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Proper lubrication of sliding electrical contacts is necessary for efficient operation of 

electric motors and generators.  In many cases, the electric brush, which is responsible for 

transferring current between the stationary and moving parts of the circuit, is composed of a 

lubricant, such as graphite, to aid in reduction of friction and brush wear.  For high current 

applications, the presence of a lubricating film can be detrimental to the electrical conductivity.  

Decoupling of graphite lubrication from the electric brush was investigated in ambient air 

environments.  Low brush wear rates (on the order of 10^-11 m/m and lower) and low friction 

coefficients (0.15) were achieved at 40 A/cm^2, but brush wear increased at a current density of 

200 A/cm^2.   

Copper fiber brushes offer improvements in electrical conductivity due to low bulk 

resistivity and large numbers of independent contact points.  However, copper fiber brushes 

sliding on a copper rotor require humid non-oxidizing operating environments to reduce friction 

and wear.  In the present study, copper fiber brush wear rates in humid carbon dioxide 

environments were comparable to graphite lubricated monolithic silver brushes, while brush 

electrical losses per ampere conducted were significantly lower with vapor phase lubricated 

copper fiber brushes (0.07 W/A) than with graphite lubricated silver brushes (0.7 W/A).  From 
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X-ray photoelectron spectroscopy analysis, chemisorbed carbon dioxide on the sliding surfaces 

reacted to form a carbonate species.  Multiple monolayers of water adsorbed on to the sliding 

surfaces from the environment also aided in lubrication.  Proper cooling of the sliding bodies was 

critical to maintaining the adsorbed water layers on the metal surfaces in humid environments.  

Brush wear showed a general trend of higher wear rates for positive brushes compared to 

negative brushes at high sliding velocities (greater than 1 m/s).  Worn copper brush fibers 

examined by electron microscopy showed gross plastic deformation and shearing at fiber 

surfaces after sliding in humid carbon dioxide.  The importance of tribofilm composition in the 

copper-copper humid carbon dioxide system suggested that other vapor phase additives could 

potentially be used to form and replenish thin carbon films on the metal sliding surfaces. 
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CHAPTER 1 
BACKGROUND AND MOTIVATION 

Introduction to Sliding Electrical Contact Applications 

The passage of current across a dynamically changing sliding interface poses a number of 

material design considerations.  Electrical contacts typically utilize soft, noble metals which 

create large contact areas and low contact resistances.  Sliding contacts tend to make use of high 

hardness materials to minimize contact area as well as low shear strength, electrically insulating 

lubricating layers to reduce friction.  In material selection for sliding electrical contacts, the 

tradeoffs between mechanical and electrical properties become apparent.  Optimization of sliding 

electrical contact material selection is often governed by the requirements of the specific 

application. 

Sliding electrical contacts are commonly found in electric motors and generators [1-11].  A 

stationary brush acts as an electrode, transferring current across an interface to (or from) a 

rotating body (rotor, slip ring, or commutator).  Electric motors rely on the interaction between 

moving charged particles and magnetic fields to produce mechanical motion.  For example, 

Figure 1-1 shows a schematic drawing of a slip ring from an electric motor.  Current enters the 

slip ring at the positive brush, travels axially along the slip ring, and then leaves the slip ring at 

the negative brush.  The interaction between the axial current flow through the slip ring and the 

radial magnetic field creates a torque which rotates the slip ring.  The Lorentz force (F) is given 

by Equation 1-1, where q is the charge on the particle, v is the velocity of the particle, and B is 

the magnitude of the magnetic field. 

( )F q v B= ×          (1-1) 
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In Figure 1-1, current flow direction is given rather than electron flow direction, so the particle 

charge is positive; thus, the direction of rotation is clockwise.  The role of the brushes is to 

maintain a completed electrical circuit with the rotating body. 

Electrical brush design has evolved greatly since their initial use in generators and later 

electric motors.  Kendall, McNab, and Wilkin [6] performed a review of current collection 

systems.  The earliest electrical brushes (19th century) were constructed of metal fibers, generally 

copper, because of their high conductivity [6, 12].  Although these metallic brushes had low 

contact resistance, the wear rates, as well as wear rates of the opposing surfaces, were extremely 

high.  The poor tribological performance of metal brushes directly led to the development of 

carbon-based electrical brushes in the early 1900s.  Carbon brushes are still in use today in low 

power electric motors.   

One of the more common forms of the carbon brush is the electrographitic brush.  In 

general, lamellar solids such as graphite, molybdenum disulfide (MoS2), and tungsten disulfide 

(WS2) are excellent solid lubricants.  The lamellar structure of graphite was first discovered by 

Bragg in 1928 by x-ray diffraction [13].  The graphite crystal structure, space group P63/mmc, 

consists of parallel layers (basal planes) of sp2 bonded carbon atoms in a hexagonal array, as 

depicted in Figure 1-2.  The layers are stacked in an ABAB fashion to yield a hexagonal crystal 

structure.  The sp2 bonding configuration creates a stable local chemical environment for each 

carbon atom.  The carbon-carbon bond length within a single layer is 1.42 Å [14].  Graphite 

basal planes are weakly held together by van der Waals forces.  The weak interlayer forces allow 

individual layers to easily slide past each other, resulting in low shear strength for the bulk 

material and generally low friction. 
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The tribological properties of graphite are not intrinsic and are highly dependent on 

operating environment.  This phenomenon was first encountered during World War II in electric 

motors onboard high altitude aircraft [15-18].  Graphite brushes from electric motors 

experienced unexpectedly high wear rates at the higher altitudes—this rapid wear of carbon 

brushes became known as dusting.  It was determined that the absence of oxygen, carbon 

dioxide, and water vapors at high altitudes led to high friction and poor wear resistance of 

graphite brushes [18-20].  A typical wear rate for aircraft generator dusting is 5 × 10-8 m/m, 

while automotive starter brushes under normal use wear at a rate of approximately 1 × 10-9 m/m 

[21].  Other studies have established improved performance of graphite-based brushes in humid 

carbon dioxide (CO2) environments [22-25].  Even small additions of water vapor to the 

operating environment can improve the tribological performance of carbon materials [26]. 

One of the first theories regarding the low friction of graphite was devised by Bragg [13] 

based on diffraction studies.  He proposed that weak interplanar forces allowed for easy shearing 

of the bulk material and low friction behavior.  Although this is true in ambient environments, 

low friction does not persist in all environments, as demonstrated by the dusting of the graphite 

brushes from high-altitude aircraft motors.  A revision to Bragg’s lattice shear theory proposed 

by Rowe [27] discussed the penetration of vapor molecules into the graphite lattice to form an 

intercalation layer.  The presence of an intercalation layer would reduce the attractive forces 

between graphite layers, resulting in decreased shear strength and lower friction.  In addition, the 

intercalation layer would be expected to increase the spacing between layers.  X-ray diffraction 

studies of graphite exposed to water vapor have not shown the predicted lattice expansion due to 

intercalation layer formation [14, 28].  Deacon and Goodman [29] proposed that atoms along the 

edges of basal planes controlled the frictional properties of graphite through edge-face and edge-
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edge interactions with neighboring basal planes.  Edge sites, which have a single dangling bond, 

can readily react with molecules in the gas phase to create a low energy surface.  Zaidi [30] 

reported surface energies for graphite face and edge sites of 0.2 J/m2 and 5 J/m2, respectively.    

If the dangling bonds remain unsaturated, they will increase the attractive forces between the 

basal planes.  Therefore, by saturating the dangling bond sites through gas phase adsorption, low 

friction can be achieved according to Deacon and Goodman [29]. 

Figure 1-3 is a plot of the effective operating range, in terms of sliding velocity and current 

density, for various electric brush materials (adapted from Kendal, McNab, and Wilkin [6]).  

Graphite brushes can function efficiently over a wide range of sliding velocities owing to their 

excellent tribological properties; however, graphite brushes are limited to low current densities.  

Johnson and Moberly [22] found good friction and wear performance with electrical-grade 

graphite brushes at the expense of electrical losses.  The bulk resistivity of graphite combined 

with the resistance of graphite transfer films formed during sliding lead to significant electrical 

losses for the system.  Temperature rises in response to Ohmic heating of the graphite brushes 

are another obstacle to high current operation.  Graphite brush wear increases with increasing 

temperature because of the loss of adsorbed gas species which provide graphite with its low 

friction and low wear behavior.  Additionally, the heat produced through frictional and Ohmic 

heating must be continuously dissipated through some cooling mechanism, which puts an 

additional burden on the system. 

Additions of metal fillers have been used to improve the electrical conductivity of graphite 

brushes.  The graphite component of metal-graphite composite brushes provides low friction 

transfer films while the metal component provides a low resistance pathway for current flow.  

The improvement in conductivity over carbon brushes comes at the expense of mechanical 

16 



 

losses.  Metal-graphite brushes are typically limited to lower sliding velocities than carbon 

brushes (see Figure 1-3).  Metal-graphite composite brushes have been extensively studied for 

high current density applications [1, 7, 16, 23-25, 31-41].  McNab [7] provides a thorough 

review of voltage drop, friction coefficient, and wear rate data for various metal-graphite 

electrical grade brushes under a wide range of operating conditions. 

Metal-plated carbon fiber brushes offer further improvements in electric brush technology 

[6, 42].  Fiber brushes provide a large number of independent points of contact (approximately 

one contact spot per fiber [12]) while monolithic brushes are restricted to a much smaller number 

of contact spots (on the order of ten contact spots per brush [33]).  As a result, fiber brushes can 

operate under lower applied loads than monolithic brushes without increases in contact 

resistance.  Fiber brushes are more compliant than monolithic brushes and are better able to track 

eccentricities in the rotor surface at high sliding velocities.  The presence of carbon in the brush 

material aids in the reduction of friction, but these metal-plated carbon fiber brushes still suffer 

significant electrical losses at high currents largely due to the bulk resistance of the carbon-based 

brush and the resistance of carbon transfer films formed during sliding.   

Many high power motor applications have been limited by the lack of an electric brush 

design that is sufficient for high sliding speeds and high currents.  Liquid metals, such as sodium 

potassium and low melting point bismuth-based alloys, have been the subject of study for current 

collection systems [3, 6, 43-45].  Wear is not a concern with liquid metal current collectors.  

High current densities (up to 3100 A/cm2 [6]) can be managed with liquid metals since the 

current is distributed over a large uniform area as opposed to being concentrated at a brush 

contact.  Liquid metals have certain drawbacks, namely that they require careful handling and 

protective inert environments due to their reactivity [7]. 
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Metal Fiber Brushes for High Current Applications 

Recently, high current electric brush research has reverted back to metal fiber brushes.  

The large number of independent contact spots allow for lower brush pressures to be used with 

metal fiber brushes, which helps to reduce overall mechanical losses despite the high friction 

relative to graphite containing brushes.  A number of studies have shown that metal fiber brushes 

can efficiently operate in humid, non-oxidizing environments with wear rates of approximately 

10-11 m/m [8, 12, 46-48].  Brush wear is typically determined through length measurements, and 

brush wear rates are quantified by the ratio of change in length to total sliding distance.  Wear 

rate is an important property in fiber brush design [12].  For a wear rate of 10-11 m/m at a sliding 

velocity of 5 m/s, the total brush wear will be less than 2 mm per year.  Brushes must be able to 

accommodate this wear without negatively impacting performance.  Because metal fiber brushes 

do not use solid lubricants, they demonstrate great potential for high power current collection 

systems.   

Three factors contribute to the resistance of electrical brushes, as shown in Equation 1-2 

[12].   

0B FR R R R= + + C         (1-2) 

The total brush resistance (RB) is given by the sum of the bulk resistance (R0), the surface film 

resistance (RF), and the constriction resistance (RC).  Constriction resistance refers to the 

constriction of current flow lines at individual contact spots [49].  All three components 

contribute to the total resistance for graphite brushes.  For metal fiber brushes, the bulk 

resistance and constriction resistance are very small and can be assumed to be negligible [12].  

Therefore, the total resistance for metal fiber brushes is dominated by the surface films. 
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Although not shown in the electric brush material capability plot of Figure 1-3, metal fiber 

brushes have operated at velocities (up to 40 m/s [46]) and current densities (up to 1240 A/cm2 

[8, 48]) comparable to other electric brush materials.  The filamentous nature of the brush gives 

it distinct advantages over monolithic brushes.  Monolithic carbon brushes require higher loads 

than fiber brushes to maintain continuous contact with the rotor or slip ring surface, and higher 

loads result in higher wear and higher frictional losses.  Carbon brushes also generate significant 

amounts of carbon debris that can be deposited throughout the machine.  The carbon dust can 

create alternate pathways for current flow, leading to inadvertent shorting or grounding of the 

circuit [2].  Debris from metal fiber brush wear is much denser than carbon dust and, although 

capable of creating electrical shorts, metal debris is less easily transported throughout the 

machine.  Binders in carbon brushes can degrade at high temperatures typical of high current 

operation, further reducing wear resistance of carbon brushes. 

Kuhlmann-Wilsdorf [47] analyzed specific brush loss, defined as the heat generated per 

ampere conducted, to determine the optimal brush pressure and current density for metal fiber 

brush contacts.  Mechanical losses, due to frictional heating, and electrical losses, due to Ohmic 

heating, contribute to the overall heat loss of a brush contact.  The mechanical loss (LM) per unit 

of current is a function of friction coefficient (µ), sliding velocity (υ), brush force (P), and 

current (I), and is given by Equation 1-3. 

M

P
L

I
μυ

=          (1-3) 

The electrical loss (LE) per unit of current is a function of the overall brush resistance and 

current, and is given by Equation 1-4. 

E BL R= I           (1-4) 
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The total loss for a brush contact is the sum of the mechanical and electrical terms, as shown in 

Equation 1-5. 

T ML L L= + E          (1-5) 

Kuhlmann-Wilsdorf [47] applied this analysis to gold fiber brushes operating in humid 

argon environments.  Shown in Figure 1-4 are schematic plots of the brush losses per ampere as 

a function of pressure and current density.  Mechanical losses increase with increasing brush 

pressure while electrical losses decrease with increasing brush pressure.  The total brush 

resistance, RB, is dependent on the real area of contact, which in turn is dependent on the applied 

load.  As the load increases, the real area of contact increases due to an increase in the size and 

number of contact spots through deformation of the mating surfaces.  The increased contact area 

gives rise to decreased brush resistance and decreased electrical losses.  In terms of current 

density, electrical losses are directly proportional to the current, and mechanical losses are 

inversely proportional to the current.  Minimization of total losses occurs when mechanical and 

electrical losses per ampere are approximately equivalent.   

At high current densities, electrical losses dominate total brush losses.  Gubser [5] lists 

typical values for high power (25 MW) electric motors of approximately 50,000 A and 500 V, 

with linear sliding velocities of approximately 15 m/s.  The superiority of metal fiber brushes 

over graphite and metal-graphite composite brushes at high currents is apparent when 

considering Figure 1-4.  The low friction coefficients and low mechanical losses for graphite-

based brushes are far outweighed by the high electrical losses.  While the total resistance of 

graphite-based brushes is composed of bulk resistance, film resistance, and constriction 

resistance, only film resistance significantly contributes to the total resistance of metal fiber 

brushes.  Moreover, the film resistance of a metal fiber brush is orders of magnitude lower than 
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the resistance of the transfer film formed under graphite-containing brushes [33].  The inherently 

low resistance of metal fiber brushes compared to other potential brush materials becomes 

increasingly important at high current densities.  Metal fiber brushes are ideally suited for high 

current, low voltage applications because of their low bulk resistivity, low film resistivity, and 

low constriction resistance due to the large number of contact spots [47].   

Operating environment is a fundamental part of efficient metal fiber brush operation.  

Oxidation of the metal contact surfaces can be detrimental to high current applications.  Non-

oxidizing cover gases are typically used to minimize oxide film growth.  Inert gas environments 

can also be used to prevent surface reactions which may yield other non-conductive surface 

films.  However, lubricating surface films are desired to prevent adhesion in the metal-on-metal 

contact and improve brush lifetimes through reduced friction and wear.  Operating environments 

saturated with water (greater than 95% relative humidity) produce thin layers of adsorbed water 

on the sliding surfaces which act as a boundary lubricant.  Metal fiber brushes have also been 

tested under high currents in ambient air [2, 50] and dry inert environments [51] with reasonable 

success.  Water-saturated CO2 environments, which have been successfully employed with high 

current metal-graphite brushes [23-25, 33, 37, 39], have also been utilized with metal fiber 

brushes [8, 48, 52], although the mechanisms by which humid CO2 environments lubricate metal 

fiber brush sliding electrical contacts are not well understood. 

The primary goal of this study was to examine lubrication methods for high current density 

metallic sliding electrical contacts.  Solid lubricants have traditionally been incorporated into 

electrical brush materials.  Decoupling of the solid lubricant component from the metal brush 

was investigated for lubrication of high current density sliding contacts in ambient air.  Solid 

lubricant transfer films can effectively lubricate metallic sliding electrical contacts without the 
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aid of a protective environment.  Graphite was studied because of its relatively high conductivity 

compared to most solid lubricants.  Polytetrafluoroethylene (PTFE), which is a poor electrical 

conductor, was selected for study because of its ability to form very thin lubricating transfer 

films.  Film resistivity is viewed as the limiting factor for use of solid lubricants in high current 

applications.  Independent brush and lubricant loading were tested as a means of reducing 

transfer film thickness and reducing electrical losses.   

An alternative to solid lubrication is vapor phase lubrication of high current metallic 

sliding electrical contacts.  Vapor phase lubrication of metal fiber brush contacts on a metal slip 

ring present a promising combination for high current operation.  Adsorbed gas species are used 

to reduce friction and wear while minimizing electrical losses.  The adsorbed films formed 

through vapor phase lubrication are much thinner than the solid lubricant transfer films, and 

accordingly, the resistance across the adsorbed films is lower as well.  Various surface 

characterization techniques were used in this study to examine the interaction between copper 

fiber brush sliding electrical contacts and a humid CO2 operating environment and to understand 

the chemistry of tribofilms formed in the contacts.  Rotor wear was studied in situ at high current 

densities (180 A/cm2) in a controlled humid CO2 environment using non-contacting 

profilometry.  Polarity effects on contact resistance, friction, and wear were also investigated 

over a range of sliding velocities for copper fiber brush contacts.  Ultimately, the purpose of the 

vapor phase lubrication study was to relate surface chemistry to the wear mechanisms and 

electrical properties of copper fiber brush sliding electrical contacts. 
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Figure 1-1.  Schematic drawing of electric motor slip ring with brush contacts (adapted from 
Superczynski and Waltman [44]).  The radial magnetic field (B) interacting with the 
axial current flow (I) through the slip ring creates a torque which drives slip ring 
rotation in the clockwise direction. 

 

Figure 1-2.  Schematic drawing of lamellar graphite structure. 
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Figure 1-3.  Electric brush material capability plot (adapted from Kendall, McNab, and Wilkin 
[6]). 
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   A           B 

Figure 1-4.  Plots of mechanical (LM), electrical (LE), and total (LT) losses per ampere for metal 
fiber brush contacts (adapted from Kuhlmann-Wilsdorf [47]).  A) Dependence of 
losses on brush pressure.  B) Dependence of losses on current density.   
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CHAPTER 2 
EXPERIMENTAL PROCEDURES 

Decoupled Solid Lubrication of Sliding Electrical Contacts 

Brush-on-Rotor Tribometer Design 

A brush-rotor tribometer was designed to test solid lubricants in a unidirectional sliding 

brush-on-rotor configuration [53].  Figure 2-1 presents an isometric line drawing of key 

tribometer components (frame components are removed for simplicity).  A 500 W (0–2500 

RPM) motor was used to drive a copper disk directly mounted to a keyed shaft.  The disk was 

made of solid copper (UNS C11000, 99.9% pure) and had a diameter of 152.4 mm and thickness 

of 25.4 mm.  A polyetheretherketone (PEEK) hub was designed to isolate the motor from current 

flow through the brush/rotor electrical path.  The brushes were located on independent tracks on 

the lateral surface of the disk and were mounted to an electrically controlled pneumatic air 

cylinder and thruster system for load application.  The compressed-air-driven pneumatic system 

provided brush load and lubricant load control in the range of 0–37 N. 

Figure 2-2 provides a detailed view of the thruster assembly, including additional sensors 

and instrumentation [53].  The brush/thruster assemblies were mounted to the frame through 

individual six-channel multi-axis load cells.  The load cells, rated for a maximum load of 200 N 

and maximum torque of approximately 10 N-m, were obtained from Mechanical Technology, 

Inc. (Watertown, MA).  Each brush/thruster assembly was fitted with a magnetic field sensing 

linear variable differential transformer (LVDT) to measure linear wear of the brushes.  The 

LVDTs, from RDP Electrosense (Pottstown, PA) had a travel of 10 mm in the linear output 

signal range and an uncertainty of ± 5.2 µm.  All brush wear rates were reported in non-

dimensional units of linear brush wear per unit of sliding distance (m/m), which is traditional for 

electrical brush research. 
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The graphite solid lubricant was applied to the rotor surface using electro-pneumatic 

thruster assemblies similar to those used for the brushes, with the exception of a load cell.  A 

description of the solid lubricant preparation can be found in the “Solid Lubricant Preparation” 

section.  The lubricant application force was approximated using the pneumatic cylinder 

diameter and measured voltage input to the calibrated regulator system.  A LVDT was mounted 

to each lubricant applicator to measure lubricant wear.  For long duration tests, graphite pins 

were replaced as needed.  Without stopping the rotor, the load was removed from the depleted 

lubricant pins, and the lubricant applicators were lowered away from the rotor.  The used 

graphite pins were removed and replaced with new pins.  The new graphite pins were then 

brought into contact with the rotor surface, and load was reapplied.  Lubricant pin load was 

maintained at approximately 5 N. 

Monolithic silver (99.95% Ag) and silver alloy (92.5% Ag, 7.5% Cu by weight) brushes 

for conducting current into and out of the copper rotor were used in this study.  Silver brushes 

were selected to investigate the transfer of material between brush and rotor surfaces.  Silver 

alloy brushes were utilized in additional testing because the alloy had a higher hardness than 

pure silver and detailed study of material transfer was no longer needed.  Material for the brushes 

was obtained from Surepure Chemetals (Florham Park, NJ).  Cylindrical silver and silver alloy 

rods (6 mm diameter) were cut to lengths of approximately 10 mm for each brush.  The 

contacting faces of the metal brushes were machined to a nominal area of 27 mm2.  A K-type 

thermocouple was attached to the side of each brush, and a non-contacting infrared temperature 

sensor was used to measure the temperature of the copper rotor.  The copper rotor surface was 

lathe-turned and lightly sanded with 240-grit silicon carbide paper.  To ensure that the radius of 

curvature of the brushes matched the curvature of the rotor, the brushes were lightly loaded 
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against the rotor, which was wrapped with 240-grit silicon carbide paper, and the rotor was 

slowly turned by hand.  The paper was then removed, and the graphite lubricant pins were loaded 

against the freely rotating rotor to develop a transfer film.  When a uniform graphite transfer film 

was visible on the rotor surface, the brushes were loaded against the rotor to begin the run-in 

process.  Brush normal load was maintained at 5.5 N (2.0 × 105 Pa), and the linear sliding speed 

of the rotor surface was 1.6 m/s.  All testing with graphite lubricants was conducted in ambient 

air. 

A 0–100 A, 0–10 V DC Instek power supply (obtained from Fotronic Corporation; 

Melrose, MA) was used to provide the desired current.  A diagram of the electrical circuit for the 

brush-rotor system is shown in Figure 2-3 [53].  For this study, the brush that had electrons 

impinging on its sliding surface (Figure 2-3, left) was referred to as the positive brush, and the 

brush that was emitting electrons from its sliding surface (Figure 2-3, right) was referred to as 

the negative brush.  Current flow direction, which is opposite the direction of electron flow, 

occurred from the positive brush, through the rotor, to the negative brush.  The brush and 

lubricant pin holders had insulating spacers to separate the sensors (LVDTs and load cells) from 

the current path.  Voltage drop was measured across the brush-rotor contacts, and current 

through the brush path was measured using an ammeter.  Contact resistance, which represented 

the combined resistance across both brush contacts, was calculated based on the measured 

voltage drop and measured current.  Brush normal and frictional loads, brush and lubricant wear, 

voltage drop, current, brush temperature, and rotor temperature were recorded using LabView 

software. 

Solid Lubricant Preparation 

Solid lubricant pins were formed from graphite powder (Dixon Southwestern Graphite, 

Lakehurst, NJ) with an average particle size of 2 µm.  A mass of 1000 mg of graphite powder 
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was used for each pin.  The powder was compressed in a cylindrical titanium mold (6.4 mm 

inner diameter, 25.4 mm outer diameter, 50.8 mm long) using a cylindrical drill blank (6.4 mm 

diameter) and a Carver pneumatic press.  The powder mold was held at a load of 22,200 N for 30 

s at room temperature.  No additional binder was used to hold the graphite particulates together.  

After removing the graphite pin from the mold, the faces of the pin were lightly sanded to 

remove the flash and eccentricities other irregularities left over from the molding process.  The 

final length of the lubricant pin was approximately 15 to 20 mm. 

Alternative Solid Lubricants for Sliding Electrical Contacts 

In addition to graphite, polytetrafluoroethylene (PTFE) and PTFE-based solid lubricants 

were also investigated due to their ability to form thin, lubricious transfer films.  Of particular 

interest was a PTFE-indium (PTFE/In) composite (10 vol% indium).  Although PTFE is a very 

poor conductor, thin transfer films permit metal-metal contact at the sliding interface for 

adequate electrical conductivity.  The addition of indium to PTFE created a conductive phase 

within the transfer film to further reduce contact resistance.  Because indium has a low shear 

strength, the frictional properties of the system should not be adversely affected.  The brush-rotor 

tribometer (Figure 2-1, Figure 2-2, and Figure 2-3) was used to test the effectiveness of PTFE 

and PTFE/In as lubricants for sliding electrical contacts.  Samples of PTFE and PTFE/In were 

machined into pins from bulk material to final dimensions of approximately 8 mm by 10 mm by 

20 mm.  The sliding surface of the lubricant pins had a surface area of approximately 80 mm2.  

The base of each pin was machined into a 6 mm diameter cylinder (approximately 5 mm in 

length) to fit into the lubricant applicator holders.   

Filamentous copper brushes, supplied by SSI Technologies, Inc., were used with the PTFE 

and PTFE/In solid lubricants.  A photograph of one of the as-received copper fiber brushes is 

shown in Figure 2-4.  The brush consisted of a bundle of vertically aligned copper fibers 
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wrapped in a copper wire mesh.  Each individual copper fiber had a diameter between 

approximately 60 and 70 µm.  The copper fiber bundle was soldered to a solid copper base, 

which was used as a conductive pathway to deliver current to the fiber pack.  The fiber bundle 

measured approximately 10 mm in length, 5 mm in width, and 10 mm in height.  More details on 

the properties and characterization of the copper fiber brushes can be found in the Results 

(Chapter 3) section titled “Characterization of Copper Fiber Brushes”.  The brushes had a slight 

radius of curvature (~76 mm) machined into their surfaces to match the curvature of the copper 

rotor. 

Environmental Effects on Copper Fiber Brush Sliding Electrical Contacts 

Copper Fiber Brush Characterization 

As-received copper fiber brushes were photographed and characterized using scanning 

electron microscopy (SEM) prior to testing.  SEM micrographs were used to calculate the fiber 

packing fraction of each brush and qualitatively evaluate the surface morphology of the as-

received fibers.  Because brush wear was quantified by length change, brush mass was not 

recorded prior to testing.  Brush wear rate determination from mass measurements tends to be 

unreliable because of many factors, including debris accumulation in the void spaces between 

fibers.   

Prior to tribological testing, unworn copper fibers were sectioned and removed from a 

brush for microhardness measurements.  The fibers were affixed to a stainless steel sample clip 

using a cyanoacrylate adhesive.  The sample clip and fibers were then mounted in quick-curing 

epoxy with the fibers vertically aligned.  The epoxy-mounted samples were prepared through 

wet-grinding with progressively finer silicon carbide paper from 400-grit through 600-grit to 

create transverse cross sections of the copper fibers.  Final polishing was performed using 

alumina particle slurries (0.9, 0.3, and 0.05 µm) on a synthetic velvet cloth.  A CSM Micro-
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Combi Tester (CSM Instruments; Needham, MA) was used to evaluate the microhardness of the 

as-received copper fibers.  A Vickers diamond tip indenter was used for all measurements.  The 

applied load was linearly ramped from 0 to 98 mN over 30 s, followed by a 10 s hold at 98 mN, 

and finally a linear decrease of load from 98 to 0 mN over 30 s.  Because the fiber diameter was 

approximately 70 µm, only one indent could be made per fiber under the given load.  An optical 

microscope (Leica DM LM) was used to image the indents.  Dimensions of each indent were 

measured and used to calculate the hardness. 

The stiffness of an as-received copper fiber brush was measured under compressive 

loading using the testing apparatus shown in Figure 2-5.  A copper fiber brush was attached to 

the underside of the PEEK flexure.  The flexure was dead-weight loaded to bring the brush into 

contact with a flat copper surface.  A vertically mounted LVDT was attached to the backside of 

the flexure to measure displacement.  Voltage output from the LVDT was recorded using 

LabView data acquisition software.  Applied load was incrementally increased to 20 N and then 

incrementally decreased to 0 N to generate loading and unloading curves for the copper fiber 

brush. 

Brush-on-Rotor High Sliding Velocity Testing 

In the present study, high sliding velocities were defined as greater than 1 m/s.  

Accordingly, low sliding velocities were defined as less than 1 m/s.  Applications which would 

potentially make use of copper fiber brush sliding electrical contacts typically have sliding 

velocities in the range of 1 to 100 m/s.  Tribological testing of copper fiber brushes in humid 

environments was performed at both high and low sliding velocities to address practical issues as 

well as investigate more fundamental questions. 

31 



 

Environmental brush-on-rotor tribometer design 

A second iteration of the customized brush-rotor tribometer was designed and constructed 

for high sliding velocity testing in controlled environments [54].  Of particular interest were non-

oxidizing gas environments with high relative humidity (greater than 90% RH).  To maintain a 

controlled test environment, the tribometer was designed to fit inside of a large glove box 

(Vacuum Atmospheres Company; Hawthorne, CA).  The glove box was equipped with 

automated pressure control system and vacuum feedthroughs which facilitated exchange of 

samples without compromising the test environment.   

A line drawing of the key tribometer components is shown in Figure 2-6.  The base and 

frame components have been removed from the drawing for clarity.  The rotor was machined 

from a copper disk (UNS C11000) to final dimensions of 152.4 mm diameter and 25.4 mm 

thickness.  The copper rotor was mounted onto a cartridge spindle with collet (SKF, model 

2750C) and driven by a timing belt-and-pulley system using a stepper motor (Parker Hannifin, 

model ZETA83-135-MO), allowing for surface sliding speeds up to 10 m/s.  An encoder (BEI, 

model XH535F) mounted on the spindle shaft was used to couple data with rotor angular 

position.  Filamentous copper brushes, provided by SSI Technologies, were used for all 

environmental studies.  The fiber bundle measured approximately 10 mm in length, 5 mm in 

width, and 10 mm in height.  The diameter of individual fibers was between 60 and 70 µm, and 

the fiber packing fraction was approximately 0.5.  The copper fiber brushes used in tribological 

testing were the same as that shown in Figure 2-4 with the addition of a flame-sprayed zinc 

coating on the exterior of the copper mesh wrapped around the fiber bundle.  Further details on 

the copper fiber brushes can be found in the Results (Chapter 3) section titled “Characterization 

of Copper Fiber Brushes”. 
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As in the previous version of the brush-rotor tribometer, the environmental brush-rotor 

tribometer was a two brush system with both brushes sliding on the radial surface of the rotor.  

The brushes were offset so that each brush had an independent track in which to slide.  The 

brushes were mounted to flexible copper foil cantilevers (approximately 0.9 mm thick).  Details 

of the brush holder assembly and components can be seen in the line drawing in Figure 2-7.  A 

spring-loaded differential variable reluctance transducer (DVRT; Microstrain, Inc.; Williston, 

VT) was mounted to a rigid support behind each brush.  The spherical-tipped plunger of the 

DVRT rested against the back of the brush and measured linear brush displacement.  Each 

DVRT had a stroke length of 8 mm and a resolution of 2.0 µm.  A micrometer-driven linear 

stage (Parker Hannifin Corporation) was used to position the brush holder assembly, bring the 

brush into contact with the rotor surface, and apply a normal force.   

The combination of the copper foil cantilever deflection and DVRT spring compression 

provided the normal load for the brush.  Calibration prior to testing verified that the normal load 

varied linearly over the range of loads investigated.  The stiffness of the brush assemblies were 

0.759 N/mm for the left brush assembly and 0.707 N/mm for the right brush assembly.  Periodic 

adjustments to the brush load were made to correct for brush wear.  Normal loads and friction 

loads were measured using single-axis flexure load cells (Strain Measurement Devices; 

Wallingford, CT) in the configuration shown in Figure 2-7.  Rigid PEEK brackets insulated the 

load cells from the current path.  The load cells had a range of 0 to 10 N with a resolution of 4 

mN.  The exposed surfaces of the load cells were coated with a water-proof silicone sealant to 

prevent moisture absorption during prolonged exposure to humid environments.   

Ambient temperature and humidity inside the glove box were measured with a thermo-

hygrometer (model RH411; Omega; Stamford, CT).  A recirculating chiller bath (ThermoFlex 
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1400; Thermo Scientific) with a temperature stability of ±0.1 °C was used to actively cool the 

copper rotor.  Cooling water was supplied to the rotating copper disk through a rotary union 

attachment (Duff-Norton; Charlotte, NC) on the face of the copper disk.  Water traveled from the 

recirculating chiller through the rotary union inlet to a cavity inside of the copper rotor and then 

back out through the rotary union outlet to the recirculating chiller.  A second recirculating 

chiller supplied temperature controlled water to a heat exchanger inside the glove box which 

regulated the ambient temperature.  A fan was positioned so that it circulated gas over the heat 

exchanger to maintain consistent temperature throughout the environment chamber.  An adhesive 

K-type thermocouple was attached to each copper foil adjacent to the brush base plate to provide 

a measure of the brush temperature.  The glove box was backfilled with CO2 gas, and a slight 

positive pressure was maintained.  An oxygen sensor (DF-310 E; Delta F Corp.; Woburn, MA) 

was used to monitor oxygen levels inside the glove box.  After purging the test environment, the 

oxygen concentration was below 100 ppm for all tests.  Beakers of distilled water were placed 

inside the glove box to saturate the environment with water vapor. 

A schematic drawing of the electrical circuit is shown in Figure 2-8.  Current was provided 

by a 0–300 A, 0–10 V DC power supply.  The copper cantilevers were used as conductive 

pathways to transmit current to the brushes.  The voltage drop across each brush contact was 

measured independently.  Voltage tap wires were attached at the base of both brushes using ring 

terminals and the brush mounting screws.  A third dead-loaded filamentous copper brush was 

installed as a voltage tap on the rotor and was positioned on the back face of the rotor so as not to 

interfere with the other two brushes.  As shown in Figure 2-8, there were a total of three 

independent voltage measurements in the circuit.   
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A full-scale high current density motor typically has a large number of electric brushes 

operating in parallel.  The tribometer described here was limited to a two brush system (with a 

third brush acting as a voltage pickup).  This design presented difficulties in terms of maintaining 

constant current flow.  The dynamics of the system can cause the brushes to bounce, thereby 

breaking the electrical circuit and interrupting current flow.  To simulate multiple parallel current 

paths in the two brush system, a resistor was constructed from coiled copper tubing and 

connected in parallel with the brush circuit.  The resistance of the parallel resistor was 

approximately half of the total resistance across the brush-rotor contacts; this ensured that a 

majority of the current (approximately two-thirds) from the power supply passed through the 

parallel resistor while the remaining current (approximately one-third) passed through the 

brushes and rotor.  Two Hall Effect sensors (AmpLoc; Goleta, CA), each rated for 300 A, were 

used to determine the current split between the parallel resistor path and the brush-rotor path.  

The current flow through the brushes (iB) was measured with one Hall effect sensor, while the 

total current output from the power supply (i) was measured by the second sensor.  The current 

through the parallel path (iP), which was not a measured value, was calculated by subtracting the 

brush current from the total current.   

The voltage drop across each brush-rotor contact was calculated by taking the difference 

between the measured brush voltage and rotor voltage.  According to Figure 2-8, V1 is the 

voltage measured at the positive brush, V2 is the voltage measured at the rotor, and V3 is the 

voltage measured at the negative brush.  The voltage drop across the positive brush interface 

(VPB) is simply the difference between V1 and V2, while the voltage drop across the negative 

brush interface (VNB) is the difference between V2 and V3.   
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The bulk resistance of the copper rotor and the brushes is negligible when compared to the 

contact resistance of the brush-rotor interface.  Using Ohm’s Law, the contact resistances for the 

positive brush (RPB) and negative brush (RNB) were calculated according to Equations 2-1 and 2-

2. 
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A scanning white light interferometer (SWLI; Ambios Technology, model Xi-100) with a 

10X Mirau objective was mounted directly above the rotor, as shown in Figure 2-6.  A two-axis 

linear stage (Parker Hannifin, model 4400) was used to position the interferometer above the two 

wear tracks.  The rotor was stopped at various points throughout testing, and the SWLI was used 

to measure the topography of the rotor surface.  The scan area was 504 µm by 504 µm.  Scan 

locations were selected inside both of the rotor wear tracks and compared to a location away 

from the wear tracks (representative of the original rotor surface).  To operate the SWLI in a high 

humidity environment, the body of the interferometer was back-filled with dry CO2 to provide a 

positive pressure and prevent moisture accumulation inside of the instrument.  Additionally, an 

adhesive Kapton heater (Omega, model KH) was wrapped around the objective to heat it to a 

temperature above the ambient temperature and prevent water from condensing on the lens.  The 

entire glove box rested on pneumatic vibration isolators.  Multiple scans of each wear track were 

acquired and averaged together. 

Rotor subcooling 

Independent ambient and rotor temperature control made it possible to regulate local 

relative humidity at the sliding contacts.  For this study, sustaining a rotor temperature below the 
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dew point temperature was referred to as rotor subcooling.  Because the operating environment 

was approximately at 100% RH, the ambient temperature was assumed to be the dew point 

temperature.  The amount of subcooling was quantified as the difference in temperature between 

the brush/rotor contact and the ambient (glove box) environment temperature.  To enhance 

condensation at the contacting interface during tribological testing, the rotor temperature was 

maintained approximately 2°C below the ambient temperature.   

The derivation of the relationship between temperature and the saturated vapor pressure of 

water was described by Gaskell [55].  The Clausius-Clapeyron equation, as shown in Equation 2-

3, applies to equilibrium between the vapor phase and a condensed phase. 

2ln
H

d P dT
RT
Δ

=          (2-3) 

The ideal gas constant, R, is 8.3144 J·mol-1·K-1, while P is the vapor pressure, T is the 

temperature, and ΔH is the change in molar enthalpy.  The change in molar heat capacity was 

calculated for the change of state from liquid to vapor.  Values for the molar heat capacities 

(units of J/K) of water in the vapor (Cp,H2O(v)) and liquid (Cp,H2O(l)) states were taken from Gaskell 

[55]. 
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Thus, the change in molar heat capacity for the transition from liquid to vapor is the difference 

between Cp,H2O(v) and Cp,H2O(l).   

3 5
( ) 45.44 10.71 10 0.33 10p l vc T− −
→Δ = − + × + ×  

Given that the change in enthalpy for evaporation (ΔHevap) is 41,090 J at the boiling temperature 

of 373 K, the change in enthalpy for evaporation at any temperature is given by the following 

expression. 
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Substituting values into Equation 2.3 and integrating yields the following expressions for the 

saturated vapor pressure of water as a function of temperature. 
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The constant of integration, C1, can be evaluated at the boiling point, where both the temperature 

(T = 373 K) and saturated vapor pressure (P = 101,325 Pa) are known. The result is a value of 

62.14 Pa for the constant, C1.  Thus, the final equation relating the saturated vapor pressure of 

water (in Pa) to temperature is given by Equation 2-4. 
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Relative humidity is the ratio of the vapor pressure of water to the saturated vapor pressure 

at a given temperature, expressed as a percentage.  As can be seen in Figure 2-9, relative 

humidity has a strong dependence on temperature.  Assuming the operating environment is at a 

temperature of 20°C and a constant water partial pressure of 2,000 Pa, the relative humidity 

would be approximately 85%.  If the temperature of the operating environment increased to 30°C 

with the partial pressure of water remaining constant, the relative humidity would decrease to a 

value of 47%.   
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Relative humidity becomes increasingly important when examining the local environment.  

As the temperatures of the sliding surfaces increase due to frictional heating and Ohmic heating, 

the gas temperature near the sliding surface will increase accordingly.  Because the partial 

pressure of water remains constant, the relative humidity must decrease in response to the 

temperature rise.  The amount of water adsorbed on to the sliding surfaces is directly dependent 

on the local relative humidity.  Therefore, to maximize water adsorption, the rotor temperature 

was maintained several degrees below the ambient temperature.  Although the brushes were not 

actively cooled, the rotor cooling system successfully transferred heat away from the brush 

contacts to maintain brush temperatures near the ambient temperature. 

High sliding velocity test conditions 

For the brush-rotor tribometer, the brush normal load was maintained at approximately 0.7 

N (1.4 × 104 Pa).  Brush normal load was periodically adjusted to correct for decreases due to 

brush wear.  The sliding velocity was constant at 5 m/s, and the current density was 

approximately 180 A/cm2.  Prior to testing, the glove box was purged with dry CO2 gas.  During 

testing, the relative humidity was greater than 95% and the oxygen concentration was below 100 

ppm.  The ambient temperature inside the glove box was approximately 26°C.  Rotor 

temperature was approximately 24°C (2°C subcool).  Brushes were examined prior to and after 

testing using scanning electron microscopy and scanning white light interferometry. 

Polarity effects on arcing in copper fiber brush contacts 

The effects of arc discharges on material transfer in the copper fiber brush system were 

investigated for the positive brush and negative brush polarities.  The PEEK flexure shown in 

Figure 2-5 was used to study copper fiber brushes in a stationary switching contact in ambient air 

environments.  Current was sourced through the contact using a 0–100 A, 0–10 V DC Instek 

power supply (Fotronic Corporation; Melrose, MA).  The flexure was loaded and unloaded 
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repeatedly to create a switching contact.  Light emitted from arcing events at the contact was 

collected using a fiber optic positioned approximately 1 cm from the interface.  The emitted light 

was analyzed using a TriVista triple spectrometer from Princeton Instruments.  Voltage signal 

was recorded from a photomultiplier tube (PMT) tuned to the 521.8 nm Cu(I) emission line.  

Positive and negative brush polarities were investigated for the same brush contact. 

The environmental brush-rotor tribometer shown in Figure 2-6 was used to study arcing 

under copper fiber brush contacts while sliding in a controlled environment.  Testing was 

performed in both ambient air and humid CO2 environments at a sliding velocity of 2.5 m/s.  

Current was sourced through the brush-rotor contact using a 0–300 A, 0–10 V DC power supply.  

The electrical circuit for the system remained the same as that shown in Figure 2-8.  The brush 

load was reduced to nearly zero to intentionally induce visible arcing events at the sliding 

interface.  A fiber optic was positioned parallel to the sliding contact to collect light emitted from 

the arc discharges.   The collected light was analyzed using the TriVista triple spectrometer from 

Princeton Instruments.  Current flow direction was reversed several times to examine polarity 

effects on arcing at the same sliding interface. 

Reciprocating Low Sliding Velocity Testing with Copper Fiber Brushes 

Tribological studies of electric brush materials are typically performed at sliding velocities 

ranging from 1 to 100 m/s [2, 8, 46, 48] because these velocities are commonly encountered in 

the intended applications.  Measurement difficulties arise in high sliding velocity tests from 

system dynamics.  Vibrations can cause the brushes to skip over the rotor surface, which 

influences measurements of friction and contact voltage drop.  Moreover, vibrations can induce 

additional material removal mechanisms.  If, when the brush breaks contact, the voltage drop 

across the newly formed gap between the brush and rotor is large enough, an arc will form.  The 
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use of low sliding velocities was intended to simplify the study of sliding electrical contacts by 

removing unwanted dynamic effects that influence critical measurements. 

Reciprocating tribometer design 

The tribological behavior of copper sliding electrical contacts was investigated at low 

sliding velocities using a linear reciprocating tribometer inside of an acrylic environmental 

enclosure [56].  A line drawing of the linear reciprocating tribometer is shown in Figure 2-10.  

The tribometer was integrated with a scanning white light interferometer (Zygo NewView 5032) 

for in situ measurements of counterface topography and wear.  The interferometer had a vertical 

scan range of up to 5 mm and had a height resolution of 0.1 nm. 

The copper fiber brush was made by rolling a copper wire mesh into a cylindrical bundle 

and soldering the bundle at one end.  The diameter of the brush was approximately 3 mm, and 

the diameter of an individual fiber was between 60 and 70 µm.  The brush was held in place by 

an aluminum cantilever brush holder, as shown in Figure 2-11.  The aluminum brush holder was 

mounted to a PEEK backing plate, which was attached to a six-channel multi-axis load cell (JR3, 

Inc.; 100 N maximum load) for measuring normal and frictional forces.  Normal load was 

applied through elastic deflection of the double leaf spring flexure; load adjustment was 

controlled manually through a micrometer-driven vertical stage.   

The copper counterface was prepared using wet-grinding with progressively finer silicon 

carbide papers, starting with 600-grit and ending with 1200-grit.  Final polishing was performed 

with alumina particle slurries of 0.9, 0.3, and 0.05 µm particle sizes on synthetic velvet cloth.  

The final average surface roughness of the polished counterface was less than 50 nm.  The 

polished counterface was mounted to a copper backing plate which was bolted to the copper 

cooling stage.  A temperature controlled water circulator (ThermoFlex 1400 from Thermo 

Scientific) was used to supply cooling water to the cooling stage and regulate the sample 
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temperature.  An adhesive K-type thermocouple was affixed to the copper backing plate to 

measure the sample temperature.  The cooling stage was attached to the linear stage, and the 

entire stage assembly was driven by a stepper motor with a speed range of 0-140 mm/s and 

positional accuracy of 1.5 µm.  A position encoder was used to measure the position of the linear 

stage.  Because of the fine positional resolution of the stepper motor, the same location (± 2 µm) 

within the wear track was analyzed repeatedly with the interferometer. 

A 0–100 A, 0–10 V DC Instek power supply (Fotronic Corporation; Melrose, MA) was 

used to source current through the brush-counterface contact.    A current carrying wire from the 

power supply was soldered to the back of the copper fiber brush, and a second current wire from 

the power supply was connected to the copper backing plate of the counterface using a ring 

terminal (as shown in Figure 2-11).  The voltage drop across the contact was measured using the 

data acquisition hardware and recorded in the customized software.  Wires were soldered to the 

copper fiber brush and attached to the copper backing plate of the counterface to make the 

voltage measurement.  Circulated cooling water in the copper cooling stage was used to offset 

the resistive heating from the current flow through the circuit.  The load cell was isolated from 

the electrical circuit by the PEEK plate behind the aluminum brush holder. 

The tribometer was enclosed in an acrylic environment chamber (not shown in Figure 2-

10) to provide control over the operating environment.  The chamber had dimensions of 216 mm 

(width) by 279 mm (length) by 114 mm (height).  Testing was primarily conducted in humid 

carbon dioxide environments.  Dry carbon dioxide gas was bubbled through a beaker of distilled 

water before entering the chamber.  A resistive heater was wrapped around the beaker to increase 

the temperature of the water bath and increase the water content of the gas stream.  The 

temperature of the water beaker was regulated using a K-type thermocouple and an Omega 
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temperature controller.  The chamber was back-filled with humid carbon dioxide gas until the 

oxygen concentration was below 100 ppm and the relative humidity was above 95%.  Relative 

humidity and ambient temperature inside the chamber were measured using a thermo-

hygrometer (Omega RH411).  Oxygen concentration in the operating environment was measured 

with an oxygen sensor from Delta F Corporation (DF-310 E).   

A flexible Kapton heater was wrapped around the body of the load cell, and the load cell 

was heated to approximately 10°C above the ambient temperature to prevent water from 

condensing inside the load cell.  Similarly, a flexible Kapton heater was wrapped around the 

objective of the interferometer to eliminate condensation on the lens.  The chamber was outfitted 

with numerous feedthroughs for the gas supply, cooling water, sensors, and data acquisition.  A 

hole in the top of the chamber allowed the interferometer objective to be lowered into position to 

scan the sample surface.  To minimize environmental contamination through this opening, a 

piece of latex was stretched around the objective and attached to the top of the chamber. 

After loading the brush and counterface samples on to the tribometer, the stage was 

positioned in line with the interferometer objective to scan the surface prior to testing.  The 

counterface was then positioned under the brush, and the brush was lowered into position with an 

applied normal load of 1.0 N (nominal pressure of 1.4 × 105 Pa).  The counterface was 

subcooled, unless specified otherwise, by approximately 2°C.  Before sliding was initiated, the 

power supply was turned on and the desired current was sourced through the contact.  The track 

length was 5 mm for all studies.  A schematic of the counterface wear track is shown in Figure 2-

12.  The area of the wear track analyzed by non-contacting profilometry is shaded in Figure 2-12.  

The velocity profile for a single reciprocating cycle is shown above the wear track.  Short 

periods of acceleration and deceleration occur at the ends of the wear track while most of the 
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sliding occurs at a constant velocity.  For all data recorded from this series of tests, only data 

acquired during periods of constant velocity sliding was analyzed (periods of acceleration were 

neglected).  The LabView data acquisition software recorded normal load, friction load, and 

contact voltage as a function of position as well as average values per cycle for all three.  Sample 

temperature, ambient temperature, and relative humidity were also recorded for each cycle.  A 

sliding velocity of 0.01 m/s—more than two orders of magnitude lower than the previously 

described high sliding velocity tests—was used for these studies. 

Two independent tests were conducted for a total of 45,000 cycles, with a new polished 

counterface used for each test.  Testing was performed for the positive counterface (electrons 

leaving brush surface and impinging on counterface surface) and negative counterface (electrons 

leaving counterface surface and impinging on brush surface) current flow directions.  Each test 

was divided into four segments: 15,000 cycles at 0 A/cm2; 10,000 cycles at 180 A/cm2; 10,000 

cycles at 0 A/cm2; and 10,000 cycles at 180 A/cm2.  Surface profiles of the copper counterface 

wear tracks were obtained at each change in current using the scanning white light 

interferometer.  Counterface wear was quantified by subtracting the wear track surface profiles 

from the surface profile of the original surface obtained at cycle 0. 

X-ray photoelectron spectroscopy (XPS) characterization of wear tracks 

X-ray photoelectron spectroscopy (XPS) is a surface sensitive characterization tool used to 

identify species and their local chemical environment.  XPS measures the kinetic energy of 

photoelectrons emitted from a sample when subjected to a photon source.  Because the mean free 

path of electrons in a solid is particularly small, the sampling volume only extends to a depth of 

~10 nm below the surface.  The kinetic energy of each electron is characteristic of the element 

from which it was emitted.  Based on the composition of the sample, certain energies are much 

more prevalent and appear as peaks in the spectra.  Slight shifts in the peak energies of an 
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element are indicative of the chemical state of the atom.  Thus, bonding information in addition 

to elemental identification can be obtained from XPS. 

The setup of the linear reciprocating tribometer shown in Figure 2-11 was modified to 

accommodate samples for XPS analysis [56].  Rather than using a copper backing plate, the 

counterface was mounted directly to a custom designed stainless steel XPS platen (Figure 2-13).  

The XPS platen was clamped to the copper cooling block, and the current lead for the 

counterface was attached to the copper cooling block.  When testing was completed, the 

counterface/platen assembly was removed from the environment chamber, transported under dry 

nitrogen, and placed directly in the XPS chamber.  This design minimized handling and exposure 

of the sample to the outside environment during transportation.  Materials exposed to the 

ambient environment have a thin layer of adventitious carbon deposited on the surface, which 

produces a characteristic peak at 284.6 eV in XPS analysis [57].  XPS analysis was used to 

correlate the CO2 operating environment with tribofilm chemistry, so minimization of potential 

sources of carbon contamination was a priority. 

Low sliding velocity subcool study 

The linear reciprocating tribometer (Figure 2-10 and Figure 2-11) was also used to study 

the effects of subcooling on friction and contact resistance for a copper brush on copper flat 

sliding electrical contact [56].  As described previously, the subcool is the difference in 

temperature between the brush/rotor contact and the testing environment.  The temperature of the 

contact was controlled using a variable temperature refrigerated circulating bath which supplied 

water to the cooling stage, and the contact temperature was measured using an adhesive K-type 

thermocouple attached to the copper backing plate.  The ambient temperature and humidity were 

measured using a thermo-hygrometer (Omega, model RH411).  The ambient temperature 

(~26°C) and relative humidity (~95%) remained constant during testing.  The five different 
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subcoolings, quantified as difference between sample and environment temperature, investigated 

were:  -4, 0, +4, +8, and +12°C.  Each subcool was maintained for 2,000 cycles, and friction 

coefficient and contact resistance were recorded for each cycle.   

Testing was performed in humid carbon dioxide and humid argon environments to 

examine the role of carbon dioxide in the interfacial chemistry.  The copper fiber brush and 

copper counterface were positioned as shown in Figure 2-11.  A current density of 7 A/cm2 was 

used to minimize heating of the contact and improve temperature stability.  The polarity was 

brush positive—current flowed from the brush to the counterface.  The sliding velocity was 0.01 

m/s, and the track length was 5 mm.  The brush normal load was set to 1.0 N (1.4 × 105 Pa 

nominal pressure); adjustments to the load were made to account for thermal expansions and 

contractions.     

Pentanol vapor phase lubrication 

Because high current density sliding electrical contacts require thin lubricating films, 

potential lubricants were limited to gas phase additives.  Other than water saturated 

environments, 1-pentanol saturated gas environments were also investigated.  Monolayers of 

adsorbed 1-pentanol from the gas phase have been shown to effectively lubricate silicon 

microelectrical mechanical systems (MEMS) [58, 59]; however, there were no previous studies 

in the literature reviewed that utilized 1-pentanol in the lubrication of metallic sliding electrical 

contacts.  The linear reciprocating tribometer shown in Figure 2-10 was used to study the 

effectiveness of 1-pentanol as a gas phase lubricant for self-mated copper sliding electrical 

contacts.  Dry argon was bubbled through a beaker of 1-pentanol at ambient temperature.  The 

gas delivery system was modified so that the stream of pentanol-saturated argon impinged 

directly on the copper counterface.  The flow rate of pentanol-saturated argon gas was 2.5 L/min.  

The measured relative humidity inside the chamber was less than 1%, and the oxygen 
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concentration was below 50 ppm.  The electrical circuit remained the same as previously 

described.  When investigating polarity effects, a current of 12.7 A (180 A/cm2) was used.  

Recirculating chilled water was supplied to the cooling stage to offset the Ohmic heating and 

maintain a stable temperature. 

The test setup was verified using a 6.3 mm diameter quartz (SiO2) sphere sliding against a 

silicon counterface ([100] orientation; 619–690 µm thick) in a pentanol-saturated atmosphere for 

comparison to other studies from literature.  Conditions were matched to those used by Asay et 

al. for the same sliding pair [59].  The applied normal load was 0.39 N (contact pressure of 270 

MPa).  The sliding velocity was 0.015 m/s, and the track length was 10 mm.  The chamber was 

backfilled with pentanol-saturated argon (dry argon bubbled through 1-pentanol) at a constant 

flow rate of 2.5 L/min.  Friction coefficient was recorded for each cycle.  Scanning white light 

interferometry was used to measure the wear track topography intermittently throughout the test. 

For the copper-on-copper sliding pair in the 1-pentanol environment, a copper pin with a 

radius of curvature of approximately 4 mm was used along with a polished copper counterface.  

Testing was performed under the same operating conditions (pressure of 270 MPa, sliding speed 

of 0.015 m/s, no current) as the quartz on silicon experiment.  Evolution of the wear track on the 

copper counterface was recorded by scanning white light interferometry.   

A 3 mm diameter copper fiber brush was used in comparing the pentanol-saturated argon 

environment to the water-saturated carbon dioxide environment.  The current density was 180 

A/cm2, and the brush was positively biased (current flow from brush to counterface).  Friction 

coefficient and contact resistance were recorded for each cycle.  Wear track topography was not 

measured in this experiment.   
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Single copper fibers in humid carbon dioxide 

A shortcoming of tribological testing with multi-filament metal brushes is the ex situ 

analysis of worn brushes and worn brush fibers.  The conditions encountered by the entire brush 

are well documented, but each fiber may experience very different conditions from neighboring 

fibers.  There is no way of knowing how long an individual fiber within a brush remained in 

contact with the rotor or the loading conditions it experienced.  Current tends to flow 

preferentially through fibers located along the perimeter of the brush [60], so the current density 

through an individual fiber can vary greatly from that of surrounding fibers.  Assumptions can be 

made to estimate average values, but little is known about the history of the fibers that are being 

analyzed.   

To overcome this problem, a set of experiments were conducted to look at a single copper 

filament in unidirectional sliding against a copper disk while passing current in a controlled 

environment.  This ensured that the fiber being characterized had a known history (load, sliding 

distance, and current).  Figure 2-14 shows a photograph of the testing apparatus for the single 

copper fiber experiments.  A 70 µm diameter copper wire was attached to a glass cantilever.  

Capacitance probes measured the deflections of the cantilever.  Based on the stiffness of the 

cantilever in the vertical and horizontal directions, normal and frictional forces were calculated 

from the displacements.     

A current of 40 mA (~1000 A/cm2) was sourced through the contact during sliding for both 

the positive brush and negative brush current flow directions.  The nominal current of 40 mA 

was selected based on the estimated current flow through a single fiber of a complete brush 

subjected to 180 A/cm2, assuming only one-third of the fibers are in contact and capable of 

conducting current.  A second copper fiber brush, which acted as the pick-up brush (Figure 2-

14), was loaded against the radial surface of the polished copper disk to complete the electrical 
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circuit.  A single fiber was also tested for the same sliding distance under no current.  The normal 

load applied to the fiber was 500 µN (nominal pressure of 1.3 × 105 Pa); the single fiber load was 

estimated from nominal pressures used with multi-filament brushes assuming one-third of the 

fibers in contact.  The copper disk was polished to a final surface roughness of less than 70 nm, 

and the sliding velocity of the disk was constant at 0.16 m/s.  The tribometer was enclosed within 

an environment chamber which was backfilled with water saturated CO2 (98% RH).   

At several points during testing, sliding was paused and a current-voltage (I-V) sweep of 

the contact was performed.  The range of current for the I-V sweep was 0 to 40 mA.  After 

completion of wear testing, fibers were removed from the environment chamber and stored in a 

desiccator.  The sliding surface of each fiber was carbon coated to prevent oxidation or 

contamination.  Worn fibers were then characterized using the dual-beam focused ion beam 

scanning electron microscope (FIB/SEM).  A platinum layer was deposited on top of the carbon 

layer to protect surface features from ion damage.  Milling with the FIB was used to create cross 

sectional views of the fiber surface parallel to the direction of sliding.  Further milling was 

performed to create electron transparent samples suitable for examination by transmission 

electron microscopy (TEM) and energy dispersive X-ray spectroscopy (EDS). 
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Figure 2-1.  Line drawing of brush-rotor tribometer for testing of solid lubricants with sliding 
electrical contacts in ambient air [53]. 
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Figure 2-2.  Exploded view of brush thruster and load cell assembly line drawing with key 
components labeled [53]. 
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Figure 2-3.  Schematic drawing of the electrical circuit for the brush-rotor tribometer.  Current, 
supplied by the current source, travels from the positive brush through the copper 
rotor to the negative brush.  Conversely, the direction of electron flow is from the 
negative brush to the positive brush.  The brushes are electrically insulated from the 
load cells and LVDTs [53]. 

 

Figure 2-4.  Photograph of as-received copper fiber brush (no flame-sprayed zinc coating). 
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Figure 2-5.  Line drawing of testing apparatus for copper fiber brush stiffness measurements.  
The plunger from the LVDT mounts to the backside of the flexure to measure 
deflections under dead-weight loading.  Flexure was also used to study arcing under a 
stationary copper fiber brush contact. 
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Figure 2-6.  Line drawing of the modified brush-rotor tribometer for environmental testing.  Base 
and frame have been removed for clarity [54]. 
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Figure 2-7.  Line drawing of brush holder assembly from brush-rotor environmental tribometer 
[54]. 
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Figure 2-8.  Schematic diagram of electrical circuit for brush-rotor environmental tribometer 
[54]. 
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Figure 2-9.  Plot of isotherms from 0 to 100°C for relative humidity versus partial pressure of 
H2O.  Curves were generated using the Clausius-Clapeyron equation (Equation 2-3). 

 

Figure 2-10.  Line drawing of linear reciprocating tribometer with in situ profilometry 
capabilities [56]. 
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Figure 2-11.  Line drawing of brush holder assembly and stage assembly for linear reciprocating 
tribometer and positioning of scanning white light interferometer (SWLI) objective 
[56]. 
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Figure 2-12.  Schematic drawing of the wear track created on the counterface by a 3 mm 
diameter brush with a 5 mm track length.  The profilometry scan area, which was 
approximately in the middle of the wear track, is shown by the shaded box.  The 
velocity profile for a single cycle is displayed above the wear track.  Short periods of 
acceleration and deceleration occur at the ends of the wear track [56]. 
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Figure 2-13.  Modified setup of linear reciprocating tribometer to accommodate samples for XPS 
analysis. 

 

Figure 2-14.  Photograph of the testing apparatus for single fiber experiments.  A single copper 
fiber was loaded against a rotating copper disk.  Testing was performed in a humid 
CO2 environment.  A four-wire circuit was used to supply current to the contact and 
measure the voltage drop across the sliding interface. 
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CHAPTER 3 
EXPERIMENTAL RESULTS 

Decoupled Graphite Lubrication of Sliding Electrical Contacts in Ambient Air 

Decoupled graphite lubrication was studied as a means of reducing friction and wear of 

monolithic silver brush sliding electrical contacts in ambient air environments.  Results are 

shown in Figure 3-1 for a variable current test at a sliding velocity of 1.6 m/s [53].  Average 

friction coefficient for the positive brush was 0.16 while the average friction coefficient for the 

negative brush was 0.21.  The observed trend of higher friction for the negative brush could not 

be confirmed.  Repeated testing of the graphite lubricated silver brush system showed friction 

coefficient to have no dependence on brush polarity.  Large fluctuations in the friction 

coefficients tended to coincide with replacement of the graphite lubricant pins.  No definitive 

correlation between friction coefficient and current density was observed. 

Because of the frequent changes in current density, the brush wear data of Figure 3-1 was 

temperature compensated for thermal expansions in the system.  At a current density below 150 

A/cm2, brush wear was so low that wear rates could not be accurately quantified based on the 

resolution of the displacement transducers.  Sliding distances at 150 A/cm2 were not great 

enough to reliably calculate a wear rate.  At 200 A/cm2, brush wear increased rapidly for both the 

positive and negative brushes.  The steady-state positive brush wear rate was 1 × 10-9 m/m, and 

the steady-state negative brush wear rate was 3 × 10-10 m/m.  The wear behavior was shown to be 

reversible, as decreases in current density caused the wear rate to decrease. 

Visual inspection of the worn brush and rotor surfaces after testing confirmed that a 

graphite transfer layer had formed on the brushes as well as the rotor surface.  Worn silver 

brushes were characterized by energy dispersive X-ray spectroscopy (EDS), and spectra from the 

positive and negative brush surfaces are shown in Figure 3-2 [53].  The composition of the 
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positive brush surface (Figure 3-2 A) was primarily silver and carbon with trace amounts of 

oxygen.  The carbon signal originated from the transferred graphite layer on the brush surface.  

Oxidized wear debris likely contributed to the oxygen signal.  The negative brush spectrum 

(Figure 3-2 B) revealed a distinctly different composition for the negative brush surface.  In 

addition to silver and carbon, significant amounts of copper were detected on the negative brush 

surface.  Trace amounts of oxygen were observed in the negative brush spectrum as well. 

Wear rate measurements for low current densities were difficult to obtain from the variable 

current test (Figure 3-1) due to the low sliding distances.  An additional test was performed using 

decoupled graphite lubrication of monolithic silver alloy (92.5 wt% Ag, 7.5 wt% Cu) brushes at 

40 A/cm2 [53].  After run-in of the brushes under no current, the steady-state positive and 

negative brush wear rates (calculated over approximately 900 km of sliding) were 2 × 10-11 and 6 

× 10-12 m/m, respectively.  Friction coefficients for both brushes were initially high during run-in 

but gradually stabilized at 0.15 for the majority of the test.  The combined contact resistance for 

both brush contacts during sliding ranged from 100 to 150 mΩ at 40 A/cm2.  For higher current 

densities (greater than 150 A/cm2), contact resistances were generally in the range of 30 to 50 

mΩ during sliding.  At the end of the 40 A/cm2 test, contact resistance measurements were made 

with a stationary rotor (no sliding), and the combined contact resistance for both brushes was 32 

mΩ.   

The graphite transfer film thickness on the rotor surface was examined by scanning white 

light interferometry.  A surface profile of the edge of the negative rotor track (under the positive 

brush) is shown in Figure 3-3.  The edge of the graphite transfer film is oriented horizontally 

through the middle of the image.  Although the transfer film visually appeared to be uniform, the 

thickness of the transfer film based on profilometry measurements varied from approximately 1 
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to 5 µm across the rotor surface.  Graphite film thicknesses on the positive and negative rotor 

track surfaces were comparable. 

Polytetrafluoroethylene (PTFE) Solid Lubricants for Sliding Electrical Contacts in 
Ambient Air 

Decoupled lubrication of copper fiber brush sliding electrical contacts with 

polytetrafluoroethylene (PTFE) and a PTFE-indium composite (PTFE/In) was studied in ambient 

air environments using the brush-rotor tribometer shown in Figure 2-1.  Results of the 

tribological study are summarized in Table 3-1.  With PTFE as the lubricant, the positive brush 

(2 × 10-8 m/m) had a higher wear rate than the negative brush (1 × 10-8 m/m).  The positive brush 

lubricant pin also wore at a higher rate than the negative brush lubricant pin. 

Brush wear rates and lubricant wear rates were lower with the PTFE/In composite 

compared to PTFE.  With PTFE/In, the positive brush wear rate (7 × 10-9 m/m) was over an 

order of magnitude higher than the negative brush wear rate (6 × 10-10 m/m).  Wear of the 

PTFE/In lubricant pins did not vary significantly with brush polarity.  The addition of indium to 

PTFE did not significantly increase coefficient of friction.  Moreover, the addition of indium did 

not appreciably decrease contact resistance—14 mΩ with indium compared to 16 mΩ without 

indium. 

Characterization of Copper Fiber Brushes 

Fiber Brush Packing Fraction and Fiber Hardness 

A photograph of an as-received filamentous copper brush is shown in Figure 2-4.  The 

packing fraction of the brush fibers was calculated using scanning electron microscopy (SEM) 

and image analysis software, as shown in Figure 3-4.  Packing fraction was defined as the ratio 

of total fiber surface area to the total brush surface area.  Image analysis software was used to 

identify the fiber tips based on the contrast of the SEM micrographs.  As can be seen in the 
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image on the right of Figure 3-4, the image analysis method overestimated the surface area of 

some fibers while underestimating for others.  Therefore, manual counting of fibers was used to 

verify the results from the image analysis software.  The average fiber diameter was calculated to 

be approximately 70 µm.  The packing fraction was estimated by dividing the total fiber area 

(total number of fibers multiplied by the average area per fiber) by the area of the field of view in 

the micrograph.  Estimates based on manual fiber counting supported the results obtained by 

image analysis software.  All brushes had a packing fraction between 0.43 and 0.62; in general, 

the packing fraction of most brushes was 0.50 ± 0.05.  These packing fractions were high 

compared to the recommended packing fractions, generally around 0.2, for high current metal 

fiber brushes [12].  Hardness measurements were made on a total of 5 as-received copper fibers.  

Prior to tribological testing, fibers were transversely sectioned, mounted, and polished.  A 

Vickers diamond tip indenter and an applied load of 98 mN were used.  The average fiber 

hardness was calculated to be 820 ± 80 MPa. 

Metal Fiber Brush Contacts 

Kuhlmann-Wilsdorf [12] derived a set of equations to describe the contact behavior of 

metal fiber brushes.  The transition pressure (ptrans) between elastic and plastic contact spots for a 

metal fiber brush is a function of the fiber packing fraction (f) and the fiber hardness (H) and is 

given by Equation 3-1. 

( )43 10transp −= × fH          (3-1) 

Substituting measured values for packing fraction and hardness of the as-received copper fiber 

brushes resulted in a transition pressure of 0.12 MPa.  Kuhlmann-Wilsdorf [12] also defined a 

constant, β, as the ratio of the macroscopic brush pressure (pB) to the transition pressure (ptrans) 

according to Equation 3-2: 
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For optimal metal fiber brush performance, a value of β less than or equal to 0.5 is 

recommended [12].  For testing with solid lubricants, the value of β was approximately 0.8 

because high brush pressures were needed to reduce electrical losses and Ohmic heating.  For 

tests involving vapor phase lubrication, the brush pressures and resulting β values were 

influenced by the limitations of the tribometers. 

For a copper fiber brush with a packing fraction of 0.5 and fiber diameter of 70 µm under a 

nominal pressure of 1.4 × 104 Pa (see high sliding velocity test conditions in humid CO2), the 

load on an individual fiber was calculated to be approximately 0.1 mN.  If it is assumed that only 

one-third of all fibers are in contact at any time, the load per fiber becomes 0.3 mN.  Assuming a 

plastic contact, the contact area under an individual fiber was estimated by dividing the fiber 

normal load by the fiber hardness (820 MPa), the result of which was a contact area of 0.4 µm2.  

Thus, for a circular contact spot, the contact spot radius was estimated to be 350 nm under the 

given conditions for copper fiber brush sliding electrical contacts. 

Fiber Brush Stiffness 

The stiffness of the copper brush fiber bundle was measured using the 

polyetheretherketone (PEEK) flexure shown in Figure 2-5.  The brush was brought into contact 

with a copper counterface, and then dead weight loads were applied to the flexure while 

deflections were measured using a linear variable differential transformer (LVDT).  The 

resulting loading and unloading curves for the copper brush are shown in Figure 3-5.  From the 

loading curve, the brush stiffness was calculated to be 150 N/mm; from the unloading curve, the 

brush stiffness was calculated to be 190 N/mm.  For comparison, the stiffness of the PEEK 

cantilever when the brush was not in contact was 2 N/mm. 
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High Sliding Velocity Studies of Copper Fiber Brush Sliding Electrical Contacts 

Copper Fiber Brush Sliding Electrical Contacts in Humid Carbon Dioxide Operating 
Environments 

Shown in Figure 3-6 are plots of brush wear and contact voltage drop versus sliding 

distance for high sliding speed (5 m/s) testing of copper fiber brushes on the environmental 

brush-rotor tribometer in a humid CO2 operating environment.  Current (180 A/cm2) was 

introduced to the system after 250 km of sliding.  The positive brush wear rate was initially 2 × 

10-10 m/m after the introduction of current.  Because brush wear was quantified by measuring 

linear displacement, brush wear data was influenced by thermal expansions.  This was evident in 

the negative brush wear data, particularly in the initial 500 km of sliding.  Negative deviations in 

brush wear represented an increase in brush length likely resulting from thermal expansions.  

Contributions from Ohmic heating of the brush may have accounted for this effect.  The brush 

wear data had a periodic nature due to temperature fluctuations which appeared to be influencing 

displacements and subsequently brush wear measurements.  The periodicity of the fluctuations 

was approximately 430 km, which, at a sliding velocity of 5 m/s, corresponded to a sliding time 

of approximately 24 hours.  Rotor temperature measurements also showed temperature 

fluctuations which had a periodicity of 24 hours.  Using brush wear measurements taken at 24 

hour intervals, the positive brush wear rate was calculated to be 3 × 10-11 m/m, and the negative 

brush wear rate was calculated to be 4 × 10-12 m/m.   

From Figure 3-6 B, the contact voltage drop for the negative brush was consistently higher 

than the positive brush voltage drop.  Contact voltage was plotted rather than contact resistance 

because of the magnitude of the voltage drops.  The softening voltage for copper electrical 

contacts is 120 mV [61].  Around 1900 km of sliding, the negative brush voltage drop 

approached the softening voltage and maintained a value near 120 mV for several hundred 
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kilometers of sliding.  Around 3000 km of sliding the negative brush contact voltage decreased 

while the positive brush contact voltage increased.  Data was not plotted beyond 3300 km 

because visible arcing was observed at the positive brush contact.  The average contact voltages 

for the positive and negative brushes over the entire test were 34 mV and 95 mV, respectively.  

Average contact resistance for the positive brush was 0.4 mΩ, and average contact resistance for 

the negative brush was 1.1 mΩ. 

SEM micrographs of the worn copper fiber brushes are shown in Figure 3-7.  The fiber tips 

of brushes from both polarities experienced significant plastic deformation, so much so that the 

brush surface upon visual inspection appeared solid.  Many of the fibers were no longer 

independent.  Neighboring fibers were joined together at the surface, and debris filled in the gaps 

between fibers.  For this particular test, the fiber surfaces of the different polarities had very 

distinct appearances.  Worn fibers from the negative brush had smooth, featureless surfaces, as 

seen in Figure 3-7 A.  Worn fibers from the positive brush had much rougher surfaces (Figure 3-

7 B), and it was difficult to distinguish individual fibers because the fibers had become welded 

together at the surface.  The difference in surface roughness of the positive and negative fibers 

was confirmed by scanning white light interferometry.  Surface profiles of a negative brush fiber 

and positive brush fiber are shown in Figure 3-8.  Pit-like features were observed on the surface 

of the positive brush fiber.  The surface depressions had a depth of 1 to 2 µm.  The negative 

brush fiber surface was free of any pit-like features.   

The images of Figure 3-7 and Figure 3-8 were obtained after stoppage of the test due to 

visible arcing at the positive brush interface.  The morphology of the positive brush fiber 

surfaces shown in Figure 3-7 B was not typical of most positive brushes, only those brushes 

where arcing was visible at the interface.  For instances when arcing was not observed, the 
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positive brush surface appeared similar to the negative brush surface depicted in Figure 3-7 A 

and Figure 3-8 A.  In most cases, the amount of debris accumulation around the positive brush 

fibers was greater than that around negative brush fibers, likely due to the higher wear rates of 

the positive brushes.  

Polarity Effects on Arcing in Copper Fiber Brush Contacts 

Arcing spectra were collected from a stationary flexure (Figure 2-5) outfitted with a copper 

fiber brush and copper plate.  The electrical contact was intermittently broken, creating visible 

arcing events.  All spectra from the stationary flexure were recorded in ambient air environments 

for both the positive and negative brush polarities.  Figure 3-9 shows arc lifetimes for the 

positive brush and negative brush polarities (in ambient air) which were representative of all 

arcing events at each polarity.  The arc lifetimes for positive and negative polarities were not 

statistically different.  The combined average lifetime for both polarities was 5.7 µs, and the 

range of all recorded arc lifetimes was approximately 1 to 16 µs.  The distribution of arc 

lifetimes showed no dependence on polarity for the stationary switching contact in open air. 

Using the environmental brush-rotor tribometer, induced arcing events under sliding 

copper fiber brush contacts were studied in ambient air and humid CO2 environments.  The 

atomic emission spectra shown in Figure 3-10 were collected in an ambient air environment.  

The brushes used in this study had a flame-sprayed zinc coating on the exterior of the fiber 

bundle.  Figure 3-10 shows differences in zinc intensity based on polarity; positive brush spectra 

showed significantly higher concentrations of zinc than negative brush spectra.  The current 

direction was reversed multiple times, and arcing spectra from the positive brush consistently 

showed higher zinc intensities.  Intensities for the copper species were comparable for the 

positive and negative brushes.  The same trend was observed for arcing events while sliding in 

humid CO2 environments—copper intensities for positive and negative polarity spectra were 
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similar, while zinc intensities for the positive spectra were significantly higher than the negative 

spectra.  Efforts were made to embed the fiber optic within the copper fiber bundle to collect 

light emitted from arcing events; however, the intensity of light collected by positioning the fiber 

optic within the fiber bundle was too low to be analyzed.  The high packing fraction of the 

copper fiber brushes likely obstructed the fiber optic from arcing events at the sliding interface. 

Low Sliding Velocity Studies of Copper Fiber Brush Sliding Electrical Contacts 

Copper Fiber Brush on Copper Flat in Humid Carbon Dioxide 

A series of low sliding velocity tests (0.01 m/s) were conducted in humid CO2 

environments.  The primary goals of these experiments were to obtain carefully controlled 

measurements of friction coefficient, contact resistance, and wear in humid CO2 environments 

for copper fiber brushes sliding on copper and compare values to those measured at high sliding 

velocities (~5 m/s).  The use of low sliding velocities was designed to minimize system dynamic 

effects and reduce potential causes for error in friction and resistance measurements.   

Throughout the literature on sliding electrical contacts, characterization of the mating 

surface to the brush (in this case, a copper rotor) had been largely neglected.  Using the linear 

reciprocating tribometer shown in Figure 2-10 in conjunction with its in situ profilometry 

capabilities, wear of the rotor surface was studied in a humid CO2 environment.  Data shown in 

Figure 3-11 [56] corresponds to a low sliding velocity test with a copper fiber brush on a 

polished copper counterface in humid CO2.  The data points represent the average contact 

resistance and average friction coefficient for each cycle.  During the initial 5,000 cycles of 

sliding, friction coefficient increased to approximately 0.34 before gradually decreasing.  The 

increase in friction for the positive counterface between cycles 5,000 and 15,000 was due to drift 

in the zero of the load cell.  Upon re-zeroing the load cell at cycle 15,000, the measured friction 

coefficient for ensuing cycles was ~0.24.  After 45,000 cycles of sliding in humid CO2, the 
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friction coefficient for the both the positive and negative counterfaces had stabilized at a value of 

~0.23.  Contact resistance showed no clear dependence on the direction of current flow.  For the 

positive and negative counterface, the contact resistance tended to decrease with an increasing 

number of cycles. 

Of particular interest was the increase in friction in the positive counterface test between 

cycles 20,000 and 25,000, highlighted by the box in the lower left portion of Figure 3-11.  The 

timing of the friction increase corresponded to an unintentional increase in the sample 

temperature, shown in the plot on the right of Figure 3-11.  Up to cycle 20,000, the copper 

counterface was “subcooled”—the temperature of the copper counterface sample (28°C) was 

approximately 1°C below the ambient temperature inside the environmental enclosure (29°C).  

Around cycle 20,000, the recirculating chiller experienced an unexpected failure in which the 

water pump ceased operating.  Without a steady supply of cooling water, the counterface 

temperature increased from approximately 28°C to 35°C due to resistive heating of the sample 

while conducting 180 A/cm2 through the contact.  As the temperature increased, the friction 

coefficient for the positive counterface increased from 0.25 to 0.29.  The ambient temperature 

also increased slightly above 30°C but remained lower than the sample temperature.  Prior to 

cycle 25,000, a new recirculating water chiller was installed, and cooling to the sample was 

restored.  As a result, the sample temperature decreased below 28°C (subcooled once again) and 

the friction coefficient decreased below 0.25.   

In situ measurements of the copper counterface wear track topography and volume loss 

were made using a scanning white light interferometer.  By comparing each wear track profile to 

the original surface profile (cycle 0), the material volume loss was calculated.  The total volume 
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loss (Vol) was calculated by summing the change in volume (ΔVol) over all pixels in the scan 

area (I) according to Equation 3-3. 

I

i
i

Vol Vol= Δ∑          (3-3) 

The volume loss per pixel was found by determining the change in surface height over the 

number of sliding cycles and multiplying the height change by the pixel area as shown in 

Equation 3-4, where hi,n is the height of pixel i at cycle n, hi,n+m is the height of pixel i at cycle 

n+m, and Δx and Δy are the lateral dimensions of the pixel. 

, ,i i n i n mVol h h x y+⎡ ⎤Δ = − Δ Δ⎣ ⎦        (3-4) 

Volume loss was calculated at the end of each test segment of constant current sliding and 

plotted in Figure 3-12 [56].  The data points of Figure 3-12 are representative of the measured 

volume loss for only the scan area depicted in Figure 2-12, which is a fraction of the entire wear 

track.  Although the cumulative volume loss for the negative counterface was higher than the 

cumulative volume loss for the positive counterface, the difference was not caused by current 

effects.  The largest discrepancy in volume loss for the two samples occurred initially when both 

were sliding under no current (between cycles 0 and 15,000).  Beyond cycle 15,000, the trends in 

volume loss were similar for the positive and negative counterface. 

The counterface wear rate for each constant current segment of the test was calculated 

using Equation 3-5, where Vol is the volume loss in mm3, F is the applied load in N, d is the total 

sliding distance in m, and K is the wear rate in mm3/Nm. 

Vol
K

Fd
=           (3-5) 

The applied load was assumed to be constant at 1.0 N.  Because the measured volume loss was 

obtained from a fraction of the track length, the sliding distance used in the wear rate calculation 
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was scaled appropriately to the width of the scan area.  The calculated wear rates are listed in 

Table 3-2 for the negative counterface and Table 3-3 for the positive counterface.  The highest 

wear rates for both samples occurred during the initial 15,000 cycles of sliding when current was 

not being passed through the contact.  At a current density of 180 A/cm2, counterface wear rate 

did not show a dependence on the direction of current flow.  Wear rates for the positive and 

negative counterfaces at 180 A/cm2 ranged from 2.6 × 10-7 to 8.8 × 10-7 mm3/Nm.  These values 

were comparable to wear rates between cycles 25,000 and 35,000 when current was not passing 

through the contact. 

The uncertainty in the wear volume, u(Vol), was calculated according to Equation 3-6. 

( ) ( ) ( ) ( ) ( )22 22
,i n i n mu Vol I x y u h I x y u h += Δ Δ + Δ Δ ,

)2

    (3-6) 

The uncertainty in the height measurement is not dependent on the cycle number; therefore, 

u(hi,n) is equivalent to u(hi,n+m), and Equation 3-6 can be simplified to the expression shown in 

Equation 3-7. 

( ) ( ) (22 2u Vol I x y u h= Δ Δ        (3-7) 

For the scanning white light interferometer (Zygo NewView 5032), the uncertainty in the surface 

height measurement, u(h), was conservatively estimated to be 10 nm.  Given that the total 

number of pixels was 2.15 × 106 and the area per pixel was 2.03 µm2, the uncertainty in volume 

loss was calculated to be 4.2 × 10-8 mm3.  Referring to Figure 3-12, the uncertainty is 

approximately three orders of magnitude below the measured volume losses and, thus, too small 

to be depicted on the plot. 

After testing, the worn copper counterface samples were examined using SEM.  

Micrographs of the negative counterface and positive counterface samples are shown in Figure 

3-13.  The micrographs are oriented such that the sliding direction is vertical.  The wear track 
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regions of the samples exhibited signs of plastic deformation.  Wear track morphology was not 

significantly different for the positive and negative polarities.  For both polarities, material was 

transferred from the brush to the counterface, evidenced by the numerous plateaus aligned in the 

sliding direction.  Profilometry confirmed that the height of many of these plateaus was greater 

than the original surface.  Scratches oriented in the sliding direction indicated that abrasive wear 

or possibly third body wear contributed to material removal.  Although not shown in the 

micrographs of Figure 3-13, plate-like wear debris was observed at the end points of each wear 

track.   

Temperature Study in Humid Carbon Dioxide and Humid Argon Environments 

To investigate the role of CO2 in tribofilm chemistry, the copper fiber brush on copper flat 

sliding geometry shown in Figure 2-10 was studied in humid CO2 and humid argon (> 95% RH) 

environments over a range of temperatures.  Ambient temperature (T0) remained relatively 

constant at 26°C.  Counterface temperature (TS) was varied from 22°C to 38°C.  Each 

temperature was maintained for 2,000 cycles of sliding.  Friction coefficient and contact 

resistance are plotted for the different temperatures in Figure 3-14 [56].  Each data point in 

Figure 3-14 represents the average steady-state value for a given temperature.  Error bars 

represent the standard deviation in each average value.  Error bars were omitted when the 

standard deviation was smaller than the size of the data point.  For the average friction 

coefficients, standard deviations below 0.01 were omitted.   

In the humid CO2 environment, the lowest recorded friction coefficients occurred when the 

sample temperature was at or below the ambient temperature.  An increase in sample 

temperature to 30°C (TS – T0 = +4°C) resulted in an increase in friction coefficient in humid 

CO2.  Friction coefficient continued to increase as sample temperature increased further.  In the 

humid argon environment, the lowest friction coefficient was observed when the sample 
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temperature was equal to the ambient temperature.  When the sample temperature increased 

above the ambient temperature in humid argon, friction coefficient increased.  At all 

temperatures examined, friction coefficient for a copper fiber brush on copper flat sliding contact 

was lower in humid CO2 environments than humid argon environments.  Friction coefficient was 

more sensitive to temperature changes in the argon environment as indicated in Figure 3-14 by 

the increasing differential in friction coefficients as temperature increased.   

In terms of contact resistance, the optimal sample temperature was equal to the ambient 

temperature for both the CO2 and argon environments.  When the sample temperature decreased 

below the ambient temperature (TS – T0 < 0), the contact resistance increased in both 

environments.  When the sample increased above the ambient temperature (TS – T0 > 0), the 

contact resistance increased in both environments.  The change in contact resistance was more 

significant for increasing temperature than decreasing temperature, although only one 

temperature below ambient (22°C) was investigated.  Contact resistance was generally lower in 

humid CO2 environments than humid argon environments for a given temperature.  At a sample 

temperature of 26°C (TS – T0 = 0°C), the average contact resistance in humid argon (0.45 mΩ) 

was approximately 1.7 times higher than the average contact resistance in humid CO2 (0.27 mΩ).  

At the highest sample temperature investigated (38°C; TS – T0 = +12°C), the average contact 

resistances in CO2 and argon were nearly the same—1.92 and 1.97 mΩ, respectively. 

X-ray Photoelectron Spectroscopy (XPS) of Copper Sliding Surfaces in Humid Carbon 
Dioxide 

The wear track regions of three copper counterface samples tested in humid CO2 were 

analyzed using X-ray photoelectron spectroscopy (XPS) [56].  The three samples represented 

three different current flow conditions—no current, positive counterface, and negative 

counterface.  Spectra obtained from the three samples are shown in Figure 3-15.  Shown in 
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Figure 3-15 A is the carbon 1s spectrum for the no current sample [56].  The no current sample 

spectrum was representative of all three samples, so the positive and negative counterface spectra 

were omitted for clarity.  Several carbonaceous species were detected within the wear tracks of 

all three samples.  The highest intensity peak of the carbon 1s spectra was at 284.6 eV and was 

attributed to amorphous carbon [57].  Peak intensities for chemisorbed carbon dioxide (CO2
δ-) 

and carbonates (CO3) were observed between 286 and 290 eV [62-64].  Methoxy (–O–CH3) and 

formate (HCOO –) species, which may have contributed intensity within the energy range 

examined, could not be spectroscopically distinguished [63, 65, 66].  A –CF2– species with a 

peak intensity at approximately 292 eV was detected on all samples.  It was hypothesized that 

the –CF2– species originated from fluorinated grease used in the drawing of the copper fibers for 

the brush, and trace amounts of the grease were transferred from the brush to the counterface 

during testing.  XPS analysis of the copper fiber brush showed significantly higher 

concentrations of the –CF2– species on the fibers compared to the counterface. 

The copper 2p3/2 spectra for the wear track region of all three samples are shown in Figure 

3-15 B [56].  Each spectrum was normalized by the total integrated copper intensity.  The close 

proximity in binding energy of copper and cuprous oxide (Cu2O) prevented quantification of 

relative amounts of each in the wear tracks [57, 67].  Shown in Figure 3-15 C are the Cu LMM 

Auger spectra for all three samples [56].  Transitions characteristic of metallic copper and Cu2O 

were identified at kinetic energies of 918.8 eV and 916.5 eV, respectively [57, 67].  Although the 

spectra of Figure 3-15 C appear similar, differentiation yields additional information on the 

relative amounts of metallic copper and Cu2O.  By comparing the peak-to-peak ratios of Cu2O to 

Cu for the differentiated spectra of all three samples, differences in composition become 

apparent.  The Cu2O to Cu ratio for the no current counterface was 1.1, while the negative 
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counterface had a ratio of 1.2.  The ratio for the positive counterface was significantly lower at 

0.6.  This comparison suggests a relative absence of Cu2O in the positive counterface wear track. 

Single Copper Fiber on Copper Disk in Humid Carbon Dioxide 

Friction Coefficient and Contact Resistance 

The single fiber sliding contact proved to be very sensitive to run-out and eccentricity of 

the disk surface.  This sensitivity was observed in the normal load signal.  For an initial applied 

load of 500 µN, the average load during sliding was 450 µN with variations of ± 50 µN.  

Average friction coefficients for the positive brush and negative brush configurations were 0.22 

and 0.24, respectively.  For comparison, a copper fiber tested under no current had an average 

friction coefficient of 0.23.  These values of friction coefficient for copper-on-copper under 

unidirectional sliding in humid CO2 were similar to those obtained under reciprocating sliding.  

Test geometry appeared to have little effect on the frictional behavior of the copper-on-copper 

system in humid CO2. 

For the positive brush and negative brush samples, current-voltage (I-V) sweeps were 

performed at several points during testing.  Data from one such I-V sweep is shown in Figure 3-

16.  In all sweeps, the contact displayed Ohmic behavior.  The slope of the best-fit line through 

the current-voltage data yielded a contact resistance of approximately 0.8 Ω for both the positive 

brush and negative brush current directions.  For a contact force of 500 µN, the contact 

resistance of 0.8 Ohms for copper-on-copper in humid CO2 is similar to other reported contact 

resistances for precious metal contact pairs [68-70]. 

Electron Microscopy of Worn Fiber Surfaces 

Worn fiber surfaces examined by SEM showed distinct differences based on current.  As 

seen in Figure 3-17, the surfaces of the positive and negative fibers are more heavily deformed 

than the no current fiber.  Large amounts of wear particles and deformed material are present 
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along the perimeter of the fiber.  This may indicate that the current-carrying fibers softened due 

to resistive heating at such high current densities, resulting in increased plastic deformation.  

However, the contact voltage remained below the softening voltage for copper.  Another possible 

cause is the loss of water from the sliding interface due to resistive heating.  With less of a 

lubricating water layer, shearing of the fiber surfaces would be expected to increase. 

Cross sections of the worn fiber surfaces were created using focused ion beam milling to 

examine the subsurface microstructure of the fibers after sliding in humid CO2.  All cross 

sections were made parallel to the direction of sliding.  Prior to milling, a platinum layer was 

deposited on the area of interest of the fiber to protect the surface from ion damage.  

Micrographs are shown in Figure 3-18 with the platinum layer and copper fiber identified for the 

no current, negative, and positive fibers.  The sliding interface is located below the platinum 

layer.  The wire drawing process created an elongated grain structure in the fibers which was 

most noticeable away from the sliding interface.  Near the sliding interface, there was a 

definitive reorientation of the grain structure in the direction of sliding (horizontal, as viewed in 

Figure 3-18).  Additionally, the grain size near the interface was significantly refined compared 

to the bulk material.  The approximate depth of the reoriented and refined grain structure 

appeared to be greatest in the positive fiber and least in the negative fiber.  However, it should be 

noted that only one location was examined on each fiber surface.  To make a more definitive 

statement about the depth of the deformed material layer on the fiber surfaces, multiple locations 

on each fiber should be sampled.  In the positive and negative fibers, resistive heating may have 

contributed to grain growth.  This effect was most evident away from the sliding interface 

because mechanical deformation likely refined the larger grains near the surface.   
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Samples for transmission electron microscopy (TEM) analysis were prepared from the 

areas shown in Figure 3-18.  During the sample lift-out procedure, the sample from the positive 

fiber fractured; thus, the positive fiber sample was not included in the TEM analysis.  Bright 

field TEM micrographs for the no current and negative fibers are shown in Figure 3-19.  A 

protective carbon layer deposited on the fiber surfaces after wear testing is visible in the 

micrographs.  The copper fiber and deposited carbon layer are labeled in Figure 3-19 A and 

Figure 3-19 B for clarity.  The sliding interface was located directly beneath the carbon layer.  

On the negative fiber, there was a distinctive layer approximately 50 nm in thickness present at 

what appeared to be the sliding interface.  EDS analysis (Figure 3-19 B; right) showed this layer 

to be carbon-rich.  Only trace amounts of oxygen were detected in this layer, and it was also 

deficient in copper when compared to the bulk of the fiber.  Contact resistance data from I-V 

sweeps (Figure 3-16) of the single fibers suggested that any oxide on the sliding interface would 

be very thin and non-uniform, as the conduction path was dominated by metal-metal contacts.  

The resistivity of Cu2O films is more than 7 orders of magnitude higher than pure copper [61, 

71].  The micrograph of the no-current fiber also showed what appears to be an interfacial layer 

approximately 30 nm thick.  The interfacial layer on the no-current fiber was nearly identical in 

composition to the carbon layer.  Both layers exhibited high concentrations of carbon with low 

concentrations of copper and only trace amounts of oxygen. 

1-Pentanol as a Vapor Phase Lubricant 

1-Pentanol Vapor Phase Lubrication of Quartz-Silicon Sliding Pair 

The use of 1-pentanol as a vapor phase additive was investigated with a quartz (SiO2) on 

silicon sliding pair.  Test conditions were designed to replicate the study performed by Asay, 

Dugger, Ohlhausen, and Kim [59].  A dry argon environment was used as a comparator.  Testing 
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was performed on the linear reciprocating tribometer integrated with a scanning white light 

interferometer (see Figure 2-10).   

Average friction coefficients for quartz-on-silicon sliding in dry argon and 1-pentanol 

saturated argon are plotted in Figure 3-20.  In both environments, friction was initially low—

approximately 0.13.  Between cycles 20 and 30, the friction coefficient in the dry argon 

environment rapidly increased from 0.13 to approximately 0.8.  For subsequent cycles in the dry 

argon environment, the friction remained at higher values and varied significantly.  In the 1-

pentanol saturated environment, friction coefficient remained at a value of approximately 0.13 

for 1000 cycles of reciprocating sliding.   

Changes in the friction coefficient were related to evolution of wear track topography and 

major wear events.  Non-contacting profilometry images of the wear track on the silicon wafer 

were acquired at set intervals throughout the tests: for cycles 1 – 10, image every cycle; for 

cycles 11 – 100, image every 10th cycle; for cycles 101 – 1000, image every 100th cycle.  A 

sampling of the images is shown in Figure 3-21 A for the dry argon environment and Figure 3-21 

B for the 1-pentanol saturated argon environments.  The unworn silicon surface had an average 

roughness of approximately 1 nm.  After 10 cycles of sliding, the wear track was clearly visible 

in profilometry images from both environments.  Some plastic deformation had occurred at cycle 

10; the depth of the material removal was several nanometers and there was little or no 

observable debris.  This low wear regime exhibited low friction as well.  In the dry argon 

environment between cycles 20 and 30, the silicon surface underwent significant changes.  The 

depth of the wear track increased from several nanometers to several hundred nanometers.  

Substantial amounts of debris were generated in and around the wear track.  Wear and debris 

generation likely contributed to the rapid increase in friction observed over this period of time.  
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Figure 3-21 A shows an image taken at cycle 100 in the dry argon environment which was 

representative of the changes which took place during the transition from low friction to high 

friction.  The height scale for the cycle 100 image of Figure 3-21 A was changed from ± 3 nm to 

± 700 nm to capture the severe wear events and resulting debris accumulation.  Therefore, the 

color scale in the cycle 100 image is not equivalent to the color scale in the cycle 0 and cycle 10 

images.   

In dry argon, the observed generation of debris corresponded to high friction in the sliding 

contact.  The rapid transition from low to high friction may be due to breakthrough of the native 

oxide layer on the silicon.  Conversely, the wear track on the silicon surface in the 1-pentanol 

saturated environment showed no signs of severe wear or debris generation over 1000 cycles of 

sliding, indicating the native oxide layer remained intact.  The images in Figure 3-21 B show 

only minor plastic deformation in the wear track, and Figure 3-20 shows consistently low friction 

coefficient (~0.14) in the 1-pentanol environment.     

1-Pentanol Vapor Phase Lubrication of a Copper-Copper Sliding Pair 

Although studies have shown 1-pentanol to be an effective vapor phase additive for silicon 

sliding contacts [58, 59], and that behavior was independently verified using the test setup 

described in the present study, there are no published studies of 1-pentanol as a vapor phase 

lubricant for copper-on-copper sliding electrical contacts.  A follow-up to the quartz-on-silicon 

study in 1-pentanol saturated argon was performed using the same setup (Figure 2-10) and test 

conditions, but substituting a copper-on-copper sliding pair.   

Recorded friction coefficient for copper-on-copper sliding in 1-pentanol saturated argon 

environment under no current is shown in Figure 3-22.  The initial friction coefficient was 

approximately 0.24.  Similar to quartz-on-silicon in dry argon, the friction coefficient rapidly 

increased at approximately cycle 30.  This friction increase was likely due to breakthrough of the 
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native oxide on the copper surface.  After breakthrough, friction coefficient was extremely high 

because of metal on metal contact and high adhesive forces.  In situ profilometry confirmed a 

significant wear event occurred between cycles 30 and 40.  The images in Figure 3-23 show 

some plastic deformation in the wear track region at cycle 30.  By cycle 40 (Figure 3-23; bottom 

left), the wear track depth had increased to 4 µm in some locations.  The gross plastic 

deformation and material removal observed at cycle 40 corresponded to higher friction 

coefficients.  Because the operating environment was non-oxidizing, it would be expected that 

high wear rates would result in metal-metal contact and high friction.  Wear rate of the copper 

counterface was quantified according to Figure 3-24.  The average line profile across the wear 

track was taken at cycle 100 and subtracted from the average line profile of the same wear track 

location at cycle 0.  The volume of material removed is indicated by the shaded region in Figure 

3-24.  The resulting wear rate for the copper counterface was 8 × 10-3 mm3/Nm. 

Nominal pressures for metal fiber brushes are typically well below the pressure (270 MPa) 

used in studying vapor phase lubrication with 1-pentanol.  To compare 1-pentanol environments 

to humid CO2 environments, a test was performed using a copper fiber brush sliding against a 

polished copper flat at a nominal brush pressure of 1.4 × 105 Pa and a current density of 180 

A/cm2.  The average friction coefficient and contact resistance for each cycle are plotted in 

Figure 3-25.  For the test involving 1-pentanol, at cycle 1000 the environment was intentionally 

changed to dry argon, and then reverted back to 1-pentanol saturated argon at cycle 1500.  This 

was done to investigate the ability of 1-pentanol to aid in recovery of the system after high 

friction had been established.  The 1-pentanol saturated environment showed minimal 

improvements in friction compared to the dry argon environment; in dry argon the friction 

coefficient stabilized at approximately 0.65, while in 1-pentanol saturated argon the friction 
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coefficient stabilized between 0.45 and 0.50.  After operating in dry argon for 500 cycles, the 

friction coefficient decreased to approximately 0.45 upon the re-introduction of 1-pentanol into 

the environment.   

Measured friction coefficients for the copper fiber brush in humid CO2 (~ 0.25) were 

significantly lower than friction coefficients in 1-pentanol saturated argon for the same 

conditions.  Contact resistances for the humid CO2 and 1-pentanol saturated argon environments 

were comparable.  After 2000 cycles of sliding, contact resistance for the copper sliding pair in 

humid CO2 stabilized around 3.0 mΩ while the same sliding pair in 1-pentanol saturated argon 

reached a value of approximately 3.1 mΩ.  Tests run for longer durations (10,000 cycles or 

more) showed that contact resistance continued to decrease with increasing sliding distance. 
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Figure 3-1.  Friction coefficient (top) and brush wear (bottom) for graphite lubricated monolithic 
silver brush sliding electrical contacts in ambient air.  Current density (upper axis) 
was varied from 0 – 200 A/cm2.  Brush wear significantly increased at 200 A/cm2.  
Steady state wear rates are shown for the positive and negative brushes at 200 A/cm2 
[53]. 
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Figure 3-2.  EDS analysis of worn silver brush surfaces.  A) Positive brush surface spectrum 
primarily showed presence of transferred graphite.  B) Negative brush surface 
spectrum showed significant amounts of copper along with graphite [53]. 

 

Figure 3-3.  Scanning white light interferometry image of graphite transfer film on copper rotor 
surface (positive brush track).  Graphite film thickness varied from 1 µm to a 
maximum of approximately 5 µm. 
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Figure 3-4.  Micrographs used in calculation of copper fiber packing fractions for brushes.  A) 
SEM micrograph of as-received copper fiber brush surface.  B) SEM micrograph with 
false coloring of fiber surfaces for calculation of packing fraction.  Fiber packing 
fraction for this particular brush was 0.48. 

 

Figure 3-5.  Load versus deflection plot for a copper fiber brush in compression.  Brush stiffness 
was in the range of 150 to 190 N/mm. 
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Table 3-1.  Summary of tribological testing with copper fiber brushes and PTFE-based solid 
lubricants. 

Lubricant Brush 
polarity 

Brush wear 
rate (m/m) 

Lubricant wear 
rate (m/m) 

Friction 
coefficient 

Contact 
resistance (mΩ) 

PTFE Positive 2 × 10-8 1 × 10-7 0.21 ± 0.04 
PTFE Negative 1 × 10-8 4 × 10-8 0.27 ± 0.02 16.2 ± 3.0 

PTFE/In Positive 7 × 10-9 9 × 10-10 0.25 ± 0.03 
PTFE/In Negative 6 × 10-10 1 × 10-9 0.22 ± 0.01 14.3 ± 1.5 
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B 

Figure 3-6.  Results of tribological testing of copper fiber brushes conducted on the 
environmental brush-rotor tribometer in a humid CO2 environment at a sliding 
velocity of 5 m/s and current density of ~180 A/cm2.  A) Brush wear plotted for 
positive (black) and negative (gray) copper fiber brushes.  B) Voltage drop plotted for 
positive (black) and negative (gray) copper fiber brushes.   
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   A            B 

Figure 3-7.  SEM micrographs of copper fiber brushes after high sliding speed (5 m/s) test on the 
environmental brush-rotor tribometer in humid CO2.  A) Secondary electron image of 
worn negative brush surface.  B) Secondary electron image of worn positive brush 
surface. 

 

   A      B 

Figure 3-8.  Surface profiles of worn copper fibers obtained by scanning white light 
interferometry after high sliding speed testing (5 m/s) in humid CO2.  A) Worn fiber 
from negative brush.  B) Worn fiber from positive brush. 
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Figure 3-9.  Arc lifetimes for positive and negative brush polarities plotted against 
photomultiplier tube (PMT) voltage signal tuned to the 521.8 nm Cu(I) emission line.  
Polarity did not have a significant effect on arc lifetimes for the stationary copper 
fiber brush contact. 
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Figure 3-10.  Atomic emission spectra collected from arcing events with a zinc-coated copper 
fiber brush sliding contact in ambient air.  The same brush contact was observed 
under both positive and negative polarities.  Zinc was much more prevalent in the 
positive brush arcing spectrum than the negative brush arcing spectrum.  Spectra 
collected in humid CO2 environments were comparable to those collected in ambient 
air.   
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Figure 3-11.  Average contact resistance and friction coefficient for low speed (0.01 m/s) copper 
fiber brush on copper sliding in humid CO2 at current densities of 0 and 180 A/cm2.  
Testing was performed for both current flow directions—positive counterface (black) 
and negative counterface (gray).  Highlighted on the right is a subset of the recorded 
temperatures for the positive counterface test.  Note the increase in sample 
temperature following cycle 20,000 and the resulting increase in friction for the 
positive data set [56]. 
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Figure 3-12.  Calculated volume loss for a copper counterface sliding against a copper fiber 
brush in humid CO2 environment at 0.01 m/s.  Volume loss was determined using in 
situ profilometry measurements of the counterface wear track.  Lines are drawn to 
connect data points for clarity [56]. 

Table 3-2.  Copper counterface wear rates for the negative counterface current condition in 
humid CO2 at low sliding velocity (0.01 m/s) [56]. 

Cycle number Sliding distance (m) Current density 
(A/cm2) Wear rate (mm3/Nm) 

0 – 15,000 0 – 150 0 2.1 × 10-6 
15,001 – 25,000 150 – 250 -180 6.9 × 10-7 
25,001 – 35,000 250 – 350 0 4.1 × 10-7 
35,001 – 45,000 350 – 450 -180 5.7 × 10-7 

 
Table 3-3.  Copper counterface wear rates for the positive counterface current condition in humid 

CO2 at low sliding velocity (0.01 m/s) [56]. 

Cycle number Sliding distance (m) Current density 
(A/cm2) Wear rate (mm3/Nm) 

0 – 15,000 0 – 150 0 1.6 × 10-6 
15,001 – 25,000 150 – 250 +180 2.6 × 10-7 
25,001 – 35,000 250 – 350 0 1.0 × 10-6 
35,001 – 45,000 350 – 450 +180 8.8 × 10-7 
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A           B 

Figure 3-13.  SEM wear track characterization after tribological testing of copper fiber brushes at 
low sliding velocities (0.01 m/s) and 180 A/cm2 in humid CO2.  A) SEM micrograph 
of negative copper counterface (under positive brush) wear track.  B) SEM 
micrograph of positive copper counterface (under negative brush) wear track.   

 

 

Figure 3-14.  Average friction coefficient (left) and contact resistance (right) for a copper fiber 
brush in low speed (0.01 m/s) reciprocating sliding against a polished copper 
counterface in humid CO2 and humid argon environments.  Sample temperature (TS) 
was varied while maintaining a constant ambient temperature (T0) within the 
chamber.  Error bars represent the standard deviations in the average values [56]. 
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    A      B 

 

C 

Figure 3-15.  XPS analysis of copper counterface wear tracks after low speed (0.01 m/s) sliding 
in humid CO2 environments under the following current conditions:  no current, 
positive counterface (+180 A/cm2), and negative counterface (-180 A/cm2).  A) The 
carbon 1s spectrum for the no current sample; spectrum was representative of all 
samples, so positive and negative counterface spectra were not displayed.  B) Copper 
2p3/2 spectra for no current (solid black), negative counterface (dash-dot blue), and 
positive counterface (dash orange) wear tracks.  C) Copper L3M45M45 Auger spectra 
for all three wear tracks.  The kinetic energies corresponding to Cu and Cu2O 
transitions are discernable [56]. 
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Figure 3-16.  Current-voltage (I-V) sweep of single copper fiber on copper disk contact after 
sliding in humid CO2 environment.  Applied normal load was 500 µN. 

 

Figure 3-17.  SEM micrographs of worn single copper fibers after sliding in humid CO2.  From 
left to right:  no current, negative, and positive fibers.   
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Figure 3-18.  SEM micrographs of worn single copper fiber cross sections created by focused ion 
beam milling.  A platinum layer was deposited on each fiber surface prior to milling 
to protect surface features from ion damage.  The sliding interface is located below 
the platinum layer. 
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Figure 3-19.  TEM analysis of lift-outs from worn single copper fiber surfaces.  A) TEM 
micrograph of no current fiber surface showing location of EDS analysis (black dot) 
and corresponding EDS spectrum.  B) TEM micrograph of negative fiber surface 
showing location of EDS analysis (blue dot) and corresponding EDS spectrum.   
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Figure 3-20.  Average friction coefficient for each reciprocating cycle of quartz-on-silicon 
sliding in dry argon and 1-pentanol saturated argon environments. 
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   A       B 

Figure 3-21.  Profilometry of wear track formed on silicon during sliding against a quartz ball.  
A) Wear track profiles at cycles 0, 10, and 100 in a dry argon environment.  For cycle 
100 in dry argon, the height scale was increased to ±700 nm because of extreme 
changes in surface topography.  B) Wear track profiles at cycles 0, 10, and 100 in an 
argon environment saturated with 1-pentanol (height scale ±3 nm).   
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Figure 3-22.  Friction coefficient for copper-on-copper reciprocating sliding (no current) in 1-
pentanol saturated argon environment over 100 cycles. 

 

Figure 3-23.  Profilometry images of polished copper counterface showing evolution of wear 
track in 1-pentanol saturated argon environment: cycle 0 (upper left), cycle 30 (upper 
right), cycle 40 (lower left), and cycle 100 (lower right).  Color scale shows heights 
ranging from -4 to +4 µm.   
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Figure 3-24.  Average line profiles for wear track formed by copper-on-copper sliding in 1-
pentanol saturated argon environment.  Volume loss was calculated by subtracting the 
profile for cycle 100 from the profile for cycle 0 and extrapolating over the length of 
the wear track. 
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Figure 3-25.  Contact resistance (upper plot) and friction coefficient (lower plot) for copper fiber 
brush on copper flat low sliding speed (0.015 m/s) test in humid CO2 (blue) and 1-
pentanol saturated argon (black) environments.  For the 1-pentanol saturated argon 
environment, 1-pentanol was intentionally removed between cycles 1000 and 1500 to 
determine if reintroducing 1-pentanol to the environment would lead to recoverable 
friction. 
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CHAPTER 4 
DISCUSSION 

Decoupled Solid Lubrication of Sliding Electrical Contacts 

Graphite 

Testing of monolithic silver brushes with decoupled graphite lubrication in ambient air 

environments demonstrated the limitations of graphite-based sliding electrical contacts for high 

current applications.  Many electrical brushes utilize a composite of graphite and a conductive 

metal to achieve a combination of low resistance, low friction, and low wear in a sliding 

electrical contact application.  The present studied examined how decoupling graphite lubrication 

from a conductive metal brush could be used to improve electrical efficiency without increasing 

mechanical losses.  Ideally, through careful selection of the applied lubricant load, thin, 

protective transfer films would be created without increasing contact resistance, allowing for 

efficient operation at high currents without the restrictions of a non-oxidizing humid 

environment. 

Over the range of currents investigated, friction coefficient did not exhibit a dependence on 

polarity or current magnitude with graphite lubricated silver brushes.  Lancaster and Stanley [72] 

found friction coefficient of an electrographitic carbon and copper sliding pair to be independent 

of polarity.  Other studies have noted polarity effects in graphite-copper sliding electrical pairs 

[73, 74].  Electric fields have been shown to cause lubricant deterioration, which adversely 

affected frictional properties [75, 76].  Graphite transfer films in the present study showed no 

adverse reactions or decomposition under current densities up to 200 A/cm2.  Brief excursions of 

high friction were the result of lubricant pin failures.  Subsequent removal and replacement of 

the failed lubricant pins reduced the friction coefficient and demonstrated the ability of the 

system to recover to its stable operating point.   
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At current densities below 150 A/cm2, graphite effectively lubricated the silver brush 

contacts, yielding wear rates that could not be accurately quantified with the given 

instrumentation.  At 200 A/cm2, a critical threshold was crossed where brush wear increased 

notably and a bifurcation of the positive and negative brush wear rates occurred.  Higher wear 

rates for the positive brush compared to the negative brush are commonly found in the literature 

related to metal-graphite electrical brushes [6, 23, 24, 34, 42].  Energy dispersive X-ray 

spectroscopy (EDS) analysis of the worn brush surfaces (Figure 3-2) showed notable differences 

in composition based on polarity.  Copper concentrations on the negative brush face were higher 

than that of the positive brush face.  Mechanical transfer of copper from the rotor to the brush 

surfaces should be independent of current flow direction.  The inability of the monolithic brush 

to track imperfections in the rotor surface may cause small breaks in the electrical circuit at the 

brush contacts.  Dynamic contact resistance measurements were up to five times higher than 

stationary contact resistance measurements, suggesting dynamic effects may interrupt the 

conduction path across the brush-rotor contact.  Small gaps created between the brush and rotor 

may initiate arcing events which further enhance material removal.  Under the negative brush, 

electrons impinge on the copper rotor.  Copper atoms vaporized through arcing events can then 

be redeposited on the negative brush surface.  Electric field enhanced migration of metal atoms 

(electromigration) has also been cited as a possible material transfer mechanism in sliding 

electrical contacts [77, 78]. 

The primary shortcoming of the decoupled graphite lubrication system is the inability to 

achieve sufficiently low electrical losses.  The thickness of the graphite transfer films (Figure 3-

3) prevents intimate metal-on-metal contact.  Thick transfer films are preferred for brush wear 

reduction, but they also limit the conductivity at the interface.  The electrical losses of the 
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graphite system will be discussed in more detail in a following section titled “Summary of Brush 

Electrical Losses”.  Decoupled graphite lubrication of monolithic metal brushes appears to be 

suitable for low current applications.  One issue that remains to be addressed is lubricant wear.  

Without constant replenishment of the graphite transfer film, severe adhesive wear and cold 

welding between brush and rotor will occur.  The graphite lubricant pins need to be periodically 

inspected and replaced.  Such maintenance would be an additional obstacle to implementation of 

decoupled graphite lubrication in practical applications. 

Polytetrafluoroethylene (PTFE) and PTFE/In Composites 

Decoupled graphite lubrication of solid electrical contacts successfully yielded low wear 

and low friction; however, the thickness of the transfer films produced unacceptably high contact 

resistance for high current applications.  The use of polytetrafluoroethylene (PTFE) as an 

alternative lubricant was investigated due to its ability to form thin, lubricious transfer films.  

The results shown in Table 3-1 indicate that PTFE lubrication produced reasonably low friction 

coefficients ranging from 0.21 to 0.27.  Brush wear rates with PTFE were on the order of 10-8 

m/m, which was extremely high considering wear rates on the order of 10-11 m/m and lower have 

been achieved with metal fiber brushes [8, 12, 46, 48, 50, 54].  The normalized brush pressure (β 

of ~0.8) was higher that what is typically recommended for metal fiber brush operation.  A 

decrease in pressure would likely yield lower wear rates but increased electrical losses. 

The addition of indium to PTFE was intended to increase the conductivity of the transfer 

film formed on the rotor surface while having minimal impact on the frictional behavior of the 

system.  Table 3-1 shows that friction coefficient with the PTFE/In composite was comparable to 

PTFE.  The low shear strength and the low volume percent (10%) of indium are likely reasons 

for the similar frictional behavior of PTFE and PTFE/In.  The electrical conductivity of the 

PTFE/In transfer films was not significantly better than PTFE.  The average contact resistance 
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during sliding was 16 mΩ with PTFE and 14 mΩ with PTFE/In, although the standard deviations 

proved the difference to be statistically insignificant.  The low volume percent of indium in the 

composite may not have been sufficient to create conductive pathways through the transfer film.  

Lubrication with the PTFE/In composite produced increased brush lifetimes over PTFE 

lubrication.  Compared to PTFE, the PTFE/In composite reduced the positive brush wear rate by 

65% and the negative brush wear rate by 94%.  The addition of indium to the PTFE lubricant 

also considerably decreased the wear rates of the lubricant pins for both brushes.  Wear rates for 

graphite lubricant pins with monolithic silver brushes ranged from 1 × 10-8 to 3 × 10-8 m/m.  Ex 

situ observations of worn brushes showed PTFE and PTFE/In infiltration throughout the fiber 

bundles.  Thus, much of the measured lubricant wear is due to uptake of lubricant in the fiber 

brushes.  Overall, PTFE/In composites yielded improved wear performance for copper fiber 

brush sliding electrical contacts but little enhancement of electrical conductivity compared to 

PTFE lubrication. 

Copper Fiber Brush Sliding Electrical Contacts in Humid Environments 

High Sliding Velocities 

Using the brush-rotor tribometer (Figure 2-6) and a sliding velocity of 5 m/s, brush wear 

was measured for over 3000 km of sliding in a controlled humid CO2 environment.  

Displacement transducers attached to the backside of the brush holders were used to make the 

displacement measurements and quantify wear.  Several factors complicated displacement-based 

brush wear measurements.  Metal fiber brushes under constant load tended to splay at the sliding 

interface.  Additionally, high current densities created temperature fluctuations in the brushes 

and surrounding environment which caused brushes and brush holders to thermally expand and 

contract.  Splaying could not be accounted for in the brush wear data.  For long term testing 

(hundreds of km of sliding), it was assumed that after initial splaying, the brush reached a steady-
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state where splaying was no longer significant relative to brush wear; therefore, brush wear rates 

were calculated based on data from the steady-state regimes.  Thermal fluctuations were evident 

in the brush wear data of Figure 3-6.  Because the period of the temperature cycling was 

approximately 24 hours, brush displacement data points were selected at 24 hour intervals and a 

linear regression line was fit to the data points to calculate the steady-state wear rate.  The 

positive brush wear rate of 3 × 10-11 m/m and negative brush wear rate of 4 × 10-12 m/m were 

comparable to values from literature for metal fiber brushes in humid non-air environments [8, 

12, 46, 48, 50, 54]. 

During high sliding speed testing, positive brushes tended to wear at a higher rate than 

negative brushes.  At the end of long tests, such as the one shown in Figure 3-6, brush 

appearance and performance differed from the as-received state.  Deformation of the fiber 

surfaces and collection of debris in the void spaces between fibers caused the fiber brushes to 

behave like solid brushes.  The scanning electron microscopy (SEM) images shown in Figure 3-7 

provided evidence of the solid nature of the brush surfaces.  This may have accounted for the 

macroscopic arcing events observed at the positive brush interface near the end of the test.  Metal 

fiber brushes were designed to be compliant.  The load was dispersed over a large number of 

independent contact points, allowing the fiber brush to follow imperfections in the rotor surface.  

If the fibers were no longer able to act independently, the brushes would lose their ability to track 

the rotor surface.  Because electrons were impinging on the positive surface, material removal 

was intensified at the positive brush fiber tips.  For arcing across a small gap, also termed a metal 

vapor arc, the positive surface experiences a net material loss relative to the negative surface [79-

81].  The arcing damage observed on the positive brush in Figure 3-8 B was not common among 
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all brushes examined by SEM.  The surfaces of most worn positive brushes appeared similar to 

the surfaces of worn negative brushes. 

The inherent difficulties in making friction force measurements with copper fiber brushes 

at high sliding velocities were discussed by Argibay et al. [54].  Brushes were operated in a 

humid CO2 environment under unidirectional sliding against a copper slip ring.  At a velocity of 

2.5 m/s, friction coefficients for the negative brush varied greatly between 0.08 and 0.34 while 

friction coefficients for the positive brush ranged from 0.17 to 0.42.  When the current density 

was increased from 120 to 180 A/cm2, the positive and negative brush friction coefficients 

bifurcated, with the positive brush friction coefficient approximately twice the value of the 

negative brush friction coefficient.  Decreasing the sliding velocity from 2.5 m/s to 0.5 m/s while 

maintaining a current density of 180 A/cm2 removed the frictional bifurcation of the system, as 

friction coefficients for both brushes varied around 0.20 at this speed.   

Argibay et al. [54] also utilized lower velocity (0.5 m/s) sliding direction reversals to 

remove load cell bias from the frictional load measurements.  Average friction coefficients 

calculated from lower speed motor reversals were approximately 0.20 for both brushes and were 

independent of current density.  Load cell bias likely accounted for the drift in the positive and 

negative brush friction measurements at 2.5 m/s.  Similar trends were observed in the contact 

resistance data from the same test—positive and negative brush resistances bifurcated when 

current density increased from 120 to 180 A/cm2, and the bifurcation disappeared when sliding 

velocity decreased from 2.5 to 0.5 m/s while maintaining 180 A/cm2.  Although accurate 

measurements of friction and resistance are difficult to obtain at high sliding velocities, potential 

sources of error can be reduced by decreasing the sliding velocity and reversing the direction of 

sliding to account for biases in the system.   
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The zinc coating on the exterior mesh wrapping of the copper fiber brushes was used as a 

means of tracking material transfer between the brush and rotor surfaces.  Discoloration of the 

rotor surface under the positive brush was attributed to transfer of zinc from brush to rotor.  

Although it was not clear what effect zinc had on brush wear or contact resistance, it was 

apparent that zinc was involved in the surface chemistry.  After removing worn copper fiber 

brushes from the humid CO2 environment and allowing brushes to dry, fibers were examined by 

SEM and EDS.  A number of rod-shaped and spherical features were observed on the worn brush 

fiber surfaces.  Shown in Figure 4-1 is an SEM micrograph of the structures (upper left) with 

corresponding EDS dot maps for copper (upper right), oxygen (lower left), and zinc (lower 

right).  The surface growths had higher oxygen contents, lower copper concentrations, and 

slightly higher zinc concentrations compared to the rest of the copper fiber surface.  Though the 

exact composition could not be determined, the spectroscopic analysis suggested the features in 

Figure 4-1 may be a zinc oxide or zinc carbonate.  Calculation of the Gibbs free energy of 

formation of ZnO and Cu2O at room temperature yielded values of -363.5 and -198.2 kJ/mol, 

respectively; therefore, formation of ZnO is favored over formation of Cu2O at room 

temperature.  Deng et al. [63] investigated the reaction products formed on a copper surface with 

0.1 monolayer of zinc in a CO2 + H2O environment.  The presence of zinc on the copper surface 

facilitated the formation of carbonate species and depleted chemisorbed CO2.  Deng et al. [63] 

also noted that adsorbed oxygen reacted with zinc to form ZnO. 

The role of zinc in arcing sliding contacts was also investigated on the brush-rotor 

tribometer.  As seen in the atomic emission spectra of Figure 3-10, higher concentrations of zinc 

species were observed in arcing events at the positive brush interface compared to that of the 

negative brush interface.  The presence of zinc in the arcing spectra was not unexpected.  As 
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mentioned previously, plentiful amounts of zinc were present on the exterior of the fiber bundle.  

Arcing was visually more prevalent around the perimeter of the brush, which coincides with the 

highest concentrations of zinc as well as the preferred path for current flow through a fiber brush 

[60].  It appeared that zinc was preferentially ionized under the positive brush polarity.  At the 

positive brush interface, electrons leave the rotor surface and impinge on the brush surface.  

Conversely, at the negative brush interface, electrons leave the brush surface and impinge on the 

rotor surface.  Therefore, at the positive brush interface, material from the brush was ionized 

more readily than rotor material; thus, higher concentrations of zinc were observed in the 

positive brush arcing spectrum.  For the negative brush interface, the ionized material 

predominantly came from the rotor surface, and the negative brush spectrum appeared zinc 

deficient relative to the positive brush spectrum. 

Low Sliding Velocities 

While high sliding velocity testing is ideal in terms of evaluating electrical brush materials 

for practical applications, low sliding velocity testing is better suited for studying fundamental 

questions on current direction effects and surface chemistry.  The low-speed reciprocating test 

geometry used in this study (Figure 2-10) removed many of the complexities of the high-speed 

brush-on-rotor tribometer (Fig 2-6) which limited measurement and analysis options.  For 

example, in the brush-rotor tribometer, the vibrations induced by operating at high revolutions 

per minute made it inherently difficult to make accurate force and voltage measurements.  

Performing tests on self-mated copper sliding electrical contact systems at low sliding velocities 

generated more reliable measurements in addition to providing an opportunity to evaluate system 

dynamics effects on data obtained at high sliding velocities. 

Brush wear could not be accurately quantified in the lower sliding velocity testing of 

copper fiber brushes.  Changes in brush mass and brush length were too small to be measured.  
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Over 45,000 cycles of sliding, the total sliding distance was 450 m.  Assuming a relatively low 

brush wear rate of 10-11 m/m, the total change in brush length would be 4.5 nm.  Significant 

increases to the total sliding distance would be required to obtain meaningful brush wear 

measurements at the lower sliding velocity.   

In situ profilometry of a copper counterface sliding against a copper fiber brush in a humid 

CO2 environment at 180 A/cm2 allowed for interrupted wear measurements of a simulated rotor 

surface without disturbing the testing environment.  Volume loss calculations showed that 

counterface wear was independent of brush polarity.  In high sliding speed testing, positive brush 

wear rates were generally higher than negative brush wear rates.  This polarity dependence trend 

was not observed for counterface wear at low sliding velocities.  The nominal brush pressure 

used for the low speed study (1.4 × 105 Pa) was higher than the brush pressure for the high speed 

study (1.4 × 104 Pa).  The higher brush pressure may have reduced electrically-induced wear 

mechanisms and increased mechanical wear.  Additionally, the low sliding speeds reduced the 

probability of the brush fibers breaking contact with the counterface.  This should also favor 

mechanical material removal over other current-induced mechanisms.   

The micrographs of the copper wear tracks generated in humid CO2 (Figure 3-13) lend 

some insight as to possible wear mechanisms for copper brush sliding electrical contacts at low 

sliding velocities.  No features indicative of arcing, such as ablation craters or droplets of 

resolidified material, were observed on the wear track surfaces.  In certain locations, material 

buildup within the wear track was observed due to material transfer from the brush to 

counterface.  The material transfer was observed on both the positive and negative counterfaces 

and did not have a dependence on the current flow direction.  Profilometry confirmed that the 

features had a greater height than the original polished surface.  Material was likely transferred 
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from brush to counterface through an adhesive wear mechanism, which will be discussed in 

more detail in a following section titled “Theories on Brush Wear Mechanisms in Metal Fiber 

Brush Sliding Contacts.” 

Water adsorption was critical to the efficient operation of self-mated copper sliding 

electrical contacts at low and high sliding velocities.  Salmeron [82] studied the adsorption 

behavior of water on clean copper and Cu2O surfaces using a specially designed X-ray 

photoelectron spectroscopy (XPS) system that operated under ambient gas pressures.  XPS 

allowed for differentiation between oxygen present in the oxide, oxygen in hydroxyl (OH) 

groups, and oxygen in adsorbed water.  The thickness of the water layer was determined by 

measuring the areas under the peaks for each constituent.  Salmeron [82] concluded that the 

formation of dangling hydrogen bonds is critical to water adsorption on a surface.  For a Cu2O 

surface, molecular water adsorption was preceded by passivation of the surface with hydroxyl 

groups, as shown in Figure 4-2 (adapted from Salmeron [82]).  Small concentrations of oxygen 

vacancies at the oxide surface acted as adsorption sites for water.  Upon dissociation of the water 

molecules, the vacant sites became saturated with hydroxyl groups.  Molecular water films 

proceeded to grow due to strong interactions with the hydroxyl groups.  As shown in Figure 4-2, 

the water layer thickness on Cu2O increased approximately linearly with increasing relative 

humidity.  At 44% RH, approximately 2.5 monolayers of water were present on the surface. 

The operating environment used in testing of copper-on-copper sliding electrical contacts 

at the University of Florida was predominantly a non-oxidizing cover gas (CO2 or argon) 

saturated with water.  The oxygen concentration in the operating environment was typically 

between 50 and 100 ppm, and it was actively monitored during testing.  XPS analysis of copper 

wear tracks confirmed the presence of an oxide (Cu2O) on all samples examined.  Thus, the 
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mechanisms and trends for water adsorption on a Cu2O surface (Figure 4-2) suggested by 

Salmeron were applicable to copper sliding electrical contacts in humid environments. 

Because water adsorption on Cu2O is dependent on relative humidity, changes in operating 

conditions that affected either temperature or vapor pressure ultimately affected water adsorption 

on the sliding bodies.  Figure 3-11 provides an example of such a situation.  As the temperature 

of the positive counterface increased (see cycles 20,000 to 25,000), the friction coefficient 

increased due to a decrease in the water film thickness in the sliding contact.  When cooling was 

restored prior to cycle 25,000, friction coefficient decreased as a result of increased water 

adsorption. 

Subcooling was demonstrated to be an effective method of maintaining adsorbed water 

films on the copper sliding surfaces.  A surface is subcooled if its temperature is below the dew 

point temperature, which is approximately equivalent to the ambient temperature at humidities 

approaching 100% RH.  In Figure 3-14, the lowest friction coefficients in the humid CO2 

environment occurred when the copper counterface was subcooled.  When counterface 

temperature increased, friction coefficient correspondingly increased.  The increase in 

counterface temperature decreased the local relative humidity near the counterface which in turn 

decreased the adsorbed water film thickness.  Similar results were observed in the humid argon 

environment, although a decrease in friction occurred as the counterface temperature increased 

from 22°C to 26°C.  Contact resistance in humid argon was also higher at a counterface 

temperature of 22°C compared to 26°C, which may suggest that the system was still being run-in 

and the native oxides on the brush and counterface were still present in the sliding contact. 

Subcooling was also shown to be an effective means of reducing contact resistance for 

copper-copper sliding electrical contacts in humid environments.  The optimum temperature for 
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minimizing electrical losses was equivalent to the ambient temperature (26°C) in both humid 

CO2 and humid argon environments.  Increases in counterface temperature resulted in increased 

contact resistance for both environments.  Initially it was believed that higher sample 

temperatures and less adsorbed water would increase material removal, resulting in more metal-

metal points of contact (as well as higher friction) and lower contact resistance.  However, the 

contact resistance data of Figure 3-14 did not agree with this hypothesis.  Clearly, water 

adsorption played a role in the electrical conductivity of the sliding contact, as the observed 

trends were not dependent on the cover gas. 

Composition of Tribofilms Formed on Copper in Humid Carbon Dioxide 

One of the goals of the temperature study shown in Figure 3-14 was to understand the role 

of CO2 and its effects on the frictional and electrical properties of the self-mated copper system.  

Adsorbed water is an important component of the system, but the function of the cover gas, 

specifically CO2, is not well understood.  A water-saturated argon environment was used as a 

control to determine if CO2 was actively participating in the formation of surface films.  These 

results definitively showed that CO2 was more than a non-oxidizing cover gas.  Significant 

differences in the sliding behavior of the copper fiber brush on copper flat system were observed 

when comparing humid CO2 and humid argon environments at low sliding velocities.  At all 

temperatures examined, friction coefficients were substantially lower in humid CO2 than humid 

argon.  Moreover, the contact resistances were generally lower for humid CO2 than humid argon.  

Surface species other than adsorbed water contributed to the frictional and electrical properties of 

copper-on-copper sliding contacts.  In addition to water acting as a boundary lubricant, reactions 

between CO2, H2O, and the copper surface formed lubricating surface species. 

XPS analysis was used to characterize the tribofilms formed under copper-copper sliding 

electrical contacts in humid CO2 environments.  XPS is a very surface sensitive analytical tool 

114 



 

and ideal for characterization of thin surface films.  The spectrum of Figure 3-15 A shows 

several carbonaceous species present in the wear tracks of all samples.  The same brush material 

was used for testing in humid CO2 and humid argon, so the –CF2– species would not account for 

the differences in friction.  The peak at 284.6 eV assigned to amorphous carbon may be 

influenced by adventitious carbon contamination, a result of brief sample exposure to the 

ambient environment during sample transfer from test chamber to XPS chamber.  The two 

constituents from the carbon 1s spectrum that are reaction products involving gas phase CO2 are 

the carbonates (CO3) and chemisorbed negatively charged carbon dioxide (CO2
δ-).  Of the two 

species, the carbonates on the copper wear track surfaces would seem the more plausible 

explanation for the lubricating behavior observed in humid CO2.  A study by Wu et al. [83] 

concluded that CO2 was an effective gas phase lubricant for steel sliding contacts due to the 

formation of iron carbonate and/or iron bicarbonate compounds on the sliding surfaces.  Wu et 

al. [83] reported friction coefficients of approximately 0.24 for steel-on-steel in CO2 

environments.  Transmission electron microscopy and energy dispersive X-ray spectroscopy 

analysis of worn single copper fibers (Figure 3-19) from tribological testing in humid CO2 

environments showed a surface layer on the copper fibers that was primarily composed of carbon 

with some copper.  This agreed well with XPS analysis which found the copper counterface wear 

track surface composition to be predominantly carbonaceous species (amorphous carbon, CO2
δ-, 

and CO3). 

Deng et al. [63] extensively studied reaction film formation on polycrystalline copper 

surfaces at room temperature in the presence of CO2 and H2O using ambient pressure XPS, the 

results of which are summarized briefly.  In 0.1 torr of CO2, a clean copper surface was shown to 

be active toward CO2.  In the carbon 1s spectrum, three carbonaceous species were identified 
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(binding energies shown in parenthesis): carbonate (289.3 eV), chemisorbed negatively charged 

CO2 (288.4 eV), and hydrocarbon (284.4 eV).  Other than the hydrocarbon fragments, which 

were attributed to residual contamination, chemisorbed CO2 was most prevalent on the copper 

surface and was approximately 4 times as prevalent as the carbonate.  From the oxygen 1s 

spectrum, the following surface species were identified: carbonate (531.9 eV), chemisorbed 

negatively charged CO2 (531.4 eV), surface hydroxyl (530.8 eV), and chemisorbed oxygen 

(529.8 eV).  No evidence was found for the formation of Cu2O in 0.1 torr of CO2.  The addition 

of 0.1 torr H2O to 0.1 torr CO2 altered the surface chemistry slightly.  In addition to the species 

observed in 0.1 torr CO2, three other species were identified: formate (HCOO –), methoxy (–O–

CH3), and adsorbed molecular water. 

The presence of the carbonate, CO2
δ-, and hydrocarbon species from Deng et al. [63] 

correlated well with results from XPS analysis of copper-on-copper sliding films generated at 

high current densities in humid CO2 environments.  In the present study of sliding electrical 

contacts, the hydrocarbon peak was assigned to 284.6 eV rather than 284.4 eV [57].  Of the 

sliding film components (excluding –CF2–), the hydrocarbon was most prevalent, followed by 

CO2
δ-, and carbonate was least prevalent, similar to the trend noted by Deng et al. [63].  Formate 

(287.3 eV) and methoxy (285.2 eV) species [63] were not identified in the carbon 1s spectra 

from the sliding films due to the inability to distinguish between the two species; however, it is 

likely that both formate and methoxy contributed to the intensity, particularly between 285 and 

287.5 eV.  Cu2O was present in all wear tracks but not detected on copper exposed to CO2 and 

water according to Deng et al. [63].  The presence of Cu2O in the wear tracks was attributed to 

the low concentrations of oxygen (50 – 100 ppm) in the operating environment reacting with 

freshly exposed material as wear debris was generated.   
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Copperthwaite et al. [62] proposed the reaction shown in Equation 4-1 (also discussed by 

Deng et al. [63] and Browne et al. [84]) for the formation of carbonates on copper. 

CO2
δ- + CO2  →  CO3(a) + CO(g)      (4-1) 

For this reaction to occur, CO2 gas must first be adsorbed on to the copper surface and converted 

to CO2
δ-.  The activation of CO2 to CO2

δ- is believed to be the critical step.  CO2
δ- is unstable, and 

it has been shown to act as a precursor for reactions involving CO2 on iron and palladium [62, 

85-90].  The CO2
δ- species can be stabilized through solvation with nearby CO2 molecules [62].  

The result of this reaction is the formation of a carbonate species on the surface and carbon 

monoxide (CO) which desorbs from the surface.   

The carbonate can also be reduced through the reaction shown in Equation 4-2. 

CO3(a)  →  C(a) + 3 O(a)        (4-2) 

This reaction yields products of adsorbed carbon and oxygen.  The carbon may contribute to the 

peak intensity observed at 284.6 eV, which had previously been attributed to hydrocarbon 

contamination [63].  The degree to which carbon produced through Equation 4-2 influenced the 

intensity at 284.6 eV is not known.  According to Deng et al. [63], in reaction films the 

chemisorbed oxygen remained on the copper surface as chemisorbed oxygen.  In sliding films, 

the chemisorbed oxygen may react to form Cu2O. 

Deng et al. [63] also studied the surface chemistry of a Cu2O film in the presence of 0.1 

torr CO2 at room temperature.  They noted that under the given conditions, CO2 did not react on 

the Cu2O surface.  Neither CO2
δ- nor carbonate species were detected on the surface using XPS.  

In the case of the copper fiber brush sliding contacts, reactions shown in Equations 4-1 and 4-2 

must have occurred in the wear track where clean copper adsorption sites were being generated.   
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X-rays impinging on the sample surface and photoelectrons emitted from the surface in 

XPS can alter the surface chemistry of the copper samples.  Deng et al. [63] noted progressive 

formation of carbonates on a Cu2O surface after analyzing the same location multiple times.  

Browne et al. [84] also detected a chemisorbed species (CO2
δ-) on copper surfaces formed 

through X-ray induced chemical transitions.  The electric fields and high current densities 

passing through the copper fiber sliding electrical contacts may be able to modify the tribofilm 

chemistry in a similar manner. 

Reactions involving gaseous CO2 and adsorbed water must also be considered.  Scholer 

and Euteneuer [91] studied the corrosion of copper pipes in deionized water, and found the 

corrosion rate was highly dependent on the amount of dissolved CO2 in the water.  A fraction 

(~1%) of the dissolved CO2 reacted with water to form carbonic acid (H2CO3).  Dissociation of 

carbonic acid created HCO3
– ions and hydrogen ions (H+), which broke down oxide on the 

copper surface by reacting with oxygen to form water.  The pH of condensed water inside the 

environment chambers of the present study was measured to be in the range of 5 to 6, which is 

slightly acidic.  Contact resistance in humid CO2 environments was generally lower than the 

contact resistance in humid argon environments (Figure 3-14), which supported the proposed 

mechanism of Scholer and Euteneuer [91] for the dissolution of Cu2O in solutions of CO2 and 

H2O.   

Through the surface analysis and literature review discussed, a basic model of the chemical 

nature of copper-on-copper sliding contacts in humid CO2 can be constructed.  Figure 4-3 shows 

a schematic drawing of a microscale copper-copper contact spot in humid CO2.  The drawing is 

not to scale and is intended only to help visualize the composition of the sliding contact.  The 

worn copper surfaces (both positive and negative surfaces) showed formation of Cu2O due to 
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small concentrations of oxygen (~50 – 100 ppm) in the sliding environment.  Surface species 

formed through reactions with the humid CO2 environment included carbonates and amorphous 

carbon.  The formation of these reaction films on copper has been confirmed by Deng et al. [63], 

although the reactions were found to occur on copper rather than Cu2O surfaces.  In high 

humidity environments, the sliding interface was composed of multiple monolayers of water, 

which contributed to lubrication and formation of reaction films.   

Vapor Phase Lubrication of Metal Sliding Electrical Contacts with 1-Pentanol 

Adsorption of 1-pentanol produces lubricating films under sliding conditions which 

improve the wear resistance of silicon sliding contacts [58, 59].  Asay, Dugger, Ohlhausen, and 

Kim [59] have shown that the lubricating film formed in the wear track was composed of high 

molecular weight oligomeric products (long-chain hydrocarbons).  This reaction film was formed 

as a direct result of sliding and not solely due to adsorption of alcohol molecules [59].  Figure 3-

21 shows the improvement in wear resistance for a quartz-silicon sliding pair due to addition of 

1-pentanol to the operating environment.  After 1,000 cycles of sliding, the depth of the wear 

scar in the 1-pentanol environment is only several nanometers, and the average friction 

coefficient over the entire test is 0.14.   

The 1-pentanol saturated argon environment was selected for study with sliding electrical 

contacts because it does not contain components that will readily oxidize copper and it can 

produce thin layers of carbonaceous species.  Ideally, this scenario would yield very low contact 

resistance for high current applications while minimizing friction and wear of the copper 

surfaces.  However, results have indicated that this is not the case.  For a copper-on-copper 

sliding pair at a contact pressure of 270 MPa, severe wear and adhesion between the sliding 

bodies, characteristic of cold welding of a self-mated metal contact, occurred after only ~40 

cycles of sliding in the 1-pentanol saturated argon environment.  The presence of adsorbed 1-
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pentanol molecules initially aided in the protection of the native oxide on the copper.  However, 

after breakthrough of the surface oxide, 1-pentanol adsorption failed to reduce friction and wear 

when the contact was predominantly copper sliding against copper.  Using a copper fiber brush 

and a lower nominal pressure of 1.4 × 105 Pa, cold welding behavior was not observed in the 1-

pentanol environment, but the measured friction was high relative to measured friction in the 

humid CO2 environment.  The lack of change in contact resistance when the environment was 

switched from 1-pentanol saturated argon to dry argon (Figure 3-25) suggested only minor 

amounts of 1-pentanol were adsorbed in the wear track.  Longer tests, approximately 10,000 

cycles or more, are needed to properly quantify counterface wear in 1-pentanol saturated argon 

and compare to wear in humid CO2. 

Polarity Effects on Friction and Contact Resistance 

The present study of copper fiber brushes in humid CO2 environments at low sliding 

velocities (0.01 m/s) showed that friction coefficient and contact resistance did not depend on the 

direction of current flow.  However, at high sliding velocities (5 m/s), the negative brush contact 

resistance was generally higher than the positive brush contact resistance (Figure 3-6).  After 

significant accumulation of damage to the brushes and visible arcing at the positive brush 

interface, the positive brush contact resistance was higher than the negative brush resistance for 

the high sliding velocity test.   

Other studies of copper fiber brushes noted polarity effects in measured voltage drops and 

friction coefficients; however, the results were inconsistent, making it difficult to discern 

mechanisms responsible for this behavior.  Argibay et al. [54] observed higher contact resistance 

for the negative brush upon increasing current from 120 to 180 A/cm2.  In a study of copper fiber 

brushes in humidified CO2 environments, Reichner [48] found the positive brush had a higher 

voltage drop than the negative brush, except when both brushes ran in the same track, in which 
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case the negative brush had the higher voltage drop.  Reichner [48] also examined copper fiber 

brushes in humidified CO2 sliding against a silver slip ring and found the negative brush voltage 

drop to be higher than the positive brush.  In terms of friction, Reichner [48] reported for the 

copper-on-copper system higher friction coefficient for the negative brush compared to the 

positive brush; for the copper-on-silver sliding pair, friction coefficient did not show current 

direction dependence.  Boyer, Noel, and Chabrerie [46] observed that positive fiber brush 

voltage drops were consistently higher than negative fiber brush voltage drops in a humid 

nitrogen environment.   

Lee [92] investigated copper/graphite coated copper fibers as potential brush materials for 

sliding electrical contacts.  Lee [92] observed in humid CO2 environments that the negative 

brush voltage drop was higher than the positive brush and postulated that the difference in 

voltage drop was due to the electric field affecting adsorption of polar molecules (such as H2O) 

on the slip ring surface.  In a study of silver-coated carbon fiber brushes by McNab and Gass 

[42], positive brush voltage drops were consistently higher than the negative brush voltage drops 

for the same current in nitrogen, helium, and air environments, but voltage drops for both 

brushes were approximately the same in CO2 environments.   

Studies of sliding electrical contacts involving monolithic brushes, typically metal-graphite 

composites, have also reported polarity effects where positive brush voltage drops were higher 

than negative brush voltage drops [23, 33, 39].  Based on the results of the present study and the 

lack of agreement among similar studies from literature, there was no apparent correlation 

between brush polarity and either friction or contact resistance.  System to system variations in 

test geometry, brush design, and brush holder design may increase the variability of the reported 

results. 

121 



 

Summary of Brush Electrical Losses 

The Ohmic losses per brush per ampere conducted were calculated for the different 

brush/lubricant pairs investigated and plotted in Figure 4-4.  Ohmic losses normalized by the 

current conducted through the brush contact were calculated according to Equation 1-4.  Error 

bars represent the calculated combined uncertainty in the Ohmic loss for each system based on 

the standard deviations in recorded current and resistance measurements.  Where applicable, 

values for positive and negative brushes were averaged.  Normalization of brush losses by 

current conducted allowed different test geometries with different nominal currents to be directly 

compared. 

The highest electrical losses occurred with the monolithic silver brushes and decoupled 

graphite lubrication.  The combination of few contact spots under the monolithic brush and thick 

graphite transfer films produced brush electrical losses of approximately 0.71 W/A.  Electrical 

losses with the graphite lubricant were notably reduced by replacing the monolithic silver 

brushes with copper fiber brushes under the same loading conditions.  Graphite-lubricated 

copper fiber brushes were only briefly studied at relatively low current densities (20 A/cm2) with 

minimal success; further testing is needed to determine if this system could operate at higher 

current densities.  Lubrication of copper fiber brush contacts with PTFE and PTFE/In composites 

also produced thick transfer films that resulted in high electrical losses.  The addition of indium 

to PTFE did not significantly reduce electrical losses.   

Vapor phase lubrication of copper fiber brush sliding electrical contacts delivered the 

lowest electrical losses.  In water-saturated CO2 environments, higher losses were calculated for 

high sliding speeds (0.07 W/A) compared to low sliding speeds (0.03 W/A), partially due to the 

discrepancy between positive and negative brushes at high sliding speeds.  For the data set 

shown in Figure 3-6, electrical loss for the positive brush at high speeds was 0.04 W/A while 
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electrical loss for the negative brush at high speeds was 0.10 W/A.  The electrical loss for the 

single copper fiber test in humid CO2 (setup shown in Figure 2-14) was calculated to be 0.03 

W/A (not displayed in Figure 4-4), which is equivalent to the other values obtained for low 

sliding speeds in humid CO2.  Low speed testing of vapor phase lubrication using 1-pentanol also 

generated low electrical losses for copper-on-copper sliding.  Further testing in 1-pentanol 

saturated argon environments at high sliding velocities is still needed.   

Minimization of electrical loss per brush is critical in high current motor and generator 

applications which make use of thousands of brush contacts.  The most promising method to 

achieve this result is through vapor phase lubrication of a filamentous metal brush sliding 

electrical contact.  As shown in Equation 1-2, the total resistance for metal fiber brushes is 

dominated by the film resistance.   The lubricating films generated from the vapor phase are thin 

and uniform, and the films can be continually replenished.  Investigations of other vapor phase 

additives could lead to reduced electrical and mechanical losses for high current brush contacts. 

Rotor Wear 

The study of brush wear is commonly emphasized over rotor wear because worn brushes 

require replacement long before the rotor.  An examination of sliding electrical contact literature 

revealed a lack of quantitative wear measurements of the opposing surfaces to the brushes.  The 

present study utilized non-contacting scanning white light interferometry measurements to 

evaluate a copper rotor surface in humid CO2 environments.  In the low sliding velocity (0.01 

m/s) study of environmental effects on copper fiber brushes, a polished copper counterface was 

used to simulate the copper rotor surface.  Wear rates were initially higher without current than 

at 180 A/cm2.  These higher wear rates were likely caused by slight misalignments of the brush 

and counterface during the run-in period.  Results obtained from sliding under 180 A/cm2 in 

humid CO2 environments showed that rotor wear was not dependent on current flow direction at 

123 



 

low sliding velocities.  Changes in the wear track topography, quantified by the average surface 

roughness, were also independent of the current flow direction.   

These results differed from the observed wear behavior of the copper rotor surface at 

higher sliding velocities reported by Argibay et al. [54].  After an extended test in a humid CO2 

environment for 100 hours at 2.5 m/s, the copper rotor was examined using a scanning white 

light interferometer.  The negative rotor surface (under the positive brush) and positive rotor 

surface (under the negative brush) had average roughness values of 1.7 and 4.3 µm, respectively.  

For comparison, an area of the rotor that was not affected by brush wear had an average 

roughness of 1.3 µm.   

Vibrations can cause fibers and even the entire brush to bounce over the rotor surface, 

breaking the electrical pathway and increasing the propensity for arcing.  Arcing has a well-

defined material transfer polarity dependence, as outlined by Slade [81].  In metal vapor arcs, 

which are characterized by small contact gaps, electrons impinging on the positive electrode 

vaporize and ionize metal atoms.  The positive metal ions are accelerated toward the negative 

electrode where they generally stick to the surface.  Experimental studies of arcing in opening 

and closing electrical contacts using radioactive tracer elements measured net material gain for 

the negative electrode [79, 80].   

The difference in topography between the positive and negative rotor surfaces may have 

been caused by the direction of current flow.  At the negative brush contact, electrons leave the 

brush and impinge on the positive rotor surface.  The stream of electrons ablates atoms from the 

positive surface, resulting in a net loss of material.  At the positive brush contact, electrons leave 

the negative rotor surface and impinge on the positive brush.  Thus, the negative rotor surface 
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would be subject to less damage from impinging electrons than the positive rotor surface, and the 

negative rotor surface would maintain a lower surface roughness. 

Betz [31] also observed distinct differences in copper rotor surface roughness under 

copper-graphite composite brushes of different polarities.  At current densities below 

approximately 5 A/cm2, the roughness of the positive and negative rotor surfaces were similar.  

At 10 A/cm2 and above, the positive rotor surface roughness was greater than the negative 

surface roughness.  Betz [31] proposed that the roughness difference was due to a third body 

wear mechanism involving oxidized copper debris. 

Theories on Brush Wear Mechanisms in Metal Fiber Brush Sliding Contacts 

Several studies of high current density copper fiber brushes reported brush wear anisotropy 

where the positive brush wore at a higher rate than the negative brush [46, 50, 54].  Many studies 

of high current density electrical brush materials containing graphite have also reported higher 

wear rates for positive brushes than negative brushes [6, 23, 24, 34, 42].  A smaller number of 

studies reported higher wear for the negative brush or no dependence of brush wear on polarity 

[31, 49, 93].  McNab [7], in a review of high power brush research, showed current direction did 

not have a distinguishable effect on wear of metal-graphite brush materials.   

The general trend of positive brushes wearing at a higher rate than negative brushes at high 

sliding velocities was confirmed in the present study.  Throughout the literature on electrical 

brushes, a number of theories have been presented regarding brush wear and the effects of 

polarity on brush wear [24, 31, 34, 38, 94].  The proposed wear mechanisms which apply to 

metal fiber brushes were broadly grouped into three categories:  arcing and electromigration, 

oxidation, and mechanical.  The support for each of the various theories was briefly discussed in 

terms of results from literature and results from the previous chapter.  Shortcomings of each 

theory were analyzed as well. 
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Arcing and electromigration 

As discussed by Slade [81], the polarity dependence of arcing-based material removal is 

largely based on the size of the contact gap and the species ionized within the gap.  For metal 

vapor arcs (small gaps), electron bombardment vaporizes material from the positive electrode 

surface.  Electrons then ionize metal vapor atoms to sustain the arc. The metal ions travel toward 

the negative electrode and deposit on the surface, resulting in a net material gain for the negative 

electrode.  Metal vapor arcs can form in air at standard temperature and pressure if the contact 

gap is less than 5 to 10 electron mean free paths (less than 10 µm) [95].  For gaseous arcs, 

characterized by larger contact gaps, ambient gas atoms in the contact region become ionized.  

The gas ions are then accelerated toward the negative electrode surface where material is 

removed rather than deposited, resulting in a net material loss for the negative electrode [81].   

Higher wear rates for positive brushes compared to negative brushes have been 

documented throughout the literature for various electric brush materials and operating 

environments [6, 23, 24, 34, 42, 46, 50].  Polarity effects on brush wear clearly are not dependent 

on material pairs or environment.  The affinity for high positive brush wear and material transfer 

from positive to negative suggests that if arcing is responsible, a metal vapor arc (small gap) 

rather than a gaseous arc (large gap) was likely formed at the brush-rotor interface.  An example 

of intentional material removal through combined arcing and mechanical means is brush electro-

discharge mechanical machining, which uses current flow through a rotating metal fiber brush to 

remove material from a positively biased workpiece [96].   

In the present study of sliding electrical contact pairs at high sliding velocities, Figure 3-6 

shows positive brush wear rate was higher than negative brush wear rate for copper fiber brushes 

at 180 A/cm2 in humid CO2.  Visible arcing was observed at the positive brush interface at the 
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very end of the test.  The micrographs of Figure 3-7 and profilometry images of Figure 3-8 

reveal the damage inflicted upon the positive brush fibers as a result of intense arcing.   

Material transfer from positive to negative surfaces was noted with the monolithic silver 

brushes as well as the zinc-coated copper fiber brushes, both of which displayed greater wear for 

the positive brush polarity.  EDS spectra from Figure 3-2 illustrate the high concentration of 

copper transferred from the positive rotor surface to the negative brush, while only a trace 

amount of copper transferred from the negative rotor surface to the positive brush.  With zinc-

coated copper fiber brushes, the negative rotor surface (under the positive brush) was discolored 

and the positive rotor surface (under the negative brush) appeared normal.  The discoloration on 

the negative rotor surface was gray, suggesting that zinc from the brush coating had been 

transferred to the rotor.   

Electromigration theory, as reviewed by Ho and Kwok [97], encompasses the effects of 

electric fields on diffusion in metals.  Several studies of brush wear have mentioned 

electromigration as a possible reason for positive and negative brush wear anisotropy [77, 78].  

In a study of silver-graphite electric brushes, Johnson [77] attributed asymmetry in contact 

resistance and asymmetry in area fractions of silver on brush faces to electromigration of silver.  

Visible material transfer from positive to negative surfaces was also observed by Boyer, Noel, 

and Chabrerie [46] with copper fiber brushes on a gold-plated copper rotor; copper was 

deposited on the rotor surface beneath positive brushes, and gold was removed from the rotor 

surface under negative brushes.  However, the brush wear mechanism for copper-on-copper 

sliding proposed by Boyer, Noel, and Chabrerie [46] was related to oxidational wear and not 

electromigration.  Johnson and Taylor [23], in their work with silver-graphite composite brushes, 

visually observed larger coverage areas of silver on the negative brush and negative rotor 
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surfaces relative to the positive brush and positive rotor surfaces.  The preference for silver 

transfer to the negatively biased surfaces was attributed to the electric field influencing migration 

of positive silver ions to the negative surfaces.  Similarly, Brown, Kuhlmann-Wilsdorf, and 

Jesser [50] stated that polarity has a distinct effect on brush wear based on observations of 

positive brush material transfer to the negative rotor surface and the fact that positively charged 

metal ions are attracted to the negatively charged surfaces. 

Ex situ analysis of sliding electrical contact surfaces has generated little physical evidence 

to support arcing.  Roughening of the negative rotor surface has been observed in some studies 

of sliding electrical contacts [31, 54].  With respect to brush wear, Kuhlmann-Wilsdorf [51] 

reported no difference in metal fiber brush performance between tests with alternating current 

and direct current.  Worn brush fibers generally appear free of craters or resolidified metal 

droplets, similar to the negative brush fibers in Figure 3-7 A.  The influence of mechanical wear 

may obscure features characteristic of arcing in switching contacts.  Further testing at both low 

and high sliding velocities with dissimilar metals under high current densities is needed to better 

understand wear mechanisms related to arcing and ion migration. 

Oxidation 

XPS analysis of copper surfaces after sliding in humid CO2 showed that oxidized copper 

(Cu2O) was present in the wear tracks.  Oxidation of a metal surface is dependent on the electric 

field established across the oxide layer.  Since oxidation occurs by the diffusion of ions through 

the oxide scale, the magnitude and polarity of the electric field can influence ion transport.  At 

the positive brush surface, oxidation may be enhanced due to the externally applied field.  

Diffusion of positively charged metal ions toward the oxide/gas interface is aided by the external 

field at the positive brush.  At the negative brush surface, oxidation may be inhibited because the 

electric field opposes the motion of the ions towards the oxide/gas interface.  The same holds 

128 



 

true for the positive and negative rotor surfaces.  In testing with metal-plated carbon fiber 

brushes, Kendall, McNab, and Wilkin [6] correlated preferential oxidation of the positive brush 

to higher wear of the positive brush.  Testing performed in a reducing environment (4% H2, 96% 

N2) reduced the difference between positive and negative brush wear rates, but the positive brush 

wear rate was still a factor of four higher than the negative brush wear rate [6]. 

In a study of metal fiber brushes in humid environments, Boyer, Noel, and Chabrerie [46] 

consistently observed higher voltage drops for the positive brush after reversing current direction 

multiple times.  It was hypothesized that higher voltage drops resulted from enhancement of 

oxidation at the positive brush fiber tips due to the electric field, and brush wear rate, which was 

also higher for the positive brush than negative brush, was directly related to oxide formation 

rate.  Boyer, Noel, and Chabrerie [46] formulated a modified Cabrera-Mott [98] model to 

account for the influence of the external electric field on oxide formation.  Using the model 

under the assumption that brush wear rate was equivalent to oxide growth rate, they calculated 

the average oxide thickness at the interface to be 1 to 2 monolayers [46]. 

Results from the present study provide little support for enhanced oxidation at the positive 

brush surface.  Current-voltage sweeps of a copper fiber sliding in a humid CO2 environment 

(Figure 3-16) showed that contact resistance, which is directly related to film thickness, was not 

dependent on polarity.  Low sliding velocity studies, as shown in Figure 3-11, confirmed that 

contact resistance was not polarity dependent for copper-on-copper.  XPS analysis of wear tracks 

from the low sliding velocity study found the relative amount of Cu2O on the positive wear track 

to be lower than both the negative wear track and the no current wear track.  High sliding 

velocity studies of copper-on-copper in humid CO2 found higher contact resistance for the 

negative brush.   
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As described in the previous section titled “Polarity Effects on Contact Resistance and 

Friction”, copper fiber brush sliding electrical contacts in humid environments typically do not 

exhibit voltage drops that are dependent on current flow direction [8, 48, 54].  Of course, testing 

environments can vary wildly among a group of independent studies.  Different humidities and 

different cooling systems can greatly affect water adsorption at the brush contacts.  The present 

study actively monitored oxygen levels in the testing environments (generally between 50 and 

100 ppm of oxygen), while most controlled-environment studies of sliding electrical contacts did 

not report this information.  Meticulous control and monitoring of operating environments is 

necessary to understand the relationship between surface phenomena such as oxidation and 

overall brush performance. 

Mechanical wear 

Assuming operating conditions for all brushes from the same test are equivalent, 

mechanical wear alone can not account for the differences in wear between positive and negative 

brushes.  However, mechanical wear does feature prominently in the wear behavior of metal 

fiber brushes for high current applications, as discussed by Brown, Kuhlmann-Wilsdorf, and 

Jesser [50] as well as other sources [12, 99].  The proposed wear mechanism for metal fiber 

brushes sliding on metal slip rings involves localized adhesive wear at contact spots through 

interlocking of microscale roughness and shearing of wear particles.  The distinctive smooth 

appearance of worn fiber surfaces and the collection of wear particles along the trailing fiber 

edges were cited as evidence for the adhesive/shearing mechanism. 

The worn copper fibers in Figure 3-17 exhibit characteristics consistent with the 

adhesive/shearing wear mechanism.  All three worn fiber surfaces had a smooth appearance.  

Wear particles along the trailing edge of the fibers on the verge of detaching appeared to be 

severely mechanically deformed from shearing.  The micrograph of negative brush fibers from 
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the high sliding velocity test in Figure 3-7 A shows similar signs of shearing at the fiber surfaces.  

Micrographs of the copper counterface wear tracks from low sliding velocity testing in humid 

CO2 (Figure 3-13) further support the adhesive wear mechanism.  Debris particles were sheared 

from the fiber surfaces, and in some cases the adhesive forces were strong enough to prevent the 

debris particles from being pushed to the edges of the wear track.  As expected, the morphology 

of the positive and negative wear track surfaces appeared the same.  The combination of a 

mechanical shearing wear mechanism and an electrical-based wear mechanism likely accounted 

for the disparity between positive and negative brush wear rates. 
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Figure 4-1.  SEM image (upper left) of spherical and rod-like structures found on the surface of a 
worn copper fiber brush after testing in humid CO2 environment.  EDS dot maps 
show the spatially resolved distribution of copper (upper right), oxygen (bottom left), 
and zinc (bottom right).  The rods and spheres are primarily composed of oxygen and 
zinc. 
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Figure 4-2.  Water adsorption study on Cu2O using ambient pressure XPS (adapted from 
Salmeron [82]).  Water layer thickness (blue; left axis) plotted as a function of 
relative humidity (RH).  At very low relative humidity, the Cu2O surface became 
saturated with hydroxyl groups. 

 

Figure 4-3.  Schematic drawing of surface films present on a copper-copper sliding contact in 
humid CO2 (not drawn to scale).  Adsorbed water, as well as amorphous carbon, 
carbonates, and cuprous oxide, were identified in sliding films formed on positive and 
negative copper surfaces in humid CO2. 
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Figure 4-4.  Summary of calculated brush Ohmic losses per ampere conducted for various brush 
and lubricant pairs.  Values are shown for both high sliding velocity (high) and low 
sliding velocity (low) testing with copper fiber brushes.  Error bars represent the 
combined uncertainty in the calculated losses.  Uncertainty in resistance and current 
were estimated from the standard deviation of the measured values. 
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CHAPTER 5 
SUMMARY AND CONCLUSIONS 

Sliding electrical contacts present a unique design challenge involving tradeoffs between 

mechanical losses and electrical losses based on material and environmental selection.  Electrical 

losses dominate high current sliding electrical contacts for motor and generator applications.  

Sacrifices to the lubrication scheme must be made to improve the electrical efficiency of the 

system.  Decoupled graphite lubrication of monolithic silver brushes proved effective at 

maintaining low friction (~0.2) and low wear (less than 2 × 10-11 m/m) in ambient air 

environments at 40 A/cm2.  Thick graphite films (~ 1 to 5 µm), while detrimental to electrical 

conductivity, were effective at increasing brush lifetime.  This method appeared to be best suited 

for low current applications.  Brush wear increased significantly at a current density of 200 

A/cm2, and brush electrical losses were significantly higher than electrical losses with metal fiber 

brushes.  Use of polytetrafluoroethylene (PTFE) and PTFE-indium solid lubricants with copper 

fiber brushes reduced electrical losses at the expense of brush wear.  Reductions of brush load 

could be used to decrease brush wear if increases in electrical losses could be tolerated. 

Copper fiber brushes are compliant, have low bulk resistivity, and have a large number of 

independent contact points.  These properties make copper fiber brushes model current collectors 

for high current applications.  The use of high humidity carbon dioxide operating environments 

with copper fiber brushes produced the best combination of low friction, low wear, and low 

electrical losses.  Copper brush wear rates in humid carbon dioxide at 180 A/cm2 were below 3 × 

10-11 m/m, and electrical losses (0.07 W/A per brush) were lower than electrical losses with solid 

lubricants at significantly higher brush pressures.   

The chemistry of the surface films formed on copper sliding bodies played an important 

role in the tribological performance of the system.  Adsorbed water films acted as a boundary 
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lubricant and reduced adhesion.  Cooling the copper sliding surfaces to temperatures at or below 

the ambient temperature in a high humidity environment minimized mechanical and electrical 

losses.  X-ray photoelectron spectroscopy identified a number of carbonaceous species on the 

worn surfaces of copper samples after sliding in humid carbon dioxide.  Reactions involving 

chemisorbed carbon dioxide created carbonate species on the worn surfaces.  Carbon detected on 

the surface may have resulted from decomposition of the carbonate species but may also have 

been a contaminant from brief exposure to the ambient environment.  Transmission electron 

microscopy and energy dispersive X-ray spectroscopy analysis of worn copper fiber surfaces 

confirmed the presence of a carbon-rich surface layer.  Cuprous oxide (Cu2O) was found on 

worn copper surfaces as well.  Current-voltage sweeps of copper-copper contacts in humid 

carbon dioxide suggested that the oxide had little effect on contact resistance. 

Vapor phase lubrication with 1-pentanol saturated argon environments was investigated as 

an alternate means of producing thin, carbonaceous lubricating films.  Although 1-pentanol was 

shown to effectively lower friction and reduce wear in a quartz-silicon sliding contact, it did not 

offer any improvements over water-saturated carbon dioxide in terms of copper-copper 

lubrication.  Both frictional losses and electrical losses were higher in 1-pentanol saturated argon 

compared to humid carbon dioxide for low sliding speed testing of a copper fiber brush contact. 

Regardless of brush material, lubricant, and operating environment, positive brushes 

generally wore at a higher rate than negative brushes.  Worn brushes and counterfaces were 

examined using electron microscopy to analyze mechanisms related to brush wear anisotropy.  

Worn copper fiber surfaces showed signs of plastic deformation through shearing.  Cross 

sections of fiber surfaces created by focused ion beam milling also showed that the deformation 

extended approximately 1–2 µm below the surface.  Physical evidence suggested an adhesive 
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wear mechanism for copper fiber brush sliding electrical contacts in humid carbon dioxide 

environments.  However, mechanical mechanisms failed to account for the polarity dependence 

of brush wear.  Electrically induced wear, such as micro-scale arcing, may account for the 

disparity between positive and negative brush wear, but supporting evidence for arcing was 

lacking.  Damage associated with arcing was rarely observed on worn brush or rotor surfaces, yet 

visual observations indicated a net transfer of material from positive to negative surfaces.  In 

testing with monolithic silver brushes and graphite, a significant amount of copper from the rotor 

was detected on the negative brush surface using spectroscopic techniques.  Moreover, zinc from 

zinc-coated copper fiber brushes was visually observed on the rotor surface under the positive 

brush while the rotor surface under the negative brush appeared free of zinc.  Micrographs of 

copper fiber brushes after thousands of kilometers of sliding showed substantial amounts of 

debris compacted between the fibers.  Accumulated debris inhibited the fibers from acting 

independently, decreasing the ability of the brush to follow the rotor and increasing susceptibility 

of the brush contact to arcing.  Future studies of metal fiber brush wear mechanisms should 

utilize dissimilar material pairs to examine the effects of polarity on material transfer.
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