the 

crystal when the sulfur layer is irradiated by the laser. Another possibility is that sulfur may act 

as a blanket preventing oxygen-molybdenum contact when the crystal is orientated in the [100] 

direction. This question is addressed in the next paragraph. 

Thermal conductivities were determined for two different directions through an MoS2 

crystal (Muratore 2009), equaling 0.1 W/(mK) for the propagation perpendicular to the stacked 

layers, and 1.2 W/(mK) for the propagation along the plane of the MoS2 layers. The anisotropic 

thermal conductivities/heat transfer is illustrated in Figure 4-15. This disparity in the 

conductivities for the different directions may be important in understanding the temperature 

distribution in the crystal and thus the anisotropic oxidation. Using conduction equations derived 

by Carslaw and Jaeger (Carslaw and Jaeger 1947) a rough estimate of the temperature 

distribution inside the MoS2 crystal was determined for both orientations in regard to the incident 

laser. 

Assuming a steady point source of heat generation on an infinite half space, and 

superimposing an infinite number of point sources over the area of the focused laser spot, a 

steady state temperature rise distribution into the crystal was derived by Carslaw and Jaeger to 

be: 

( )
2 2

rise
q a z z aT z
k a

•
 − + +

=   
 

 (4-1) 

where q
•

is the laser irradiance (W/m2), a is the focused beam radius (m), k is the thermal 

conductivity (W/(mK)), and z i s the depth into the crystal (m). As it can be seen, the temperature 

rise is inversely proportional to the conductivity. This means that the heat rise in the direction  
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Figure 4.14. Raman spectra of MoS2 films under multiple orientations with respect to the 
incident laser. (100) represents MoS2 orientated with the layers perpendicular to the 
surface plane and (002) represents the MoS2 orientated with the layers parallel to the 
surface plane. 

 

Figure 4.15. Simple representation of the direction dependent heat transfer into the MoS2 crystal 
due to the anisotropic thermal conductivities. For irradiance perpendicular (⊥ ) to the 
layers, higher surface heating expected, whereas, irradiance parallel to the MoS2 
layers will result in heat rise into the crystal. 
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along the layers would be nearly 10 times larger than the temperature increase in the direction 

perpendicular to the stacked MoS2 layers. Thus, for the case when the laser irradiates in the 

perpendicular direction, the max heat rise would occur at the surface, or the place where oxygen 

is present, leading to believe that if the laser assisted oxidation where solely a temperature effect, 

that oxidation would occur more easily in the perpendicular laser orientation. However, this is 

not the reality, as oxidation most predominantly occurs for the parallel laser orientation, 

therefore, it can be assumed that the laser assisted oxidation is determined more by the 

orientation with respect to polar edges rather than the heat transfer, and that the mechanism 

responsible is more likely a photo-chemical process in which the resonant photon energy creates 

new electron orbits and different molecular forces that result in smaller activation energies to 

complete the oxidation reaction. 

Conclusion 

Lifetime and friction issues of MoS2 as a dry lubricant in an oxygen environment can be 

related to oxidation. Strong Raman activity coupled with the additional advantages of Raman 

spectroscopy, allows the Raman probe to be a great way to characterize MoS2 and its transition 

into MoO3. Many studies analyzing the Raman activity of MoS2 have been carried out, in which 

chemists, physicists, and tribologists have combined to explain many phenomena that can occur 

both in describing fundamentals of the laser/material interactions, and the oxidation kinetics in 

sliding load applications. This work has been described, and used to explain results that were 

gathered over a series of experiments focused on the Raman spectroscopy of multiple types of 

MoS2 in varying excitation frequencies, atmospheres, and temperatures. 

The Raman spectra of MoS2 were shown to be significantly different when an excitation 

source near the absorption band was applied. This effect is a consequence of energy coupling 

into phonon modes that overlay the first order frequencies, occurring strongly in both an 
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amorphous sample at lower laser powers, and a crystal sample regardless of laser power. The 

amorphous sample at the high laser power showed less second-order effects, which can most 

likely be attributed to the localized heating from the laser interaction changing the phonon-

modes associated with the crystal lattice. The same reduction of second-order Raman lines was 

observed when the amorphous sample was heated to 573 K regardless of the laser irradiation 

energy. The effect of localized heating/surface chemistry was also seen through rapid oxidation 

occurring when the high power laser irradiated the amorphous sample. Confirming previous 

reports, it was shown that additional lines other than those affiliated with the LA(M) mode, ~423 

cm-1 and ~453 cm-1, can present themselves when a resonant photon energy is applied. An 

important point of caution is added, namely laser-induced oxidation is probable for laser fluences 

in the range of ~32,000 W/cm2 for near-resonant excitations (i.e. 632.8 nm as seen in a 

Helium:Neon laser). 

The second part of this study focused on Raman and its ability to characterize the oxidation 

of MoS2. Even though prior studies have shown rapid oxidation in MoS2 to occur above 390° C, 

and very rapidly above 500° C (Sliney 1963, Godfrey 1949), temperatures much greater than 

those investigated here, the Raman system used in this study was able to detect noticeable 

differences in the degree of oxidation as temperature was increased between 20-300° C in air and 

pure O2 environments. The effect of humidity was also investigated and showed little effect on 

the oxidation when compared to dry air or O2, providing direct evidence of the lack of a key role 

of water. 

In addition, deposited MoS2 films were analyzed in which spectra at low laser energies 

were similar to that of the bulk crystal sample, then transforming to a similar shape of the 

amorphous spectra when high laser fluences were applied. Raman spectroscopy was applied on 
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the wear tracks created during tests on a tribometer in both air and nitrogen atmospheres. The 

wear tracks created in air produced vastly different spectra than those created in nitrogen and the 

unworn film, indicating chemical changes as a result of the atmosphere present during sliding. 

However, significant oxidation was not observed. Additionally, the effect of crystal orientation 

on the laser assisted oxidation was investigated, and it was confirmed that orientations with the 

laser irradiating normal to the sulfur layer undergo no oxidation, whereas irradiating the edges of 

the crystal can lead to oxidation. The effect of heat conduction was given as a possible 

explanation for this, as well as, for the resonance-laser assisted oxidation. These results show 

Raman’s ability to characterize changes in MoS2 during tribological experiments which will be a 

large part of future research. The observations from this study are summarized here: 

1. Resonant MoS2 Raman lines were present when 632.8-nm laser was used as an excitation 
source, however, they were not present with a 488-nm laser excitation under similar 
fluences. This is explained by the photon energy of 632.8 nm laser matching an 
absorption/direct band gap energy of MoS2, which coupled into phonon modes that 
combined with first order Raman frequencies to create additional resonance lines. 

 
2. Rapid oxidation of MoS2 to MoO3 in air occurred when high fluences (~32,000 W/cm2) 

of the 632.8 nm laser were applied, but no such oxidation was evident when equal 
fluences of the 488 nm laser were used. The exact reason for this is undetermined, but the 
effect may be attributed to localized heating, above ~ 500° C, that results in temperature 
assisted oxidation, or effects due to matching the photon with band gap energies resulting 
in new electron orbit populations and reduced molecular bonding energies that contribute 
to the observed surface chemistry via a photo-assisted oxidation. 

 
3. MoO3 Raman lines were monitored as bulk temperatures were increased to measure the 

extent of MoS2 oxidation as a function of temperature. Minimal oxidation occurred at the 
onset of exposure to O2, but did not increase significantly until temperatures were greater 
than ~375 K. 

 
4. MoS2 films were analyzed following tribology tests in different atmospheres. The Raman 

signal behaved differently for each atmosphere indicating environmental effects on the 
observed tribological properties of MoS2, although no significant oxidation of MoS2 to 
MoO3 was found in the wear track. 

 
5. With the sulfur layer providing a shield and the reduction of heat conductivity into the 

material, orientations with the laser irradiating normal to the stacked layers underwent no 
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laser assisted oxidation. However, irradiating the edge of the crystal, the [100] plane, 
resulted in strong laser assisted oxidation. Following a simple conduction model in which 
the anisotropic conductivities of MoS2 were considered, it was determined that the 
orientation of the crystal or the availability of polar sites combined with a photochemical 
effect were the most likely contributors to the laser assisted oxidation. 

 
In summary, the current study seeks to synthesize the wealth of literature from different 

fields of study with the current experimental data to explain many phenomena that can occur 

when MoS2 is irradiated by laser energy. Raman spectroscopy can be a very useful technique to 

investigate and explain the transformation mechanics and kinetics of MoS2 into MoO3, including 

temperature induced, tribological induced, and laser-induced changes. It is hoped that additional 

Raman spectroscopic and tribological studies can lead to better composite films and new 

techniques to apply resulting in high performance long lasting lubrication regardless of 

atmospheric conditions. However, one must carefully consider the laser wavelength and laser 

energy during Raman studies of MoS2/MoO3 films to fully understand the overall results. It is 

envisioned that this study can assist in that process.
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CHAPTER 5 
ARC WEAR CHARACTERIZATION 

The motivation of this study came from the observed wear of the brushes from a new 

electromagnetic motor design. The phenomena of arcing was noticed and considered to be a 

candidate as a contributing factor to the wear. For this reason, research efforts have been focused 

on characterizing the arc and its effect on wear of the brushes and rotor. The following chapter 

will present results from spectroscopic experiments done on a simple spark inducer, as well as a 

scaled down prototype of an electric motor. 

Experimental Setup 

Initial experiments were designed to collect atomic emission from sparks created on a 

prototype designed to recreate the mechanical and electrical properties of a new electrical motor 

design. Electromagnetic motion was not of interest; therefore, the design was simplified just to 

analyze mechanisms and physics involved with the wear of the brushes. The prototype consisted 

of a copper rotor which spun while copper brushes were spring loaded into contact with the 

rotor. The brushes consisted of 5000 individual copper fibers, ~ 70 μm in diameter, bundled 

together into a tubular shape about 1 cm wide by 0.8 cm tall. Current was delivered through one 

brush into the rotor and out through a second brush. Load cells and displacement transducers 

were installed to measure the frictional and normal forces, as well as the amount of brush wear 

while the rotor spun for an extended period of time. The entire setup was contained in an 

environmental chamber, so that experiments could be carried out in various atmospheres 

including gas types, humidity levels, and temperatures. The front view of the rotor/brush contact 

system can be seen in Figure 5-1. A more detailed description of the prototype as well as the 

resulting wear and friction measurements made from its testing can be seen in the reference by 



 

114 

 

Figure 5-1. Schematic of the wear measuring motor prototype that was used to characterize arcs 
between the brush and the rotor (Argibay 2008).  

Arigibay and Bares (Argibay 2008). For the atomic emission spectroscopic measurements, a 

fiber optic was fed into the chamber and directed at the interface between the brush and rotor. As 

the rotor spun, intermittent brush contact would generate a spark. Two sets of data were collected 

on the prototype. In the initial experiment, the light generated from the spark was fed into a 

spectrometer/CCD (Ocean Optics S2000) resulting in a spectrum containing atomic emission 

frequencies from materials located within the arc. This was done in a humid CO2 environment, 

as well as, in air under standard conditions. For the second set of data collected on the prototype, 

a single stage of the triple monochromator discussed in Chapter 3 was used to disperse the light 

onto the ICCD. Only sparks in air were analyzed, but the current level was reduced to the 
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optimal design condition, thus generating weaker sparks more closely resembling the actual case. 

Additionally, data was collected for both current directions to investigate the role of arcing on 

current-dependent wear. In both sets of data collection, the spectrometer was tuned to analyze 

copper and zinc atomic emission. 

Even though quality spectra were collected in this manner, they were few and far between. 

In addition, the prototype was constantly under use for wear measurements. Therefore, a simple 

static sparking device was built to allow for more consistent measurements under similar 

conditions while the prototype previously mentioned was under use. This sparking device 

consisted of the same brushes opposite a turned down copper rod in loose contact, so that slight 

movement of the brush would result in similar intermittent contact as in the rotor brush system. 

Electrodes from a power supply (Instek PSH-10100) set to 100 A and 6 V were connected to the 

brush and copper rod. A simple schematic can be seen in Figure 5-2. With this configuration, the 

light from the spark was either collected by focusing and imaging it onto a fiber optic, as seen in 

Figure 5-2, or collected by pointing a fiber optic located about 2-3 mm away from the spark, 

which fed the light into the spectrometer, dispersing it and imaging it onto either a PMT or a 

CCD depending on the type of measurement being made. 

Two types of measurements were made with this setup, atomic emission spectra and spark 

lifetimes. For the lifetime measurements, the spectrometer was tuned to 521.8 nm, which 

corresponds to a strong Cu I atomic emission line. This dispersed light was imaged onto a photo-

multiplier tube (Acton research Corp., PD439), generating a voltage across a 50 Ω termination 

which was measured on an oscilloscope (Lecroy Waverunner LT372, 500MHz, 4GS/s).  

For the collection of the atomic emission spectra, copper and zinc were of the most interest 

since they were the most common elements in the brush. Table 1 shows some zinc and copper 
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lines that were analyzed, as well as some important quantum data for the copper lines which was 

used in the calculation of the spark temperature. The spark emission was dispersed with a triple 

monochomator (Princeton Instruments, Trivista) and measured with an ICCD (Princeton 

Instruments 7397-0001) both described in the in situ Raman chapter. 

 
 
Figure 5-2. Schematic representing the simple static spark inducer and the collection optics used 

in many of the spectroscopic measurements. In this schematic, the copper rod is 
displayed as the negative surface, with the electrons flowing into the brush face, 
however, this configuration was switched so that measurements could be made with 
current flowing in either direction. 

Table 5-1. Wavelengths for copper and zinc neutral atomic emission lines. Relevant electronic 
transition values used in the calculation of the temperature are also given for the Cu(I) 
lines. 

Zinc (I)
Wavelength E upper A g Wavelength

(nm) (m^-1)  (s^-1) (nm)
510.55 3078400 2.00E+06 4 328.2
515.32 4993500 6.00E+07 4 330.26
521.82 4994200 7.50E+07 6 330.29
529.25 6240300 1.09E+05 8 334.5
578.2 3053500 1.65E+06 2 334.56

334.59

Copper (I)
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Results 

Initial Prototype Emission Measurements 

As previously mentioned, atomic emission spectroscopy aimed at the copper and zinc lines 

was initially performed on the motor prototype. A fiber optic bundle was pointed at the area 

where the spark was generated situated about 0.5 inch away. A CCD run with an integration time 

of 2 seconds was employed to count the atomic emitted photons. Since the prototype was in a 

vacuum chamber, the experiments were run in standard conditions and in CO2 at 90% relative 

humidity. The sparks were induced by a fluctuating current ranging from 40-90 A. Spectra from 

two different windows, centered at 600 nm and 335 nm, in each environment can be seen in 

Figures 5-3 and 5-4. 
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Figure 5-3. Atomic emission spectrum centered at 560 nm taken in standard conditions and a 

CO2 environment. Copper and zinc neutral and ions are present indicating 
vaporization of the brush. 
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Figure 5-4. Atomic emission spectrum centered at 335 nm taken in standard conditions and a 

CO2 environment. 

The sparks generated in the CO2 provided spectra that were much less intense than those 

created in a standard air atmosphere. The exact reasoning for this phenomena is unclear, but 

possible explanations could be due to the change of the dielectric constant as a result of the 

humidity increase, the CO2 contributing to surface chemistry creating carbonates that may have 

blocked surface disassociation and ionization, or even effects from surface activation through 

carbon adsorption resisting electron surface emission resulting in less frequent/more spatially 

diffuse arcing. 

For temperature measurements made from the prototype, multiple spectra were averaged 

and a single Boltzmann plot was constructed to determine the average temperature, as shown in 
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Figure 5-5. The electron transitions used in these measurements occurred at energies 

corresponding to 521.8, 529.3, and 578.2 nm. As seen in Table 5-1, these three lines had a wide  
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Figure 5-5. Boltzmann plot representing average spectra collected from sparks created by the 
prototype in two atmospheres, air and wet CO2. The calculated slopes and coorelation 
factor are also presented for each set of data. 

spread of upper energy levels, thereby fulfilling the requirement suggested by Bye and Scheelin 

(Bye 1993). From the calculated slopes in Figure 5-11, the average spark temperatures was 

determined to be 12400 K (± 5%) for sparks induced in the CO2 environment, and 12100 K (± 

5%) for those in standard air conditions. 

Simple Static Spark Generated Measurements 

Spark Lifetime – Static Spark Generator 

Lifetime measurements were taken of sparks created with the simple static spark generator 

seen in Figure 5-2. To capture the spark, the monochromator was tuned so that either Cu or Zn 

emission lines were centered onto the photo-multiplier tube inlet slit. A threshold was set on the 

oscilloscope to capture and save individual spark events. 
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Figure 5-6 shows captured signals resulting from the emitted light of two generated sparks 

with the static spark generator in each of the two electron flow directions. One interesting result 

form the study by Argibay and Bares (Argibay 2008) was the occurrence of asymmetrical brush 

wear in which the brush being impacted by electrons leaving the rotor wore faster than the brush 

feeding electrons into the rotor. This was considered as a possible result of arcing, which is why 

this study is focused on analyzing arcs created by each current direction. With that said, positive 

brush designation describes the case when electrons leave the copper rod or rotor and impact the 

brush across the spark gap, whereas the negative brush explains the case when the electrons 

leave the brush and impact the copper rod or rotor. As seen in Figure 5-6, the spark’s emission in 

both electron configurations lasted a few microseconds and followed similarly in shape.  
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Figure 5-6. Voltage signal taken with a PMT (tuned to the 521.8 Cu(I) emission line) 

representing the lifetime of a spark generated by the static spark device in Figure 5-2. 
The spark on the left was taken with the polarity set so that the electrons were leaving 
the brush and impacting the copper rod. The spark on the right was generated with a 
flipped polarity. The oscilloscope trigger level was set to -15 mV for both. 

A number of sparks similar to those seen in Figure 5-6 were collected in both electron flow 

directions. Lifetimes from the collection of sparks were measured for each current direction. 
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Each group was statistically analyzed, in which the average, minimum, maximum, and standard 

deviation were determined. These results can be seen in Table 5-2. In addition, histograms were 

constructed to represent the distribution of the lifetimes for each polarity, Figure 5-7. There was 

little difference in the statistics and histogram shape between the different current flow 

directions, therefore the two categories were combined and an aggregate analysis was applied. 

The results compared very well with previous studies. For example, Sawa and Shimoda (Sawa 

1992) who used similar power supply voltages measured sparks ranging from 2-16 μs between 

copper electrodes, which is almost the exact spread measured here. In addition, the measured arc 

durations compared well with theoretical equations (Eqn. 1-8). 

0 ln A b
a

C A C

LI U Ut
U U U

 −
=  − 

 (1-8) 

Using known values for I0 and UC as 95 A and 6 V, which were the power supply outputs, 

estimating L as 1 μH, UA as 20 V, and Ub as 1 V, which were chosen to be similar to values used 

by Slade (Slade 1999) to calculate arc durations, the estimated arc duration calculated from Eqn. 

1-8 equals ~5 μs, which is very close to the average arc duration measured here, namely 5.77 μs. 

Table 5-2. Results of a statistical analysis of multiple lifetime measurements of sparks generated 
with the simple static spark inducer illustrated in Figure 5-2. 

Number of Average Max Min Std. Dev.
Sparks (μs) (μs) (μs) (μs)

48 6.69 16.34 0.83 4.35

Number of Average Max Min Std. Dev.
Sparks (μs) (μs) (μs) (μs)

60 5.03 12.37 1.11 3.45

Number of Average Max Min Std. Dev.
Sparks (μs) (μs) (μs) (μs)

108 5.77 16.34 0.83 3.94

Positive Brush

Negative Brush

Combined Polarities
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Figure 5-7. Three histograms representing the lifetime distribution of sparks for each electron 
flow direction and the two combined. 
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Atomic Spectroscopy – Static Spark Generator 

In addition to the spark duration, atomic emission spectra were collected with the simple 

spark generator. The optical collection setup can be seen in Figure 5-2. The copper neutral lines 

centered around 520 nm were of most interest for several reasons, including the fact that there 

were many lines that could be viewed in the same window, and that of the four lines present 

provided a wide distribution of upper energy states to allow accurate Boltzmann plots to be 

constructed and spark temperature measurements to be gathered. Individual spectra were 

collected with a 0.5 second ICCD integration time. Figure 5-8 shows an individual spectrum of 

the Cu (I) lines centered around 520 nm. 
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Figure 5-8. Atomic emission spectrum taken from a spark induced by the simple spark generator. 

The 4 lines (510.55, 515.32, 521.82, and 529.25 nm) present are Cu (I) and were used 
to measure the spark temperature via a Boltzmann plot. 
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The four Cu (I) lines present in Figure 5-8 are located at 510.6, 515.3, 521.8, and 529.3 

nm. Their variation of upper energy states made them ideal candidates to extract the electron 

temperature via a Boltzmann plot. The upper energy as well as other parameters used in the 

Boltzmann calculations including the transition probabilities, Aki, and the upper statistical weight, 

gk, can be seen in Table 5-1. Before the Boltzmann plot was constructed, all the spectra had to be 

corrected to account for the system’s (optics, fiber optic, spectrometer, and ICCD) optical 

response. To do this, light from a calibrated tungsten lamp was run through the system in which 

the same bandwidth as the copper spectra was analyzed. A correction factor for each pixel was 

then produced by dividing the measured light by the actual known output of the lamp, as 

provided by the manufacturer seen in Figure 5-9. The two plots, the measured lamp light and the 

actual known response can be seen in Figure 5-10. In addition, the calculated factor for each 

pixel can be seen in Figure 5-11. 

To correct all the spectra taken in the 520 nm window, multiplication of the correction 

factor and the relative intensity of the spectra was all that was needed. Following this correction, 

spark temperatures were determined for the measurements made on the simple spark generator.  

The four Cu (I) lines present in Figure 5-8 were used in the calculation of the spark 

temperature for those sparks created by the simple spark generator. Their locations were 510.6, 

515.3, 521.8, and 529.3 nm. Individual spark temperatures were determined for both polarities. 

Table 5-3 gives the statistical results of the spark temperature from each electrical current 

configuration, as well as, all the combined sparks. 

The data showed no significant difference in spark temperatures for either polarity. To 

show the distribution of spark temperatures a histogram was constructed. The histogram included 

combined temperatures from both current configurations and can be seen in Figure 5-12. 
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Figure 5-9. Theoretical output of the tungsten lamp given by the manufacturer. A second order 

fit was calculated so that irradiance values for multiple wavelengths could be 
interpolated. 
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Figure 5-10. The theoretical lamp output and the measured lamp output plotted versus 

wavelength. The theoretical output was divided by the measured to produce the 
correction factor. 

0

0.5

1

1.5

2

505 510 515 520 525 530 535

Correction Factor

Wavelength (nm)  
Figure 5-11. The calculated correction factor plotted versus wavelength. 
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Table 5-3. Spark temperature statistics shown for each current direction for sparks generated on 
the simple static spark inducer, as well as, all the sparks independent of current 
direction. 

Polarities
Negative Positive Combined

Average 11020 11110 11050
Std Dev 590 740 630

Min 9790 9750 9750
Max 12700 13910 13910

Spark Temperature Statistics (K)
Brush Polarity

 
 

The temperatures calculated for the prototype sparks were slightly higher than those 

created with the simple spark generator, however, both devices did provide spark temperatures 

that were similar in magnitude. A possible explanation for the slight temperature difference may 

be attribute to the use of different lines in the Boltzmann calculation. The temperature and 

lifetime data taken from the static spark generator proved that spectroscopy techniques can be a 

good means to characterize arcs generated in sliding electrical contacts. 
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Figure 5-12. Histogram representing the spark temperature distribution independent of current 

direction. 
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To advance this study and to characterize arcs under the optimal operating conditions 

additional spectroscopic analysis was performed on arcs created on the prototype. With that said, 

temperatures and lifetimes were measured for a statistical analysis similar to what was done on 

the static sparking device. In addition, experiments measuring the material transfer as a function 

of electron flow direction were carried out. 

Prototype Arc Measurements 

Following tests made on the simple static spark generator, more extensive arc 

measurements (arc duration and Cu/Zn emission) were carried out on the prototype, Figure 5-1, 

with near desired operating conditions. Approximately 25 A were run across the brushes and the 

rotor, which produced much weaker and shorter arcs than the static arcing device which used 

almost 100 A of current. To observe arcing in the prototype, the brush was slightly unloaded so 

that more chatter and larger gaps were created during the bouncing of the brush on the rotor. This 

led to more and larger high inductive arcs that were easier to capture using a fiber optic aimed at 

the contact gap between the brush and the rotor. Both arc duration measurements with a PMT 

and atomic emission spectra were collected from the arcs generated on the prototype. In addition, 

temperatures were extrapolated from the rig. However, due to the weaker arcs and the unique 

atomic emission response dependent on current direction, a limited amount of temperature 

measurements were able to be calculated from the emission data. 

Arc Duration Measurements 

Similarly to previous arc duration measurements made on the static arcing rig, the light 

was collected by aiming a fiber optic at the gap between the brush and rotor, from which a 

narrow band of light centered on the Cu (I) 521.8 nm atomic emission line was imaged onto a 

PMT (powered by 850 V) coupled into an oscilloscope. Two characteristic signals for each 

current direction can be seen in Figure 5-13. Many spark duration signals were collected and 
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analyzed for each polarity, from which statistical data of the arc durations including the average, 

standard deviation, minimum, and maximum were calculated, seen in Table 5-4. In addition, 

histograms of the measured arc durations for each polarity, as well as, both polarities combined 

were constructed which can be seen in Figure 5-14. 

As seen in Figure 5-13, the arc duration spectra collected from the prototype was much 

noisier than those from the simple arc generator. The arcs collected from the prototype were less 

intense, shorter, but more frequent and sometimes would appear to move across the entire 

surface of the brush. The statistics show a similar trend as those measured with the static rig. The 

positive brush created longer arc events while also having the largest spread. The positive brush 

arcs had a larger average and maximum than the negative brush, however, but also had a shorter 

minimum and more shorter lasting arcs than the negative brush, as depicted by the histograms in 

Figure 5-14. 

From the visual perspective of the measured arc generated on the prototype there did seem 

to be differences between those created with different polarities. The negative brush (electron 

leaving) arcs seemed to be stationary and stronger while the positive brush (electron impeding) 

seemed to have more of a showering effect. This observation along with the data indicates that 

the positive brush produced smaller but more frequent arcs, in which the light emitted produced a 

PMT signal that looked like a single long arc event but was actually a combination of multiple 

smaller events. The data taken on the prototype which ran ~25 A, produced arcs with durations 

that were ~20% of the arcs generated on the static rig which ran at ~100 A. Eqn. 1-8 indicates 

that the arc duration is proportional to the current which explains the difference in arc duration 

signal between the two systems. 



 

130 

In summary, the arc durations measured on the prototype followed very similar trends with 

regard to polarity as those measured on the static rig. The arcs created with the positive brush on 

average lasted slightly longer than those created with the negative brush. The positive brush had 

a higher number of shorter arcs but also had a number of arcs which lasted much longer than any 

of the arcs created with negative brush. This disparity was also clear when visually monitoring 

the arcs, in which the positive brush arcs seemed smaller, more frequent, and to rapidly move 

around. A possible explanation for the observations and the data, is that the positive brush 

produced many short arcs that occurred very rapidly, occasionally overlapping in the resulting 

PMT signal that seemed to be from one long lasting arc. The rapid movement of the arcs for the 

positive brush will be explained in terms of the asymmetric wear later. 
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Figure 5-13. Voltage signal taken with a PMT (tuned to the 521.8 Cu(I) emission line) 
representing the lifetime of a spark generated by the prototype, Figure 5-1. Signals 
were collected for both current flow directions. The positive brush spectrum was 
vertically shifted for clarity. The oscilloscope trigger level was set to -40 mV for 
both. 
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Table 5-4. Results of a statistical analysis of multiple lifetime measurements of sparks generated 
with the prototype illustrated in Figure 5-1. 

Number Average Max Min Std. Dev.
Sparks (μs) (μs) (μs) (μs)

45 0.71 2.14 0.14 0.48

Number Average Max Min Std. Dev.
Sparks (μs) (μs) (μs) (μs)

64 1.09 3.64 0.09 1.05

Number Average Max Min Std. Dev.
Sparks (μs) (μs) (μs) (μs)

109 0.93 3.64 0.09 0.88

Negative Brush

Positive Brush

Combined Polarities
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Figure 5-14. Three histograms representing the lifetime distribution of sparks for each electron 
flow direction and the two combined. 

Atomic Emission Measurements 

Emission from Cu and Zn were collected with both polarities in spectral windows centered 

at 330 and 520 nm, Figures 5-15 and 5-16, respectively. The spectra were created by pointing a 
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fiber optic at the location of the arcs and integrating the ICCD for 2 seconds while multiple arcs 

were generated. Each spectrum shown is an average of twenty individual 2 second integrations. 

Therefore what was recorded was the average emission of multiple arc events. Due to the smaller 

current thus weaker arcs, emission lines were slightly less resolved especially if not resonant to 

the ground state as in the case of the 529.3 nm Cu (I) line. In any case, there were many 

differences between the spectra from arcs generated with different polarities. In Figure 5-15, a 

number of Zn lines became readily apparent when the positive brush (electron impacting) 

configuration was applied. The same effect to a lesser degree may also be seen in Figure 5-16. 

Since the brushes do contain small amounts of Zn whereas the rotor is nearly pure Cu, the large 

disparity in the emission spectra for the different polarities is important and does indicate that 

arcing is at least partially responsible for the previously noted asymmetric wear, which will be 

discussed below. 

Similar to the static rig, the atomic emission was processed to measure the arc excitation 

temperatures. However, due to the arcs being weaker, emission of the 529.3 nm Cu (I) line, 

which was used to construct the Boltzmann plot and calculate temperature, was almost non-

existent. However, one spectrum for each polarity, the spectra represented in Figure 5-16, did 

resolve the 529.3 nm line, which allowed for a arc temperature to be calculated in the same 

manner as before. The average arc temperature was calculated to be 8060 K for the arc created 

on the positive brush and 6930 K for the arc created with the negative brush. Temperatures were 

calculated from the additional spectra using Boltzmann plots containing information from the 

510.6, 515.3, and 521.8 nm line but not the 529.3 nm line. The temperatures from these plots 

came out to be 8140 K for the positive brush polarity and 8770 K for the negative brush. After 

averaging all the data for each polarity, the average temperatures from the sparks on the 
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prototype under near operating conditions, were 8100 K for the positive brush and 7850 K for 

the negative brush. These values were very similar in magnitude to previous measurements, 

being only about 25% smaller than the arcs generated with the static rig. The smaller 

temperatures were expected since less current was used and shorter/weaker arcs were observed 

with the PMT signal. The temperatures again seemed to be independent on polarity confirming 

the same outcome from the temperature study done on the static rig.  
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Figure 5-15. Atomic emission spectra collected from arcs generated with the prototype for each 

current (~25 A) flow direction. The negative brush spectrum was shift negatively for 
clarity. 

The data collected from the prototype was very helpful in discussing the asymmetric wear 

that was seen in long distance testing of the brushes against the rotor. It was noticed following 

the tribological tests of the brushes on the rotor that the positive brush, or the brush with the 

electrons impinging it, wore faster than the negative brush even though the same current and 
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loads were maintained on each (Argibay and Bares 2008). It was also noticed that the wear rates 

on each brush would become equal when the current was turned off, and that a sudden switch in 

 
Figure 5-16. Average of 20 individual atomic emission spectra collected from arcs generated 

with the prototype for each current (~25 A) flow direction. The positive brush 
spectrum was shift negatively for clarity. A zoomed portion of the spectra centered on 
the 529.3 Cu (I) line is shown in the top right. 

the polarity would change the wear rates of the brush, always maintaining the higher wear rates 

for the positive brush. This indicated that the current was responsible for the noticed asymmetric 

wear. The spectral data presented indicates that Zn emission was observed when the sparks from 

the positive brush were observed, however Zn emission was not observed or was much weaker 

when the sparks on the negative brush were analyzed. Since Zn was only contained in the brush, 

the fact that Zn was observed strongly when the polarity was set so that the electrons were 

impacting the brush indicates that more material was ablated from the brush under this current 

flow direction. Therefore the surface in which the electrons are impinging on it is more likely to 
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wear than the surface donating the electrons. This observation differs from the thought, which 

assumes the ions, having more mass, impinging on the negative surface will cause more material 

ablation than the lighter electrons impinging on the positive surface. However, the fact that the 

gaps between the brush and the rotor are so small, suggest that there is small amounts of gas 

molecules between the two surfaces that can ionize and contribute to the impacting ion ablation 

of the negative surface.  

Additionally, the shower arcing observed under the positive brush may be explained from 

the electron bombardment ablation mechanism. Under the positive brush polarity, when contact 

was broken, the high spot on the brush would be ablated creating a new high spot that would arc 

and ablate upon broken contact, and thus the process would repeat creating arcs that would 

constantly move around the surface of the brush. On the other hand, on the negative brush, the 

arc would not change locations until the high spot on the rotor was worn down and a new high 

spot was formed, which took much longer than the wearing away of an individual fiber on the 

brush. 

Be/Cu Brushes 

 The wear and the asymmetric wear may be directly related to the arcing which is due to 

intermittent contact. To remedy arc induced wear, a new design of copper brushes made with 2% 

beryllium (Be) was tested. The additional Be was intended to provide a brush with a higher 

modulus of elasticity so that longer brushes could be used allowing for more play or bouncing 

without the loss of contact. Following preliminary tests, this proved to alleviate the asymmetric 

wear and also decreases brush wear rates drastically. As a quick test, to determine if the Be in the 

brushes could be measured in an arc, the new brushes were placed in the static arc inducer. 

Figure 5-17 shows a spectrum from an arc induced on the static rig with the Cu/Be brushes. A 

current of 50 A under the negative brush polarity was used to create the spectrum. As it can be 
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seen, Cu and Be lines are present and quite strong. Similar to before, a Boltzmann plot was 

constructed with the same Cu lines and a temperature was calculated to be 12200 K. These 

sparks were very similar in magnitude or perhaps slightly larger than those created on the static 

arc inducer with the Cu/Zn brushes. 
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Figure 5-17. Spectra from a single arc event made on the static spark generator with the Cu/Be 
brush. The spectrum represents an arc created with the negative brush polarity. 

Conclusion 

 The role of arcing on wear between electrical sliding contacts was investigated for a 

brush/rotor system. Copper/Zinc fiber bundled brushes were loaded onto a rotating copper rotor 

while current was passed across the contacts to simulate the mechanical and electrical properties 

of a new electromagnetic motor design. Following tribological tests on a prototype, the brushes 

seemed to wear rapidly, particularly the positive brush (electron impinging) which showed 

considerably higher wear rate than the negative brush (electron donating). The role of arcing on 
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the high wear rates and the asymmetrical wear was investigated by analyzing the spectral 

emission from the arcs generated on the prototype, as well as, on a static spark inducer. Arc 

duration measurements were made by imaging a Cu emission line onto a PMT. In addition, 

atomic emission spectra were collected to measure species present in the arcs and to calculate arc 

temperatures. 

Arc durations and temperatures seemed to be independent of the current flow direction for 

both measurements made on the prototype and the static spark inducer. The static rig produced 

arcs lasting ~6 μs whereas the prototype produced arcs ~1 μs long. The static rig produced an 

average temperature equal to ~11,000 K whereas the prototype produced average temperatures 

equaling ~8000 K. The difference in both measurements can be almost completely attributed to 

the reduced current used on the prototype (25A vs. 100A). In any case, the arc temperatures 

measured on the prototype (~8000 K) are significantly high enough to ablate material and 

contribute to the brush wear rates. 

Another interesting outcome of this study can be seen in the spectra collected on the 

prototype. The spectra are highly dependent on the polarity and suggest arcing or electron 

bombardment to be at least partially responsible for the measured asymmetric wear. The spectra 

from the positive brush indicate the presence of Zn in the arcs, whereas the negative brush 

spectra indicate only Cu. Since Zn was only present in the brush, this result proves that 

preferential brush ablation occurs when the polarity is set so that the electrons are impinging on 

the surface. This result confirms and provides one explanation for the higher wear rates 

measured for the positive electron impinging brush. 

Future considerations for this study might include performing arc emission measurements 

in different environments. This could determine the role of arcing on surface chemistry or 
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surface activation. In addition, the effect of atmospheric conditions on the spark properties could 

be measured which would shed additional light on atmospheric dependent wear mechanisms. In 

any case, this study has shown that atomic emission measurements can be very valuable in 

characterizing arcing events and understanding wear phenomena that occur between electrical 

sliding contacts. 
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CHAPTER 6 
CONCLUSION 

Previous Research 

In Situ Tribo-Raman Study 

A number of achievements have been accomplished involving optical diagnostic 

techniques to characterize wear and tribological systems. A micro-Raman system was built 

around a rotating disc tribometer to measure the evolution of wear tracks created from various 

substances. The constructed micro-Raman system was characterized with various materials 

including diamond, PTFE, polyethylene, and MoS2 in which results compared very well with a 

fully integrated commercial micro-Raman system. In situ wear films of PTFE were investigated 

with the system, in which results indicated less sensitivity than desired (detection limits ~ 1-2 μm 

film thickness). Despite the lack of sensitivity to measure the onset of wear, once detection levels 

were met, as testing resumed, the Raman signal did increase proving it as an effective way to 

track film growth. Running the same in situ experiment with a faster sliding speed resulted in 

very different results, in which the PTFE Raman signal was detected immediately, indicating 

different wear mechanisms. In addition, post-test Raman measurements made on the PTFE wear 

films/wear products indicated a slight shift between select Raman bands for the slow and fast 

sliding speeds, most likely due to structural differences induced by the different stresses from 

varying sliding speeds. The observed shifts in the PTFE Raman spectra were investigated by 

measuring the Raman signal on wear tracks created on bulk PTFE disc so that sensitivity in the 

measurements would be increased and band shifts could be easily monitored. Differences in peak 

shifts when higher sliding speeds were noticed, notably stretching in the C-C bond. Vibrational 

energies were also altered for many of the CF2 bonds due to the stretching of the chains causing 
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new contact points of the fluorine atoms. The increased heating due to increased sliding 

velocities has been attributed to many of the noticed shifts. To summarize: 

• A Micro-Raman system was designed and constructed to monitor freshly generated 
polymer wear films created on a pin-on-disk tribometer. 

 
• Custom micro-Raman system was characterized by analyzing bulk materials and 

comparing spectra to a commercial micro-Raman system. The custom micro-
Raman showed slightly less sensitivity than the commercial system, which could 
mostly be attributed to the difference in microscope objective magnification. 

 
• Spectra taken of wear films created at higher sliding speeds showed differences 

indicating wear mechanisms dependent on sliding speeds. 
 
• Spectra taken of wear tracks on bulk PTFE revealed molecular transitions 

dependent on sliding speed which are similar to molecular transitions due to 
heating. Chain stretching (C-C bond) from a helical to a planar form causing new 
fluorine contact points may explain for the observed Raman band shifts.  

 
MoS2 Raman Study 

Various forms of MoS2 were interrogated with a micro-Raman system in hopes of 

understanding the complicated results that occur when MoS2 interacts with a laser, and to try to 

characterize the oxidation as a function of the environmental conditions. Resonance Raman lines 

occurred when a 632.8 nm laser was used to excite the sample, in which the majority of the lines 

have been attributed to the frequencies of the first order Raman lines combining with the 

longitudinal acoustic phonon that results when irradiation energies are similar to absorption and 

band gap energies. When laser frequencies corresponding to resonance conditions were applied, 

the effect on the laser power became very important due to the strong coupling and increase in 

localized sample temperature strongly influencing the Raman response. The effect of the form of 

MoS2 was studied by measuring the Raman response of amorphous, crystal, and deposited film 

samples. The Raman signal behaved quite differently for each sample, most likely due to the 

orientation and particle size effects. Oxidation effects of MoS2 were studied by heating bulk 
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samples in the presence of oxygen. MoO3 lines were detected and shown to intensify as sample 

temperature was increased, with noticeable oxidation occurring for temperatures greater than ~ 

100° C. In addition, post-test analysis of wear tracks created on MoS2 films in air and nitrogen 

were analyzed resulting in markedly different spectra depending on the atmosphere in which 

wear was induced. To summarize the important results: 

• Resonant Raman lines were present when a 632.8 nm laser was used as an 
excitation source, however, they did not show up when a 488 nm laser was used 
under similar fluences. This is explained by the photon energy of 632.8 nm laser 
matching an absorption/direct band gap energy which coupled into phonon modes 
that combined with first order Raman frequencies to create additional resonance 
lines. 

 
• Rapid oxidation in air occurred when high fluences of the 632.8 nm laser were 

applied, but no such oxidation was evident when equal fluences of the 488 nm laser 
were used. The reason for this has yet to be determined, but may result from 
localized heating, above ~ 500° C, resulting in temperature assisted oxidation, or by 
matching photon with band gap energies resulting in new electron orbits and 
different molecular forces allowing for less energy to complete the oxidation 
reaction. 

 
• MoO3 Raman lines were monitored as bulk temperatures were increased to monitor 

the extent of MoS2 oxidation as a function of temperature. Oxidation occurred at 
the onset of exposure to O2, but did not increase significantly until temperatures 
were greater than 100° C. 

 
• MoS2 films were analyzed following tribology tests in different atmospheres. The 

Raman signal behaved differently for each atmosphere indicating environmental 
effects on the observed tribological properties of MoS2. 

 
• With the sulfur layer providing a shield and the reduction of heat conductivity into 

the material, orientations with the laser irradiating normal to the stacked layers 
underwent no laser assisted oxidation. However, irradiating the edge of the crystal, 
the [100] plane, resulted in strong laser assisted oxidation. Following a simple 
conduction model in which the anisotropic conductivities of MoS2 were considered, 
it was determined that the orientation of the crystal or the availability of polar sites 
combined with a photochemical effect were the most likely contributors to the laser 
assisted oxidation. 
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Arc Atomic Emission Study 

The role of arcing on wear between electrical sliding contacts was investigated for a 

brush/rotor system. The high brush wear rates and the asymmetrical brush wear was investigated 

by analyzing the spectral emission from the arcs generated on a electric motor prototype, as well 

as, on a static spark inducer. Arc duration measurements were made by imaging a Cu emission 

line onto a PMT. In addition, atomic emission spectra were collected to measure species present 

in the arcs and to calculate arc temperatures. 

Arc durations and temperatures seemed to be independent of the current flow direction for 

both measurements made on the prototype and the static spark inducer. The static rig produced 

arcs lasting ~6 μs whereas the prototype produced arcs ~1 μs long. The static rig produced an 

average temperature equal to ~11,000 K whereas the prototype produced average temperatures 

equaling ~8000 K. The difference in both measurements can be almost completely attributed to 

the reduced current used on the prototype (25A vs. 100A). In any case, the arc temperatures 

measured on the prototype (~8000 K) are significantly high enough to ablate material and 

contribute to the brush wear rates. 

Another interesting outcome of this study can be seen in the spectra collected on the 

prototype. The spectra are highly dependent on the polarity and suggest arcing or electron 

bombardment to be at least partially responsible for the measured asymmetric wear. The spectra 

from the positive brush indicate the presence of Zn in the arcs whereas the negative brush spectra 

indicate only Cu. Since Zn was only present in the brush, this result proves that preferential 

brush ablation occurs when the polarity is set so that the electrons are impinging on the surface, 

thus providing an explanation for the higher wear rates measured for the positive electron 

impinging brush. To summarize: 
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• Atomic emission spectra were collected from arcs generated on two systems. One 
was a prototype used to model the mechanical and electrical properties of a new 
electromagnetic motor design, and the other was a simple device used to create arcs 
for easier analysis. 

 
• Intensity of Cu emission lines were used to measure arc temperatures via 

Boltzmann plots. The temperatures of the arcs generated with the prototype 
averaged ~8,000 K, whereas the static spark inducer produced spark temperatures 
of ~11,100 K. 

 
• Cu emission was monitored with a PMT to measure the duration of arcs created on 

the prototype and the static spark generator. The average lifetime of the arcs were 
measured to be ~1µs on the prototype, and ~5.8 µs with the static spark inducer, 
which is in excellent agreement with theoretical calculations. 

 
• Zn emission was only detected when the electrons were impinging on the brush, 

indicating that arcing is a probable cause for the asymmetric wear noticed during 
sliding contact between the brush and the rotor. 

 
Future Research 

Each of the research efforts completed to date has room for advancement. The experiments 

may be improved upon to gain more precise results, and new experiments can be derived to 

expand on previous findings. In situ micro-Raman tests could be applied to MoS2, or other 

lubricating films to correlate chemical transitions at the instance of wear and measured friction 

data. In addition, surface-enhanced Raman could be applied to improve sensitivity. This could be 

done by measuring wear films on SERS active substances or by doping the wearing material 

with SERS active particles. 

For the MoS2 study, more could be done to investigate the tribological transformation of 

MoS2. Again, in situ Raman data during a tribological test would be very advantageous to study 

the transition under different sliding conditions. It would be of interest to determine the chemical 

transitions (oxidation), as well as the structural transitions MoS2 undergoes during sliding. For 

example, does the unorientated MoS2 when exposed to a sliding load orientate itself in a layered 

pattern to allow for more lubricious sliding, or how does the rate of MoS2 oxidation depend on 
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sliding speed and load? These are a couple questions that could be answered with an in situ  

Raman test of MoS2.  

As for the spark data, collecting spectra from sparks induced on the prototype as close as 

possible to operating conditions would be the next logical step. To detect arcs invisible to the 

human eye, new methods of collection need to be developed. One possible method would be to 

thread a fiber optic into a brush to view micro arcs occurring in the heart of the contact. 

Additionally, as a more fundamental experiment, it would interesting to test the environmental 

effects on arc properties, including lifetimes, temperatures, and spectral intensity. This is 

envisioned by placing the static spark generator inside the environmental chamber in which 

atmospheres could be varied. 

This dissertation has shown that optical techniques can provide very insightful real time/in 

stiu data, that when combined with tribological measurements, can be used to explain many of 

the fundamentals in friction and wear. With the ability to monitor small areas and produce real 

time results optical measurements/spectroscopy can shed light on many problems dealing with 

structural, chemical, and physical wear mechanisms of a material or system. With the aid of 

optical diagnostics it is expected that new wear resistant materials and more favorable operating 

procedures may be developed so that the energy of a system may be conserved and that lifetimes 

may be enhanced, leading to less expensive and more reliable mechanical systems.
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