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ABSTRACT 

Experiments are described on the sliding of an electro- 

graphitic brush material against a number of counterface materials, 

using a pin and disk machine. The electrical and mechanical 

characteristics of the interface; frictional force, wear rate and 

contact resistance, were measured, and have been explained by 

physical changes occurring at the interface. 

Three wear regimes were encountered, mild wear, severe wear 

and catastrophic weare The wear mechanisms involved in these 

regimes were attributed to fatigue, adhesion and abrasion; which 

of these mechanisms predominated was dependent upon brush load and 

current. The transition from mild wear to severe wear was caused 

by mechanical disruption of any protective oxide layer, when a critical 

load was exceeded. A general wear theory is proposed, but this is 

limited by the necessity of considering each metal individually to 

determine whether or not oxide breakdown will occur. 

The use of aluminium as an alternative to copper for slip- 

rings and commutators was investigated. Pure aluminium was found 

unsuitable because of a low, mild wear-severe wear transition load, 

due to the onset of plastic deformation. The use of aluminium is 

also severely limited by catastrophic failure of the brushes when 

carrying relatively small electric currents, caused by the production 

of abrasive particlese 

The contact resistance of the brushes sliding on all the metals 

investigated was controlled by the formation of oxide films upon the 

metal surface. The variations in contact resistance with electric 

current were attributed to electrical breakdown of the oxidese



Finally, the frictional force behaviour was investigated and 

was explained in terms of the formation of lubricating, thin graphite 

films upon the brush surface.
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Chapter 1. Review of Brush Sliding Behaviour. 

1.1. Introduction to Carbon Brushes 

The discovery, during the latter part of the Nineteenth Century, that 

blocks of graphite could be used to carry current to and from electrical 

machines instead of bundles, or brushes, of copper wire has enabled the 

development of electrical machines; or any system relying on current 

collection between members in relative motion, to keep up with other 

technical developments. 

Since this discovery much investigation has taken place into the 

behaviour of carbon and graphite for use as brush materials. Most of 

this work has, however, been carried out on the sliding of these brush 

materials os copper collector surfaces, either as ship rings or commutatorse 

This is to be expected since the vast majority of electrical machines in 

use employ copper as the rotating member. 

Investigations carried out into carbons sliding on other materials 

have generally been to study the use of carbon as a bearing material or 

rotating seal. Recently a number of investigations into the wear of 

"nuclear" graphites, under conditions similar to those found in nuclear 

reactors have been carried out. When used as a moderator, graphite has 

to withstand high temperatures and irradiation, two conditions not usually 

present when it is used as a brush material. 

The work carried out on carbon as a seal or moderator material does 

not in general bear any relation to the problem of carbon as a brush 

material, either because of the conditions under which the experiments 

were carried out or because the type of carbon or graphite used was far 

removed from that used as a brush material. 

Both the brush manufacturing and the electrical machine industries



have carried out a vast amount of work on carbon brushes, but most of this 

has been to find out the most suitable brush material to use on a particular 

machine or under certain conditions; for example in corrosive atmospheres or 

aerospace applications, or for the evaluation and comparison of brush 

materials. By comparison very little fundamental research into the 

mechanisms involved at the interface has been carried out. 

Most of the fundamental work published on the sliding of carbon 

brushes on copper tends to be contradictory or, because of the nature of 

the experiments, the conditions under which the work was carried out, or 

the brush material used it cannot be satisfactorily compared with other 

work. 

A very large number of brush materials, or grades, is made by each 

brush manufacturer. The brush materials can differ in composition, in the 

manufacturing method and in the amount of graphitisation which takes place 

during heat treatment. Since each of these factors has been found to 

influence the running characteristics of the brushes bes results of workers 

who have used brushes made by different manufacturers, or different grades 

from the same manufacturer cannot be reliably compared. 

The most important characteristics of the brush, from both the machine 

manufacturers and machine users viewpoint are: the rate of the wear of the 

brush and any damage which the brush causes to the sliding machine member, 

the frictional force between the brush and the metal, and the contact 

resistance across the brush ~ metal interface. 

The brush wear rate and damage must both be kept to a minimum to 

reduce both the cost of brush replacement and the loss in manufacturing 

time when the machine is out of use for maintenance. 

The frictional force should naturally be kept to a minimum to reduce



the power usage of the machine. The contact resistance should also be 

kept to a minimum when the brushes are used on a slip ring or for current 

collection from overhead cables or rails to reduce power loss at the 

interface. However, when the brushes are used on a commutator the contact 

resistance needs to be an optimum value, giving good commutation and 

minimising power wastage. 

1le2 Frictional Force of Carbon Brushes. 

The first theory to explain the lubricating properties and low friction 

of graphite was put forward by WL. Bragg (1). After an investigation into 

the crystallographic structure of graphite,shown in Figure 1.1, he postulated 

that the low friction of graphite was due to low shear strength between the 

basal planes of the graphite,and that the mechanisms of graphite lubrication 

was that of slip between adjacent crystallites in contact. This view was 

further supported by the work of Jenkins (2) who showed that after polishing, 

graphite was found to have the basal planes of the crystallites nearly 

parallel to the sliding surface. Until the onset of the 1939-45 war, Bragg's 

theory was considered to fully explain the friction and wear behaviour of 

graphite. However, the operation of aircraft at high altitudes during the 

war resulted in very high wear of the brushes in their alternators. This 

high wear could not be explained by Bragg's theory. 

Van Brunt(3) and Savage(4) carried out investigations into the failure 

of brushes at high altitudes. They performed a series of experiments in 

which carbon brushes were run under controlled conditions in a variety of 

atmospheres. 

They came to the conclusion that the lubrication and low friction of 

graphite were not intrinsic properties of the graphite, but were due to



  

  

e@ Atoms within unit cell. 

Figure 1.1 Hexagonal Structure of Graphite showing unit cell 

and atoms belonging to unit cell.



an adsorbed layer of molecules on the contact surface. Water vapour was 

found to decrease both friction and wear in proportion to its pressure up to 

a value of about 4 mm. Hg. after which saturation occurred and no 

further reduction took place. Oxygen was found to have a similar effect 

but at much higher pressure, about 100 times higher. 

In both dry air and vacuum they found that friction was high and 

catastrophic wear or "dusting", of the brushes took place. They suggested 

that the partial pressure of oxygen in dry air was not high enough to 

enable a complete adsorbed layer to be formed. High friction and dusting 

also occurred in dry nitrogen and was not affected by the pressure of the 

Ease 

Savage suggested that the low friction of graphite was due to reduction — 

in the surface forces of the graphite crystallites by the adsorbed film. 

He also demonstrated that wear debris produced during catastrophic failure 

had a very high absorptive power. 

The nature and importance of the black film ig anon by brushes 

sliding on copper on the running properties of the brushes was investigated 

by Van Brunt and Savage (5). They found that the film was composed of 

graphite and cuprous oxide and suggested that it consisted of a layer of 

- cuprous oxide covered by a layer of graphite upon which the brush slid. 

Later work carried out by Fullam and Savage(6) also investigated 

the surfaces formed by the sliding carbon brushes on copper. They 

found that graphite platelets present in the surfaces were not parallel to the 

sliding surfaces, but that the brush face consisted of a large number of tilted



"fingers" which were projections on the larger irregularities of the brush 

face. These projections showed a directional overlap which depended upon the 

direction of motion of the brush. This orientation of the crystallites of 

the graphite in the brush and laid down film has been reported by various 

authors and a great deal of discussion has centred around the question of 

which factor is most important in controlling the friction of graphite, the - 

orientation of the graphite crystallites on the sliding surfaces or an 

adsorbed layer of molecules on the surfaces. 

Campbell and Kozac(7) have attempted to rationalize the theories of 

Bragg and Van Brunt and Savage. 

i 

They investigated the effect of water vapour, oxygen and carbon 

dioxide on the dusting of carbon brushes. They found that a brush which 

had been run in the presence of water vapour of sufficient pressure 

exhibited low Prietaon and wear in agreement with Savage and Van Brunt, 

but that these remained low for relatively long periods after dry nitrogen 

had been introduced into the system. When the signe of the ropes was 

startea in dry nitrogen; with no previous running in the presence of water 

vapour, dusting took place but stopped immediately if water vapour was 

introduced at sufficient pressure into the atmosphere. 

Electron diffraction studies of the sliding surfaces revealed that 

in the conditions where the wear rate was small the graphite crystallites 

on both brush and track showed a high degree of orientation, in the cases 

where heavy wear had taken place no orientation was found. 

They studied the effect of orientation of the crystallites by cutting 

brushes from a block of highly oriented natural graphite. The brushes 

were then run in one of three positions: with the cleavage planes parallel 

to the sliding surfaces, or in one of the two possible positions with the



cleavage planes perpendicular to the sliding planes. 

When the brushes were run in a dry nitrogen atmosphere dusting took 

place if the cleavage planes were ensue aie to the sliding surfaces 

When the cleavage planes were parallel to the sliding surfaces the wear 

rate was very low. Similar results were obtained when an electric 

current of 114 ampe/in® was passed through the brush. The authors also 

showed that the amount of dusting tended to decrease as the hardness of the 

metal upon when they were running was increased. 

The authors suggested that the very high wear rate of the brushes was 

due, in part, to a breaking of welded carbon-carbon bonds. In a randomly 

orientated brush the material was soft and for a given load the real area 

of contact would be high, thus needing a high force to shear the bonds, 

resulting in high friction. The ploughing effect of those crystallites 

oriented such that they made contact at their edges also contributed to this 

high friction. 

The introduction of a ees to the interface was supposed to have 

a two fold effect. It tended to separate the two surfaces, hence reducing 

the number of welded contacts and also enabled the crystallites to orient 

until they were parallel to the sliding surface. This produced the 

condition of hard cleavage plane sliding upon hard cleavage plane, thus the 

area of contact was small and the friction low. 

Savage's theory of low friction being associated with adsorbed surface 

layers was elaborated by Deacon and Goodman (8). They investigated the 

friction during sliding of various lamellar solids: graphite, molybdenum 

disulphide, boron nitride and talc. They proposed that the surface energies 

of the plate-like crystallites (low at the faces of the crystallites and 

high at the edges ) were responsible for the cohesive friction of the material .



The authors | that in the presence of certain gases the edges 

of the crystallites reacted with the gases and a reduction of the surface 

energy at the edges occurred. This reduced the adhesion between the 

crystallites and accounted for the low friction. The orientation of the 

graphite crystallites did not cause the low friction but resulted from 

the low adhesion between crystallites enabling them to orient into their 

most favourable positions. 

Although the experiments which they carried out had very little in 

common with the running of carbon brushes the results obtained by Porgess 

and Wilman(9) were very interesting. They investigated the effect of 

orientation on the friction of reactor graphite. The reactor graphite 

was rubbed on emery paper of various grades, and it was found that both 

the coefficient of friction, and the degree or orientation of the crystallites 

varied with the emery particle size. 

The authors found the relationship py = ene to apply, where yp was 

the coefficient of friction and § the angle between the normal to the basal 

plane of the crystallite and the normal to the running surface. 

A more detailed study of the orientation effects of carbon brushes 

was carried out by Quinn. In 1963 he published a paper (10) describing 

the effect of load and surface finish of the copper on the topography and 

crystallography of the brush surface. 

In the investigation into the effect of surface finish the brushes 

were run with a high load, about 500 p.s.i.(11N) on two disks, one of 

surface finish 2 in C.L.A. and the other of surface finish 30% in C.L.A. 

Reflection electron microscopy and reflection electron diffraction studies 

of the resulting surfaces showed that the surface finish had little effect 

on the crystallography of the surfaces but a marked effect on thets rubbeof 

topographies.



The work showed that although less graphite had been laid down upon the 

smooth disk than on the rough disk, the brush which had been running on the 

smooth disk was much more heavily scarred than the one which had been 

running on the rougher diske Quinn found that the surfaces of the brushes 

consisted of large smooth areas standing proud from the surrounding rougher 

brush material. He suggested that these large areas could have been 

areas which had been back transferred to the brush from the film on the 

copper although he found no evidence that any copper had been transferred 

to the brush, 

In the investigation into the effect of load on the frictional force, 

the crystallography and topography of the surfaces the load was varied 

from O.IN to 60N. The frictional force at each load was measured and the 

two Silane surfaces examined by reflection electron microscopy and 

reflection electron diffractione 

Reflection electron microscopy showed that for loads less than 1N and 

laods greater than 1ON the track on the copper was rough with little laid 

down graphite. For loads between these two the track was much smoother 

and a lot of graphite had been laid downe 

The reflection electron diffraction studies showed that the load also 

had a very marked effect on the orientation of the graphite crystallites on 

the brush surface as shown in Figure 12. For loads less than 3N, the angle 

between the surface of the specimen and the 0002 arcs on the diffraction 

photograph remained constant at an angle of about re For loads between 

3N and 60N the angle decreased with load to a value slightly above zero. 

For loads above 60N the crystallites reverted to random orientation.
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Figure 1.2 Variation in Angle of Tilt of Graphite Crystallites with 

Applied Load According to Quinn (10). 

Quinn suggested that at loads less than 3N the orientation was due 

to twinning of the mosaic block in the electrographite as the brush wore. 

The effect of increasing the load was to increase the angle between the 

twins until a load was reached at about 60N when, in order to relieve 

the stresses set up, the crystallites had to take up a random orientation. 

The relationship he obtained between the coefficient of friction at 

each load and the angle & was more complex than that found by Porgesss 

and Wilman and was of the form p=mtan @ + constant, shown in Figure 1.3. 

In these experiments Quinn did not measure the wear rates of the 

brushes. The orientation could be a result of the wearing away of those 

crystallites which were not ina favourable position. At the high loads 

one would expect a very high wear rate which could lead to a condition 

where the brush was being worn away at such a high rate that very little 

oriented material was left behind. 

The loads used by Quinn resulted in very high brush pressures; in the 

range from about 50 peSeie to about 3,000 peSeie, compared with pressures
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crystallites.   

Figure 1.3 Relationship Between Coefficient of Friction and Angle 

of Tilt of Graphite Crystallites According to Quinn (10). 

recommended for the running of brushes of 24 - 10 pes.i- However, it has 

not yet been established whether the pressure at the interface, or the 

absolute load on the brush is the factor which decides the wear rate. 

In a later paper Quinn (11) was able to remove the film which had 

been laid down on copper by an electrographite brush under a load of 1.1 kg. 

He used transmission electron. diffraction to study the orientation of the 

film at varying depths. This showed that the film laid down under these 

particular conditions of sliding had an orientation with f = 10° at the 

surface, just below the surface increased to about 22° and at a greater 

depth below the surface the orientation of the crystallites became random. 

This sliding texture was explained by twinning of the transferred graphite 

crystallites. The work by Quinn suggested that variations in frictional 

forces may have been due to changes in orientation but he did not try to 

explain why high fackionet forces occur when brushes are run without 

water vapour or oxygen and no attempt was made to control the atmospheree
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In contrast to the theory of Bragg (l)and the results obtained by 

Quinn (11) it has been shown by Midgley & Teer (12) that orientation of 

the crystallites is not a pre-requisite for low frictions. They 

investigated the friction of three types of carbon materials: a non-~ 

graphitic carbon,a graphitic carbon and graphite. They found that both 

the graphite and graphitic carbon became highly oriented after sliding. 

The non-graphitic carbon also rere oriented but only after sliding for 

a long time. The coefficient of friction of this non-graphitic carbon 

was however as low as that of either graphitic carbon or graphite. The 

authors believe that the orientation of the non-graphitic carbon was due 

to a preferential wearing away of unfavourably oriented crystallites, 

leaving behind only the oriented ones. The low friction of the non- 

graphitic carbon was achieved even though initially a high proportion of 

the crystallites had their basal planes at large angles to the sliding 

surface. 

The authors concluded that since it was evident that darren: 

orientation was not necessary for the low friction of non-graphitic 

carbon there was no reason to believe that it was necessary for the Low 

friction of graphitic carbons or graphite. The temporary increase in 

friction which took place on reversal of the direction of sliding was 

explained by the authors as being due to interlocking of unfavourably 

oriented crystallites. This increase in friction was therefore due to 

a ploughing effect and due to adhesive friction between platelets. 

In a similar series of experiments reported by Arnell, Midgley and 

Teer (13) the authors carried out an investigation into the friction of 

highly-oriented pipolytio graphite sliding against steel. In these 

experiments, specimens of graphite were run with each of the three 

crystallographic directions in turn being normal to the sliding plane.



13 

No significant differences in the friction between the steel and the 

graphite sliding in the three separate orientations was found. Similar 

results were also reported in a paper by Longley, Midgley and Teer (14). 

The results of these three papers were thought by the authors to 

support the theory by Savage that the lubricating properties and low 

friction of graphite are not due to the graphitic structure but to an 

adsorbed layer on the surface, though the structure may be necessary for 

the formation of the absorbed film, it is not sufficient by itself. 

The problem of the possible mechanism of graphite lubrication was 

further complicated by results reported by Bolmann and Speaborough(15) 

They found that reactor graphite which had been deposited on g microscope 

grid by rubbing had a tendency to roll up. They suggested that the low 

friction of graphite may be due to rolling up of flakes of graphite which 

then act as roller bearings between the surfaces, however, no further 

evidence in support of this hypothesis has been reported. pp YP i 

1.3e The Effect of Electric Current on the Friction of Carbon ich 

Materials 

Carbon brush manufacturers and users have known for a long time that 

when an electric current is passed through some grades of carbon brushes 

sliding on copper a decrease in the Efi ct ional force occurred - Hayes(16). 

The frictional coefficient in copper decreases from a value of 0.20 - 0.35 

at zero current to a value of about 0.15 at high currents. Lancaster & 

Stanley (17) found that similar decreases in friction took place for 

electrographite sliding upon mild steel and other carbons. Figure 1.4 

shows the variation in friction obtained by Lancaster & Stanley using a 

pin and disk assembly. They also found that the contact resistance of the 

brushes decreased with current even when running upon other carbon



14 

materials. These contact resistance and frictional force changes were 

found to be irreversible over short periods of time, although recovery 

to the original values did eventually occur. Crossed carbon cylinder 

experiments were also carried out, in which the two surfaces rubbed on 

new material all the time. No decrease in friction between the cylinders 

occurred until an electric current of the order of 27 amps was passed 

through the contact. The initial low current and final high current 

values of frictional force when sliding on crossed cylinders were much 

lower than the values measured on the pin and disk machine (Figure 1.4) 

and were also independent of the applied load. pes these crossed 

erylinder, carbon on carbon, experiments Lancaster & Stanley calculated 

a minimum contact temperature, caused by the heating effect of the 

current, below which no reduction in friction occurred. The critical 

temperature was strongly dependent on the type of carbon material used; 

baked carbon 560°C; natural graphite, 720°C. and electrographite, 900- 

1350°C. lancaster and Stanley therefore suggested that both the decrease 

in friction and decrease in contact resistance arose from a single source, 

oxidation of the contacts. The mechanism proposed was that preferential 

oxidation of the brush binder resulted in Se Secracteet asperities breaking 

up into a number of smaller ones. The breakup resulted in a decrease in 

total real area of contact etviue eine to the fall in friction, but an 

increase in the number of contact asperities hence the fall in.contact 

resistance. The non-reversability of the behaviour was thus attributed to 

having to remove the oxidised surface layer by wear before the original 

values would be regained. 

Although the oxidation may play an important role in determining the 

nature of the contact between crossed cylinders at high currents it is 

very unlikely that these high temperatures, above 600°C, would be reached
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Figure 1.4 The Effect of Electric Current on the Frictional Coefficient 

of an Electrographitic Brush Sliding upon a Variety of 

Disk Materials. Reproduced from Iancaster and Stanley (17)
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during the sliding of graphite on metals passing the relatively low currents 

at which the decrease in friction first occurred. 

E.Holm(18) has made an estimate of the contact temperatures between an 

electrographite brush sliding on electrographite, copper and gold disks, 

using a method designed by Holm(19). Running under a load of 2hOg,f, 

carrying an electric current of lOamps the maximum contact temperature was 

of the order of 200°C for isolated cases running on a copper disk, most of 

the time the temperature would be considerably less than this value. 

Holm showed that even at temperatures below 200°C a decrease in the 

coefficient in friction was possible and this effect was attributed to a 

decrease in the adhesive or binding forces between graphite platelets. 

She began by assuming that the frictional force F, was given by F =yA 

where A was the real area of contact andy was the specific friction force, 

or force per unit of areas For a load P the average pressure p was given 

by p = P/A and this led to the equation : 

ti
ts

 
! 

mc
IP

e-
 

uF 

Thus Holm began with the somewhat simplified assumption that friction 

coefficient was dependent only upon specific friction force, determined by 

adhesive forces, and the mean contact pressure. By measuring [1 » and 

assuming p ced constant, she was able to show that y was dependent 

upon temperature and bbeved a relationship of the type v(T) = wp (Tole ~$ At 

where ¢ was the pngine energy of the graphite. In this paper Holm had 

assumed that frictional force was wholly dependent upon the adhesion between 

graphite platelets and ignored any other influences. She did, however, 

point out that it was unlikely that the absorbed layers of molecules on the 

° 

surface of the graphite would be much affected by temperature up to 200 C 

and these effects could be ignored. This theory assumes a high degree of
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orientation which as Midley and Teer have shown (12) is not necessary 

for low friction. 

During the initial stages of running Holm found an increase 

in the frictional force with time of running. This effect was attributed 

to an increase in the real area of contact as the two running surfaces wore 

to make more intimate contact. 

1.4. The Contact Resistance Behaviour of Carbon Brushes 

The contact peaetarce of a carbon brush is the resistance 

across the interface between the brush and the moving slip ring or 

commutator. Under conditions of stable contact and low wear the contact 

resistance of a carbon brush sliding on copper is probably the most 

readily explained brush characteristic.. The positive or anodic, brush 

is taken by most workers to be the brush from which conventional current 

flows to the moving contact, whilst the negative, or cathodic brush is 
> 

the brush to which conventional current flows, from the moving contact. 

Under conditions of stable contact, with no arcing across the interface, 

it has been generally accepted that conduction will take place between 

contact asperities on the brush, and similar asperities on the copper, 

and that oxide film on the copper greatly influences the contact resistance 

behaviour. The contact resistance for carbon brushes has been shown by 

a number of authors including Davies(20) and Bickerstaff(21), to os wee 

ohmic over most of the current range used. The contact Joey tines falls 

2 
from a value of about lO0°ohms at very low currents below ImA to a value 

of about Ot ohms when the current is increased to above lOamps. 

Van Brunt(4) has shown that the presence of oxygen increases 

the contact resistance of carbon brushes and suggested that this was due
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to an increase in the thickness of the insulating copper oxide film. 

Davies however showed that the effect of oxygen on contact resistance 

was more complex than reported by Van Brunt. An increase in oxygen 

pressure increased the contact resistance between the positive brush 

and the copper, this being in agreement with Van Brunt. The dependance 

of the contact resistance of the negative brush upon oxygen pressure was 

found to be influenced by the presence of water vapour. In general, 

however, a decrease in contact resistance occurred. 

Ragnor Holm, in his book (19), has covered the whole field of electric 

contacts, both static and sliding. Much of this work has formed the 

basis of the present ideas on the contact between a carbon brush and 

copper. 

The very small areas of two contacting surfaces through which 

electrical conduchien takes place are termed "a" spots. The contact 

resistance between the two contacting surfaces is due partly to the 

constriction resistance of the "a" spots arising from the size of the 

spot and partly to the resistance of any insulating film between the 

surfaces (19). 

The surface of copper in air is normally covered with a relatively 

thick, insulating, copper oxide film. For conduction to take place 

between the brush and the copper, the copper oxide on the contact 

asperities must be broken up, by either electrical or mechanical means. 

Thus, the contact resistance of the carbon brush must depend upon the 

equilibrium which is set up between the breakdown of the oxide film and 

the reoxidation of the copper. Any factors which reduce the oxidation 

rate, or assist in the breakdown of the oxide should decrease the contact
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resistancee Any conditions which accelerate the oxidation of the copper, 

or laysdown other insulating films should increase the contact resistance. 

When two stationary contacts are brought together with a thin, 

insulating film between them, then conduction may take place by tunnelling 

or by thermionic emission through the film separating the contact 

asperities. If the voltage across the interface is increased until a field 

of about 10° volts/m is produced across the, separating film then electrical 

breakdown of the film can take place. This electrical breakdown produces 

"a" spots on the contact asperities through which conduction takes place. 

The formation of "a" spots by electrical breakdown is known as “A-Fritting" 

(19). 

Holm (22) has shown that at room temperature a copper oxide film of 

thickness 408 should conduct mainly by thermionic emission due to movement 

of electrons over the potential barrier formed by the film. A film 

thickness 108 will however conduct mainly by tunnelling through the 

barrier. 

E.Holm(23) carried out work on very smooth films formed by oaieaisle 

carbon brushes for long periods without current. She found that films as 

thin as 608 required breaking down by A~fritting before electric conduction 

ae place. After breakdown a very thin oxide film, about 108, remained 

on the contact surface through which conduction by tunnelling took place. 

Stebbens (24) has used a laminated brush to investigate the contact 

of electrographitic brushes running on copper. The wave form of the 

voltage drop across the interface was displayed on an oscilloscope which 

was triggered by the rotation of the disk. Using this method the waveform 

between a small area of the brush and a small area of the disk could he
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studied. He found that the waveform between the positive brush and any 

small area on the disk remained the same for a considerable length of 

time. Since, during this time the brush had worn down appreciably, he 

suggested that the waveform was due to contact spots on the copper and 

that the same spots remained conducting for long periods. Stebbens also 

suggested that the number and area of the contact spots was strongly 

dependent upon current, an idea which has been expanded by Bickerstaff 

(25) and this resulted in the non-ohmic behaviour. 

The waveform between the negative brush and the copper was not 

constant or reproducible, and transferred copper was found on the 

negative brush, a phenomenm known as copper picking. Stebbens suggested 

that this coprer embedded in the brush took over the role of conduction 

from the normal contact spots on the copper, which remained however as 

= .04 
‘load bearing areas. To support this view he found that conducting spots 

on the positive brush ceased to conduct almost immediately when the 

current direction was reversed, but became conducting when the current 

direction was cherged again. Rapid oxidation of the contact spots under 

the negative brush was thought to happen. 

Bickerstaff (21) has carried out an ivestigation into the effect of 

mechanical load and electric current on the contact resistance of electro- 

graphite brushes sliding on copper and gold. He confined the work mainly 

to a study of the characteristics of the positive brush because of the 

complications caused by copper picking onto the surface of the negative 

brush. Shown in Figure 1.5 are the contact resistance versus applied 

voltage characteristics obtained by Bickerstaff.
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Figure 1.5 Variation in Contact Resistance of an Electrographite Brush, 

Sliding on Copper with, Contact Potential at Various Loads. 

Reproduced from Bickerstaff (21). 

Figure 1.4 

These results showed that the contact resistance of brushes running on 

copper, in air, was ohmic for a range of loads, between 0.37N and 54 

provided the voltage drop across the interface did not exceed about Ol 

volts. In this ohmic region the contact resistance fora load of 0.37N 

3 
was about 10° ohms but increased with load to about 10°ohms for a load 

of 5.4N, When the potential across the interface was increased above 

O.lvolts the contact resistance fell sharply to a value of about 1 ohm at 

a potential of 1.0 volts. Above this voltage the resistance was again 

ohmic until arcing etic the interface occurred. The fall in contact 

resistance which took place between the two ohmic regions was assumed to 

be due to electrical disruption of the oxide film at the edges of the 

conducting spots causi : : gas 
bpicoeiater magibeeadatrad SINB on increase in the area available for conduction. 

At high voltage complete disruption of the oxide film resulted in the
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contact resistance being due almost entirely to the constriction resistance 

of the contacts, and the interface behaved in an ohmic manner. An increase 

in load caused an increase in the load bearing area of the contact with 

a resultant decrease in contact resistance. 

The opposite effect was observed. for the low voltage ohmic region, an 

increase in load causing an increase in contact resistance. Bickerstaff 

suggested that as the brush load was increased the two contact surfaces 

became smoother, due to increased polishing thus making more intimate 

contact. The reduction in real pressure at the contacts which therefore 

occurred enabled ‘thicker oxide films to build up at the contacts, resulting 

in higher resistances. 

At high currents the contact resistance was unaffected by changes in 

atmosphere indicating that large scale disruption of the oxide film had 

taken place. 

The resistance characteristics of electrographite sliding on gold were 

the same in both air and nitrogen. The resistance was low and ohmic up 

to large currents when a slight decrease occurred. At high currents the 

resistance of brushes running at the same load were the same on both 

copper and gold. This showed the importance of the oxide layer on copper 

at low currents. The contact resistance of the brush running on gold, which 

had no oxide layer, was virtually independent of current and dependent only 

upon the applied load. This state was not reached on copper until the 

oxide film had been completely disrupted. 

Bickerstaff suggested that the contact resistance of electrographite sliding 

on copper was controlled by oxidation of the copper contact asperities during 

contact with the brush. The most important factor being the thickness of 

the oxide layer, which in turn was determined by the depth at which the



oxide recrystallised from the pseudomorphic structure in contact with the 

copper to the cuprous oxide structure. This proposal by Bickerstaff is in 

disagreement with many authors, notably Lancaster(26) who maintains that 

oxidation of the copper is controlled by the time available between 

contacts, and Spry and Scherer(27) who suggest that the bulk temperature 

of the copper has a greater influence upon oxidation than does the flash 

temperature of the contacts. 

An investigation has also been carried out by Bickerstaff(25) into 

the number of contact spots between an electrographitic brush and a copper 

surface. Using a method devised by Holm(28) he measured the number of 

contacts beneath the brush at currents from, emA to LOA. He found that the 

number of contacts remained more or less constant for currents between 10mA 

and 1.0A. The fall in contact resistance with increasing current which 

occurred in this range must have been caused by an increase in conducting 

area of existing contact spots rather than the formation of new areas. 

The author suggested that since the number of electrical conducting 

spots remained constant,the number of electrical contacts . would equal the 

number of load bearing asperities. If this were not the case some load-~ 

bearing spots would have to remain insulating due to oxides This requires 

the existence of a second type of contact with a greater affinity for 

oxygen. 

At currents below 1OmA,the number of contacts apparently decreased .Bickerstai 

thought that this may have been due to packed carbon debris building up 

around the copper contact asperities and relieving them of their conducting 

role. A second explanation could possibly be re-oxidation of small, 

lightly stressed contact asperities causing these asperities to become 

insulating.
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At high currents, above 1.0A, the numter of contacts appeared to 

increase. However, using this method he could not determine whether 

this was a real increase in number or a lengthening in the spot in the 

direction of sliding, as reported by Shobert(29). 

Bickerstaff(30) suggested that at high current densities Joule heating 

could result in softening of the copper. If this happened the contact 

spots could enlarge or merge to form large contact areas. 

1.5. The Wear of Carbon Brushes 
  

The wear rate of brush materials is the characteristic which is most 

liable to be affected by running conditions. Atmosphere, brush pressure, 

brush or commutator vibration and high current density are just a few of 

the many factors which change the wear rate, usually adversely. 

There is little evidence to support the view that wear by an 

electrical process takes place when brushes are carrying moderate electric 

currents « When arcing takes place across the interface,a high wear rate 

normally occurs,but this is most likely due to oxidation and erosion of the 

carbon. The effect of current on the wear rate is probably due to changes 

in the physical properties of the brush or copper, or both. 

The wear rate of brushes is normally measured by the volume of 

material removed per unit distance of sliding (e.c. mm per mm sliding). 

An acceptable value for an electrographitic brush material sliding on 

copper would be of the order of 1077 mam? / (mn) « A change in the 

running conditions can increase this by two or three orders of magnitude 

but it is very unlikely that the wear mechanism remains the same under 

the different conditions.



26 

When a newly prepared brush is run on a freshly-machined copper 

sikecoa eee initial wear rate of the brush is high. This is because the 

relatively rough surfaces of the brush and copper cause brush wear by 

an abrasivemechanism. Under normal conditions,the surface of the brush 

will wear to suit the topography of the copper. The higher surface 

asperities of the copper will become worn away and a layer of carbon will 

become deposited upon the copper, resulting in a smooth surface and a 

reduction in wear rate. 

When both the brush and copper have developed a smooth film-like 

surface ,the wear rate usually reaches an equilibrium value. 

Lancaster (26) has studied the effect of load, sliding speed current 

and apparent area of contact on the wear of an electrographite brush 

sliding on copper. He suggested that the wear rate of the brush was 

controlled mainly by the nature of any film formed on the copper, and the 

way in which any parameter affected this film formation determined the 

influence that parameter would have on the wear rate. In this paper 

Lancaster also demonstrated that the initial decrease in wear rate which 

occurs when a new brush is run on a freshly prepared copper surface is 

due almost entirely to changes taking place on the copper surface . 

Lancaster carried out investigations into the effect of load, sliding 

speed, electric current and apparent area on the topopraphy, crystallography 

and composition of the surface film. The results obtained were thought by 

Lancaster to show that the oxide layer on the copper not only controlled ; 

the contact resistance but also played an important part in controlling 

the wear rate of the electrographite. At a high load, 500 gf and 

a high sliding speed the wear rate of the brush was relatively high and 

the copper surface was covered by a black, continuous layer of graphite.
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The contact resistance was low, in the region of 0.05o0hms, suggesting 

that only a very thin layer of oxide was present on the copper contacts. 

foneh ates measured the contact resisi:ance using a milliohmeter which 

applied a potential across the interface not exceeding 0.1 volts. Using 

the same load Bickerstaff(21) has shown the contact resistance to be 

high and ohmic at these potentials. This example illustrates how different 

authors operating under approximately the same conditions, using similar 

materials, can obtain conflicting results from different wear test machines. 

Electron diffraction studies of the film formed on the copper at 500gf 

load revealed that the major constituent was graphite, with little Cu.0 

or CuO, although it is doubtful whether this analysis gives information 

about oxidation of the contact asperities. The wear rate of the brushes 

remained constant up to large values of electric current when a slight 

Gecrease began to hide Lancaster suggested that this decrease was due 

to the oxide film beginning to reform because of the heating effect of the 

current. 

At a low load, 50gf, the copper surface was covered by a light 

brown film, which was shown by electron diffraction to consist mainly 

of CuO with very little graphite. When running at this load the wear 

rate was low and the contact resistance high, about 200 ohms. When an 

electric current was passed through a brush operating under these 

condition the wear rate increased, together with the amount of graphite 

laid down on the copper. An upper limit to the wear rate was reached 

only when the track was completely covered with graphite. E 

In general, the surfaces formed upon the copper could be divided 

into the two categories described above, characterised by a little laid 

down graphite or, a thick layer of graphite. Which type of surface 

formed depended upon the running conditions, in particular, the wear 

rate of the brush. However, no such division could be made for the



brush surface which had the same appearance irrespective of the running 

Somseee nr. Reflection electron microscopy and optical microscopy showed 

that the brush surface consisted of very large smooth areas with regions 

where graphite had apparently been back-transferred to the brush surface 

from the track on the copper. Electron diffraction showed that CuO Was 

transferred to the brush face. 

When using conical brushes, and brushes with a small cross-sectional 

area,lancaster found a critical load of 100 gf below which the wear 

rate was low with little laid-down graphite and a high contact resistance 

10°10" ohms. Above the critical load the contact resistance fell to 

107% ohms, the wear rate increased and a thick layer of graphite was 

deposited on the copper. A similar sudden increase in wear rate has been 

reported by White (31) at about the same load, although the pressure was 

much lower, 

Lancaster suggested that the action of the copper oxide was to 

inhibit the deposition of a layer of graphite on the copper and that the 

high wear rate of the electrographite when no oxide was present was a 

Consequence of the laid-down film, not vice versa. The laidedown film 

in the severe wear region was in dynamic equilibrium. Below the critical 

load the layer of copper oxide prevented the formation of a graphite film 

and low wear took place. The effect of load was to mechanically disrupt 

the oxide and enable graphite deposition to occur, although Holm (23) kas 

shown that without electrical breakdown a very thin oxide film may still 

cover the copper. 

The effect of current was also to disrupt the oxide, enabling 

graphite to be laid down upon the copper, thus increasing the wear rate 

of the brush. At high currents the oxidation of the copper increased
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and the wear rate decreased slightly. This suggestion by Lencaster 

inbied that at high currents the pate of oxidation induced by the 

current was greater than the rate of breakdown of the oxide by mechanical and 

electrical means. This seems unlikely, since the work of Bickerstaff shows 

that complete disruption of the oxide takes place at relatively low currents, 

One would expect, if Lancaster's suggestion is right, that the limiting 

value of wear rate would be attained at much lower currents than the vaiues 

he measured. 

The thickness of the oxide film, and hence the wear rate was also 

thought by Lancaster to be dependent upon the time between contacts and 

the mean temperature of the copper. Any factor which increased the time 

between contacts, e.g. a decrease in speed, should decrease the wear rate 

and Lancagter showed this to be true in certain cases. 

The mechanism of wear taking place at the interface was proposed by 

Lancaster to be one of fatigue for both mild and severe wear. The stresses 

set up in the material in the mild wear case of graphite sliding on copper 

oxide and in the severe case of graphite sliding on graphite were elastic, 

due to the very smooth sliding surfaces. In the mild wear case,the 

elastic stresses were very low and a large number of cycles were needed 

before failure of the graphitic material took place, producing a low wear 

rate. 

In the case of severe wear,the surfaces were still very smooth and 

the stresses elastic. But, due to the friction of graphite on graphite being 

greater than that of graphite on copper oxide, the stresses were much 

higher. Hence a lower number of stress cycles were needed before failure 

occurred and the wear rate was higher.
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No other caaenna has been reported that the friction of graphite on 

graphite is greater than graphite on copper oxide. In fact, if this were 

the case, as the current passing through the brush increased the amount 

of graphite laid down should increase, according to Lancaster, and an 

increase in friction should occur. In practice the opposite effect is 

found, a decrease in friction takes place with increasing current. 

More evidence to support his view that wear was by a fatigue mechanism 

was presented in another paper by Lancaster(32). He demonstrated that if 

the slopes of the surface irregularities were below a value needed to 

produce plastic deformations then wear by fatigue could be a probable 

mechanism. The maximum slope of a surface irregularity which can be deformed 

elastically is inversely proportional to its modulus of elasticity. In 

the case of metals this slope is about 1° put for carbon it is within the 

range eels Reflection electron micrographs of the carbon surfaces 

showed that in most cases the slopes of the irregularities were below or 

within this range. The value of surface slope quoted by Lancaster was 

calculated with the assumption that the modulus of elasticity of the surface 

film of carbon was the same as that of the bulk material. This is very 

unlikely since the modulus of elasticity of bulk carbon must be affected 

by the porous nature of the material. 

In the experiment Lancaster used crossed=cylinders of carbon with a 

load applied between them and one of the cylinders sliding against the 

other. He measured the number of cycles required at various loads before 

pitting of the carbon surfaces occurred. The relationship between mean 

Hertzian stress at the contact surface and the critical number of cycles 

before failure was found to be of a fatigue type. 

These results were elaborated upon in work reported by Clark &
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Lancaster(33). Cylinders of graphite or baked carbon were run against 

cylinders of the same material or copper. Cylinders running against 

ones of a similar material exhibited a short period when polishing of the 

surfaces occurred and negligible wear took place, the duration of this 

period decreased with load. After this initial period the wear rate 

‘ ae ie , : 
increased but remained low, about 10 cm /om/kge , for another period 

which also decreased with increasing load. After this period the wear rate 

was high, about 10! en?/em/ke. The change to high wear rate was found 

  

to be associated with the formation of blisters on the surface, which 

then broke up ‘leaving behind a rough surface. The whole cycle was 

then repeated. 

The duration of the period during which wear occurred decreased with 

load in a similar fashion to the way in which the mmber of cycles to 

failure varied with Hertzian stress, as reported previously. 

The thickness of the surface film was about 60U and was of the 

same order as the size of the wear debris, about 504. £The surface 

damage however, seemed to extend much deeper into the carbon about 450 « 

The authors suggested that the eventual failure at the surface may have 

been caused by relative movement of the subsurface region. 

When running on copper some of the materials exhibited much the 

same characteristics as when sliding upon themselves and after failure 

the wear particle was transferred to the surface of the copper. No 

transfer of material to the copper took place until a degraded layer had 

formed on the surface of the carbon. It appeared that transfer to the 

copper took place only if the carbon material was of a comparable hardness 

to that of the copper or softer. Following this transfer to the copper 

the amount of degradation of the surface increased and the authors
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suggested that this was responsible for the observed increased wear rate. 

White (312) has used the scanning electron microscope to investigate 

the failure of electrographitic brush material sliding upon coppers His 

micrographs Suggest that wear takes place by a fatigue process which 

initiates blistering of the graphite film. This blistering leads to 

cracking and break up of the film causing wear to take place as flakes of 

graphite became detached from the film. 

Both load and current were found to increase the wear rate, anda 

discontinuity was found in the graph of wear rate against load similar 

to. Hee pecetea fe Lancaster (26). Micrographs of the surfaces formed 

at a light load with current and a higher load without current showed 

that the topographies were very different, even though the wear rates 

under the two conditions were similar. This suggests that the wear 

mechanisms under the two cone@itions were not the same. 

The micrographs also indicate that failure of the films took place 

at different depths within the film at different loads. This it appears 

that increasing the load increased the stress at existing load bearing 

areas, thus causing failure deeper within the film, instead of increasing 

the number of load bearing areas and keeping the stress constant. 

Bickerstaff (34) has shown, however,that increasing the load increases the 

number of electrically conducting spots in an almost linear manner. He 

has also shown that the number of electrically conducting areas give a 

geod measure of the number éf dad bearing areas. Thus it would appear 

that these two results are conflicting even though the work was carried 

out on almost identical material and under very similar conditions. White (31) 

Suggests that the wear rate of the brush may be dependent upon the depth 

at which failure occurs within the surface layer.
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1.6 Summary of the present "state of the art" and outline of research 

carried out in this investigation 

#rom the results of published work described in the preceding sections, 

it is clear that the mechanisms of operation and failure of carbon when 

being used as a sliding electric contact, are not fully understood. Many 

of the results are in some instances contradictory. One of 

the major problems in interpreting and comparing results arises from the 

extremely large number of possible combinations of carbon-brush material 

and slipring, or commutator, metal. To investigate even a fraction of 

these combinations would present an impossible task and most researchers 

have chosen only to look at one or a very small number of possible 

combinations. 

Many of the problems encountered in using carbon as a sliding contact 

have been investigated by brush manufacturers or machine-users in an 

empirical manner. A variety of brush materials, or grades, have been run 

on the machine under the required conditions until a satisfactory,or 

compromise, solution has been reached. Most of these solutions have come 

about with little fundamental scientific research. It would also appear 

‘true that few of the investigations described have yielded results which 

have been used by brush manufacturers to improve brush performance, one 

possible exception being the development of brushes for high altitude use. 

Debate still continues on the importance of orientation of the graphite 

crystallites in the sliding behaviour of carbon. In spite of the relatively 

large amount of material published on this topic, two schools of thought 

still continue. On the one hand is a group which considers the 

crystallography of the carbon material to be of prime importance in
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determining the sliding characteristics. On the other hand, there is 

another group which considers the lubricating properties of carbon to arise 

entirely from an absorbed molecular layer on the graphite surface, and any 

orientation of the graphite crystallites is a result of the Sliding | 

mechanisms. It is not intended that this project should become directly 

involved in this question, although any relevant information obtained will 

obviously be discussed. 

The contact resistance between a carbon brush and a copper surface 

has been investigated by a number of workers and this aspect of carbon=-brush 

behaviour is probably the most fully understood. It has been generally 

accepted that the contact resistance at the interface of most metals is 

dependent more upon the nature of any oxide films at the interface, 

_ than the constriction resistance of the contacts. The decrease in contact 

resistance with increasing electric current has been universally attributed 

to an initial breakdown of the copper oxide film when the electric field 

across the oxide exceeds a value of about 10° volts/m. This electrical 

breakdown is followed by further disruption of the oxide as the electric 

current is increased. The effect that changing the running conditions has 

upon this oxide breakdown has not however been fully investigated. Work 

now being carried out by Bickerstaff(35) suggests that this explanation 

may be only part of the full picture and that variations in the contact 

resistance may arise from physical changes in the oxide film other than 

electrical or mechanical breakdown. 

One of the most important characteristics of carbon brushes from a 

machine+users viewpoint is the decrease in frictional force between some 

types of carbon brushes and the slip ring or commutator with increasing 

electric current. Neither the oxidation theory of Lancaster nor the 

temperature dependence theory of Holm (both of which have been proposed
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to explain this phenomenon) has been accepted by brush manufacturers 

since each one can only apply under specific conditions. 

At the beginning of the literature survey it was pointed out that 

most of the investigations have been carried out into the sliding carbon 

brushes on copper surfaces since this is the most common metal used for 

slip rings or Sistas: This restriction of the investigations by many 

authors to one metal has also restricted the scope of the solution 

since they were looking for answers to only a very precise problem. 

Another method of investigation is to consider the carbon-copper situation 

as only one small aspect of a-much wider problem, that of carbon sliding 

upon any material. If broad patterns of behaviour can be established, 

then it should be possible’ to apply these broad solutions to explain the 

brush behaviour under more specific conditions. This thesis will describe 

a programme of research which has been carried out in which particular 

carbon brush material has been slid upon a range of materials in order 

to establish how the brush sliding characteristics vary with load and 

current. The three properties which have been fully investigated are the 

wear rates(of both brush and slip ring material) the contact resistances 

and the frictional forces. 

Aluminium was chosen as one of the slip ring materials for two reasons, 

namely (i) because of its physical properties and (ii) because of interest 

in aluminium as a sliding contact from economic considerations. Pure 

aluminium is one of the softest materials which would be considered as a 

slip-ring material and hence could be used in any investigation into the 

effects of hardness. The oxide formed upon the surface is a hard, semi- 

passive protective film and is thought to act as an abrasive in a sliding 

situation. Thus a wide range of possible variables are present using one 

material. The other reason for choosing aluminium as one of the slip ring
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materials was because of interest shown by some electric-motor manufacturers 

in the use of aluminium as a commutator material for fractional H.P.electric 

motors. In recent years, because of political uncertainty in some copper~ 

producing areas and a world-wide shortage of copper, the price of copper 

has been steadily increasing. The high price of copper has forced many of 

its Saute to turn to aluminium as a substitute for copper electrical 

conductors. 

In cases where the physical strength of the material is not of prime 

importance and the same volume of either copper or aluminium can be used to 

produce the component, as in the case of small commutators, an 80% 

reduction in the eamt. of materials can be achieved. This reduction in cost 

amounts to a considerable saving by manufacturers who produce a large 

number of electric motors, for example the manufacturers of vacuum cleaners 

and electric drills. The change to aluminium alloy commutators would also 

reduce the possibility of any disruption in production due to a shortage of 

copper. 

At the time of writing two major problems prevent manufacturers 

Changing to aluminium alloy commutators in fractional H.P. electric motors. 

The first difficulty lies in joining the armature windings to the commutator. 

At present, copper windings are spot-welded onto the copper armature. If 

the saving in material cost is to be realized then aluminium alloy must also 

be used as the armature winding. Unfortunately, difficulties in welding 

the aluminium alloy windings to the aluminium altos ebuliutstors have 

resulted in increased production costs swallowing up any saving on material 

cost. 

The other problem is of a tribological nature. Brush manufacturers 

and users have dismissed aluminium and its alloys as unsuitable commutator
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materials because of high wear of both the brush and the metal. These 

high wear rates have been attributed mainly to the softness of the metal, 

although no results have been published which either confirm or refute 

this belief. Development work is however being carried out by at least 

one electric motor manufacturer to find a suitable graphite brush ~ 

aluminium alloy combination for use as the commutator in fractional H.P. 

. electric motors. 

The research about to be described has had two main, fairly broad, 

aims. The first aim was to investigate the sliding of a carbon brush upon 

a number of slip ring materials and not concentrate upon carbon-copper 

contacts. The investigation involved measurements of those parameters 

of most concern to electrical machine users, namely wear rate, frictional 

force and contact resistance. An attempt was made to correlate these 

characteristics with any physical changes occurring at the contact 

titerdece and the physical properties of the contact materials. From the 

results of this survey it was hoped to build up a broad picture from which 

it would be possible to predict how other brush-slip ring combinations 

will behave under given conditions of load, speed and current. An 

analysis of the surfaces generated during sliding at various currents was 

also carried out to try to explain the decrease in frictional force 

between some types of carbon brushes and copper surfaces with increasing 

electric current. Any explanations arising from this broad investigation 

must of course fit in with the knowledge already obtained about carbon 

brushes sliding upon copper. 

The second main aim of the project was to investigate in some detail 

the sliding of a carbon brush upon slip rings of pure aluminium under 

controlled conditions. From the investigation it was hoped to obtain
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information about the failure modes of such a system, in particular the 

wear rates of the brush and aluminium. It was hoped that any information 

gained would be of use to manufacturers of brushes and electric motors 

wishing to develop a brush-aluminium alloy combination suitable for use 

in fractional H.P. electric motors. The aims of the project do not, 

however, embrace any attempt to develop, or even suggest, suitable 

combinations. 

To carry out this research programme it was necessary to build a 

reliable wear test machine, which could withstand almost continual running 

throughout the project, together with any required ancilliary measuring 

equipment. Thé wear test machine and associated equipment will be 

described in detail in Chapter 2. Measurements were made of the three 

main parameters used to describe a carbon brush - slip ring assembly, 

nemely, wear rate, frictional force and contact resistance on a variety 

of slip ring materials. Wear specimens generated during these experiments 

have been studied by a number of analytical techniques to gain information 

about any possible changes occurring at the interface or in the 

underlying material. 

The brush manufacturers produce a very wide range of brush materials 

which have been developed for use under various conditions of operation. 

Some of these brush materials have a very limited application whilst 

others are of a more universal type. A brush material from the latter 

category was chosen for these experiments, namely, an electrographite 

grade (EG14) manufactured by Morganite Carbon Co.,Ltd. This brush 

material is used in a wide range of electrical machines operating 

under fairly diverse conditions. Another reason for choosing this 

material is that there have been a number of reported investigations 

using this or very similar electrographites under conditions similar 

to those proposed heree This brush material is also known to exhibit



a decrease in frictional force with increasing electric current. 

The literature survey has shown that the sliding characteristics of 

carbon brushes are influenced to some degree by both sliding speed and 

atmospheric humidity. To reduce the number of variables these two 

parameters were kept fixed during most of the experiments. Very little 

variation in sliding characteristics takes place over a wide range of 

sliding speed or humidity either side of the chosen values.
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Chapter 2 The Wear Test Machine and Ancillary Equipment 

2.1 Wear Test Machine 

The experiments were carried out on the pin and disk machine 

_ shown in Figure 2.1. The machine consisted of a bearing housing 

and main shaft assembly mounted upon a thick steel plate which 

formed the “bed" of the machine. Supported on this steel plate 

by three pillars was a duralumin plate above which the disk under 

investigation rotated, on the end of the main shaft. The carbon 

brushes under investigation were carried in brush holders mounted 

upon the duralumin plate. The area above this plate was covered 

by a large bell jar. 

The duralumin plate and bell jar isolated the part of the 

“machine where the experiments were carried out from the "mechanical" 

components and this prevented contamination of the surfaces, 

The main shaft was driven by a variable speed electric motor. 

The wear machine was mounted upon a rigid steel frame. 

2ec Bearing Housing Assembly 

The design and construction of the bearing housing, Figure 2.2, 

was a major factor in deciding the performance and reliability of 

the wear test machine. The disk under investigation must be 

free from lateral and axial vibrations and this can only be 

achieved if the main shaft runs true in its bearings. The 

experiments performed necessitated running the machine continuously 

for periods as long as three months and the bearing assembly mst 

be capable of carrying out this requirement without failure or 

appreciable wear of the bearings. 

A cross sectional view of the bearing assembly is shown in 

Figure 2.3. The two inner surfaces of the outer housing which
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Figure 2.2 Bearing Housing, Main Shaft and Mercury Contact Assembly.
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mate with the ball races were coaxially ground so that the races 

were an interference fit inside the casing. The two bearings 

were pressed into the housing and the outer two races held a fixed 

distance apart by a packing cylinder. Two clamping plates at 

the top and bottom of the casing held the outer races firmly in 

position. The two inner races were held a fixed distance apart 

$y the inner packing cylinder and two collars on the main shaft. 

The upper collar formed an integral part of the shaft whilst the 

lower collar screwed onto the shaft and held: the two inner races 

firmly in position. 

The amount of end float in the bearings was measured and the 

length of the inner packing cylinder adjusted with shims until the 

load was io on the surface of the outer races shown. After 

this adjustment the bearing assembly acted as a thrust bearing and 

no wobble of the shaft occurred, Unfortunately any wear of the 

ball races will alter the end float of the bearings and readjustment 

will be required. 

The bearing assembly was originally designed to preload the 

bearings with a spring loaded cylinder as shown in Figure Cee 

The outer race of the upper bearing was held in position by a 

.fixed cylinder, Thedistance between the two inner races was 

determined by the length of the inner cylinder and these were 

held in place by the two collars. The outer race of the lower 

Seaine was free to slide in the housing and was held in position 

by the spring loaded cylinder. This system compensated for any 

change in the end float as the bearings wore. 

The advantage with this system is the correction for changes 

in end float, unlike the other design where reshimming is necessary. 

There is however the possibility that the lower race could become
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slack in the housing, causing vibrations of the shaft. 
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Figure 2.4. Original bearing housing design. 

For this reason the method of preloading using shims was chosen 

since wear of the housing should be very small. if the system is 

correctly lubricated. 

2.3 Main Shaft 

The main shaft, which can be seen in Figure 2.2 was 

constructed from HESO5 heat treated steel. The total length 

of the shaft was 21", and great care had to be taken in machining 

the surfaces since any misalignment would possibly have resulted 

in flexing of the shaft at high speeds and vibration of the disk 

surface.
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The centre of the shaft was bored out to a diameter of #" so 

that wires could be taken from the disk at the top of the shaft to 

a rotating contact assembly at the lower end of the shaft. 

The top of the shaft was ground to a taper to accommodate the 

top plate upon which the disks under investigation were mounted. 

This brass top plate was made on the same machine tool as the taper 

on the shaft so that the same taper was machined on both parts, 

ensuring a perfect fit. The top plate was held onto the shaft 

by three screws locking onto an undercut portion of the shaft. 

Locking on oo the undercut portions vrs vented damage to the tapered 

part and misalignment of the plate. 

2.4 Bearing Lubrication. 

The bearing assembly was packed with grease on assembly. 

Further lubrication was provided by a grease nipple and an oil way 

to each ball race. 

2.5 Electric Motor 

The shaft was belt driven by a $4 H.P., 110 volt, D.C. electric 

motor. The amount of torque needed to drive the shaft and " 

overcome the friction of the brushes was relatively small. The 

small torque required meant that the simplest way to control the 

motor speed was to vary the d.c. supply to the field and armature 

- connected in parallel. The variable d.c.supply was obtained by 

rectifying the output from a full wave bridge network, no smoothing 

was required, this being carried out by the motor. At low voltages 

the torque produced by the motor was very low and not sufficient to 

drive the shaft. To obtain low speeds of rotation a variable 

resistance was included in series with the armature winding, thus
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the armature current could be reduced, but the field voltage 

maintained at a suitable value to obtain sufficient torque to drive 

the shaft. 

A variable resistance motor starter was used to protect the 

motor. This incorporated an overload cut out and a mains failure 

cut out. 

2.6 Belt Drive System 

The drive between the motor and the shaft was by a flat belt 

and a, pair of crovmed pulleys. The use of this drive meant that 

the drive end driven pulleys had to be correctly aligned (otherwise 

the belt would pull off) and this reduced the possibility of 

vibrations of the shaft due to misalignments. The use of , flat 

belt also helped to isolate vibrations of the motor from the 

bearings and shaft. To isolate the motor still further from the 

shaft and measuring instruments both the electric motor ‘and the 

steel plate forming the base of the test rig were attached to the 

frame by rubber mounting pads. 

2.7 Measurement of Rotational Speed 

The speed of rotation of the shaft was measured using a 

magnetic impulse tachometer. A short electrical pulse was 

produced by passing a piece of ferrous metal between the pole 

pieces of the magnetic pickup. Four pulses were required for 

each revolution of the shaft, these were provided by four mild 

steel inserts in a brass ring fixed on the lower portion of the 

shaft e o
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Figure 2.5 Controlled Atmosphere Supplye



2.8 Controlled Atmosphere 

As explained in the introduction the atmosphere in which the 

brushes ran could influence the running characteristics. It was 

therefore necessary to be able to control the composition of the 

atmosphere in which the brushes were running. This control was 

provided by covering the running area of the wear test rig by a 

large bell jar into which the required atmosphere was fed. The 

majority of experiments were carried out in an atmosphere of air 

with a relative humidity of 50%. 

The ee for controlling the relative humidity of the 

air is shown in Figure 2.5. Air, obtained from bottles was 

passed into the two drying tubes shown on the right hand side of 

the apparatus. - These tubes contain silica gel and calcium 

chloride. The amount of air entering the drying tubes was 

measured by the lower of the two flow meters. After passing 

through this flow meter some of the dry air was fed through a 

control valve into a saturation column containing distilled water. 

The remaining dry air was passed through another flow meter into a 

mixing tube where it was mixed with the wet air from the saturation 

colum. The proportions of dry and saturated air entering the 

mixing tube, and then into the bell jar, was varied to give the 

required humidity. The relative humidity within the bell jar 

was measured with a hair hygrometer. 

Where the rotating shaft passed through the duralumin plate a 

seal was necessary to reduce the flow of air required to maintain 

the correct atmosphere. 3 This was provided by a graphite ring 

which was a close fit on the shaft, running on a brass ring 

attached to the underside of the duralumin plate. The graphite was 

held firmly against the brass ring by a spring on the shaft.
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2.9 Wear Machine Working Surface 

The portion of the wear machine normally housed beneath the bell 

jar can be seen in Figure 2.6. This consisted of what was in 

effect the "Working surface" of the machine, mounted on or above 

the large circular plate. The disk under investigation, fitted 

at the top of the main shaft, can be seen in the centre. Suspended 

above the disk was the brush holder assembly. The frictional 

force measurement transducers and pillars carrying the probes for 

measuring wear rate can also be seen (details of these are given 

in subsequent sections). 

2.10 Brush Holder Assembly 

The as purpose of the brush holders was to support the 

brushes vertically against the disk and enable a known force to be 

applied to the brushes perpendicular to the disk surface. The 

holders also had to allow the frictional force between the brush and 

the disk to be measured and an electric current to be passed to or 

from the brush, 

The brush holder assembly can be seen in Figure 2.7 (for 

clarity all fixing screws and fixing holes have been omitted from 

this figure as has the brush retaining plate on the front of the 

brush holder). The brushes slid in vertical slots cut in 

blocks of brass. The brushes were made to fit G1anely in the slots 

so that only free vertical movement was allowed. The brushes 

were held in the slots by perspex plates covering the front of the 

brush holders. A narrow slot was cut down the centre of this 

plate so that electrical connections could be made directly to 

the brush.
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Figure 2.6 View of Wear Machine Showing Disk, Brush Holders and 

Transducers for Wear Rate and Frictional Force 

Measurement >
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The brush holders were attached to a central pillar by a 

crossed-spring arrangement. The springs consisted of three strips 

of phospher-bronze 0,030" thick. This arrangement allowed the 

brush holders to move only in a horizontal arc, centred at the 

intersection of the springs, no vertical movement or twisting of 

the brush holders was possible. The assembly was checked to see 

if twisting occurred by mounting dial gauges against the brush 

holders,one at the bottom and one at the top. Forces were applied 

at various positions on the brush holders and the resultant 

displacement measured. Twisting of the brush holders would have 

caused different movements at the top and bottom of the holders, 

no difference could be detected. 

The centre support pillar was attached to a horizontal beam 

held above the disk by two vertical pillars. The centre pillar 

was displaced 4" from the centre of the disk so that the brushes 

ran on different radii tracks, the difference in radii being 4". 

The brush holders were electrically insulated from the spring 

assembly by mica strips and held in position by nylon screws. 

2.11 Brush Loading 

The brushes were loaded by a dead weight system. The weights 

were supported on a weight pan attached to a rod of square cross- 

section. This rod fitted into the slot in the brush holder and 

applied the load to the brush. A small spring was placed between 

the top of the brush and the weight pan rod. The spring enabled 

the brush to follow any slight irregularity in the disk surface 

without vibrations of the brush and weights occurring.
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2.12 Measurement of Frictional Force 

The frictional force between the brush and the rotating disk 

resulted in a displacement of the brush holders in an arc, centred 

about a line running through the intersection of the crossed springs. 

If this axis could have been made at the centre of the disk the radius 

of the track would have remained constant, no matter what the displacement 

of the brush holders, Unfortunately the use of two brush holders 

meant that the intersection of the crossed springs could not be 

placed at the disk centre. Any displacement of the brush holders 

from their central position therefore resulted in a decrease in 

the radius of the brush track. 

Variations in the frictional force would cause aiinoae in the 

aieptatemente of the brush holders and the position of the brush 

track would be altering continuously. For the system to be as 

stable as possible the amount of movement of the brush holders had 

to be kept to a minimun. 

For this reason a strain gauge transducer was used to measure 

frictional force. The transducers used were manufactured by 

Pye-Ether Limited and had a displacement of only 0.0015" at their 

maximum measuring capacity. The strain gauge transducer effectively 

held the brush holder rigidly in one position . The electrical 

output from the transducer was easily monitored and a continuous 

measurement and recording of frictional force was possible. 

The transducer consisted of a light armature supported in frame 

by two flexible cantilever springs. Four strain gauge elements 

were wound between insulated posts mounted upon the frame and 

armature to forma fully active bridge network. These elements 

were wound in opposition to maintain the armature in equilibrium. 

When a force was applied to the transducer the deflection of the
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armature resulted in an increase in resistance of one Varn OL 

windings and a decrease in the resistance of the other pair. The 

application of a voltage across the bridge resulted in an output 

voltage which was proportional to the force. 

In the transducer the strain gauge windings were the stiffness 

elements and no intermediate stress member was required. This 

produced a relatively robust transducer which was very responsive 

to changes in the applied force. 

The power supply for the transducers was provided by Ether | 

conditioning units. These units provided a stable, variable ac. 

supply. (Stability was better than 400:1 against 10% variations 

| in mains voltage and better than 0.05%/deg C temperature stability) 4 

The unit contained a zero control which eliminated zero unbalance 

in the transducers. The zero control enabled the output from the 

transducers to be set at zero even though a small force was applied 

to the transducers to eliminate any possible backlash in the 

crossed spring assembly. The unit also provided a range 

calibration control which altered the electrical output from the 

transducers with respect to the mechanical input. This enabled 

the transducer to be easily calibrated by either applying a known 

force to the transducer or using the calibration facility provided. 

Built in calibration was provided by placing an accurately known 

resistance across one arm of the bridge, thus causing a predetermined 

unbalance of the bridge and a resultant output signal. 

The transducers were mounted upon the horizontal beam 

suspended above the disk. The frictional force between the 

brush and the disk produced a tendency for the brush holder to 

move away from the transducer, thus applying a tensile force
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to the transducer. The transducers were accurately positioned 

on the beam so that the transducer operating arm could be linked 

to the brush holders at a point corresponding to the centre line of 

the brush. Once the transducers had been attached to the beam the 

whole assembly, including transducers and brush holders, could be 

removed from the machine for brush or disk replacement without 

disturbing the relative Seat bios of the components. The length 

of the link between the transducer and the brush holder could be 

easily adjusted to apply the required small preloading force to the 

transducer. The link was made so that the brush holder was 

electrically insulated from the transducer arn. 

Two different pairs of transducers were used. One pair 

could be eo to measure a maximum force of 450 ems.f. the 

transducers gave an output at the maximum force of 4.7mV per Volt 

applied. Using the highest operating voltage of 15 volts gave an 

cutput of 7OmV for a load of 450 gms-f . At low brush loads, 

resulting in a Vow frictional force, the electrical output 

would have been of the order of only InV. For frictional force 

measurements et low brush loads another pair of transducers was 

used. These transducers could measure a maximum force of 50 gms. 

f. At that force the output being about 50 mV. When using 

low brush loads the electrical output was about 6nV and the 

frictional force could be measured more accurately. 

The output from the transducers was measured by potentiometric 

chart recorders. The chart recorders had a maximum sensitivity 

corresponding to a full scale deflection of 10" for an input of 

3.5mV. The undamped response time of the chart recorders was 

1.5 seconds for full scale deflection. This response was too 

slow for following fast changes in friction, but was adequate for
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monitoring changes in the average value of frictional oroe A 

potentiometric indicator was also used to monitor the output from 

the transducers. This was used mainly for the calibration of the 

transducers and to ensure that no zero drift or change in 

calibration of the chart recorders had taken place. 

2.15 Calibration of Frictional Transducers 
  

The transducers were calibrated to measure frictional force by 

applying a known force to the brush holder and adjusting the range 

control of the conditioning unit to give a suitable reading of the 

indicator or chart recorder. 

The force was applied to the brush holder by weights hung 

over 2 light pulley. The weights were attached by a light cord to 

a point on the brush holder corresponding to the centre~line of the 

brush, Care was taken to ensure that the cord remained horizontal 

and tangential to the brush track. A slight error was introduced 

into the calibration by the friction in the pulley, the force 

required to rotate the pulley was about 0.25gms.f, A correction 

was made by increasing the weights by the same amount. 

The linearity of the system was checked by increasing the 

applied force from zero up to the maxinum required.then reducing it 

in stages to zero, and noting the deflection of the indicator and 

chart recorder. No non-linearity could be detected. 

Once the transducer had been calibrated using this dead weight 

method the calibration could be easily checked using the facility 

provided on the conditioning unit. 

2.14 Measurement of Wear Rate 

Wear rate of the brushes was the most difficult parameter to measure
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_ due to the small amounts of wear taking place and the operating 

conditions. The method used had to be capable of measuring the 

small amounts of wear taking place and giving an output which could 

be turned into a continuous recording of wear rate whilst causing 

minimum interference to the brush contact system. 

Several methods were available for measuring wear rate, the 

main ones in use being the following (i) Measurement in the length 

_ of the pin, bid3 weighing the pin before and after running, the 

resultant loss in weight giving a measure of wear rate (414) Measuring 

the weight of all the debris produced in running (iv) Using wedge 

or conical shaped pins, the increase in pin width or diameter 

during running enabling the wear to be calculated. 

Weighing either the brush or the wear debris was not a suitable 

method to use for graphite brushed. Due to absorption by the 

carbon it was possible for the weight of the brush material to vary. 

This variation would have produced very large errors when trying to 

detect small changes in the weight of the brush due to wear. 

Measurement of the wear rate by weighing the wear debris was also 

unsuitable, The design of the pin and disk machine made collection 

of all the wear debris very difficult, and since the debris would 

be collected from both brushes only the average weight loss of both 

brushes could be found. Any debris produced by wear of the disk 

vould also be weighed. 

Both these methods could give only the average amount of wear 

taking place between weighings, no continuous recording of wear 

rate would be possible. Weighing the brush would also have 

disturbed the system since the brush would have been removed from 

the brush holder, 

One of the most common methods of measuring small amounts of
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of wear is to use a tapered pin;the size of the wear scar can be 

accurately measured using a travelling microscope and in most cases 

reliable results obtained. However, the pins have to be removed 

forieasurements to be made and only average wear rates over long 

periods are obtainable. Another disadvantage with this method 

is that the apparent area of contact of the pin increases as the 

pin wears. 

The final method considered was to measure the change in length 

of the brush as it wore. The easiest way of doing this would be 

to remove the pin and measure the length with a micrometer, This 

however gives only average values of wear and would disturb the 

brush contact. 

The most suitable way of measuring wear without removing the 

brush from the brush holders was to measure the change in height of 

the. brush above the disk surface. For accuracy the change in: 

height of the brush above the track on the disk should be measured 

since any wear of the disk surface would alter the height of the 

brush. In practice using the rotating disk as the reference 

surface is very difficult. One possible method would be to mount 

a travelling microscope above the disk and brush. Focussing 

first on the wear track then on the top of the brush would give a 

measure of the pin height. With this method an error is introduced 

by the operator having to decide when the surfaces are in focus, 

this error would be increased by the rotation of the disk. Once 

again the results obtained would give only average values of wear 

rate over long periods. 

The majority of methods giving rise to a continuous measurement 

of wear involve the conversion of vertical movements of the brush 

into an electrical output. Such an output can be obtained by
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attaching a strain gauge trensducer to the brush so that as wear 

takes place the transducer is loaded and an electrical signal 

obtained, Unfortunately this method will, unless great care is 

taken in setting up the transducer, disturb the brush contact 

system, The mechanical resistance of the trensducer must be small 

otherwise the brush will not be free to move under the effect of 

the brush load, There is also a possibility that this transducer 

would disturb the measurement of frictional force. This method 

has the advantage however that the small amounts of wear could be 

accurately measured .and the electrical output easily monitored. 

An electrical output could also be easily obtained by attaching 

the brush te the sliding contact of an accurate linear potentiometer. 

‘te a voltens is applied across the potentiometer a change in height 

of the pin will produce a change in the voltage from the centre 

contact. As in the case of the strain gauge transducer there. 

will be a mechanical restraint upon the brush, The accuracy of 

measurement using this method is also limited by the size of the 

wire used for the potentiometer windings. 

The method eventually chosen to measure the wear involved the 

measurement of electrical capacitance. In its simplest form the 

equipment consisted of a flat, horizontal plate attached to the top 

of the brush with another similar plate held in a fixed position 

above it, Fig.2.8. As the brush wore the lower plate moved 

away from the fixed upper one. The increase in thickness of the 

air gap between the plates resulted in a change in capacitance of 

the plates, 

In its simplest form the capacitance between the plates can 

be expressed as
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neglecting edge effects, 

For two plates having a fixed area the capacitance is inversely 

proportional to the plate separation. 

The system was calibrated by measuring the distance between 

the plates using feeler gauges and measuring the capacitance between 

the plates using a Wayne-Kerr capacitance bridge with source and 

detector, The Calibration curve obtained ig shown in Fig.2.9. 

The disadvantage with this system lay in the measurement of 

capacitance, With the source supplying a constant frequency and 

amplitude i eels the bridge was adjusted to give a null point on 

the detector. With the disk rotating it was very difficult to 

Fouiee the balance point, large errors in measuring the wear rate 

being preduced. The disk could be stopped for the balance point 

to be found withcut disturbing the brush contact too much, The 

main disadvantage of using the method in the way described was that 

no output was available for continuously recording the wear. 

The wear of the brushes was measured using a Wayne-Kerr 

distance measurement bridge, described below, 

2.15 Wayne-Kerr Distance Meter 

The principle of operation of this meter is the continuous 

measurement of the capacitance between two surfaces in close 

proximity. One of thése surfaces was a capacitance probe 

consisting of a central electrode surrounded by a guard ring and 

the other surface was the metallic plate under investigation. 

The capacitance transducer and test surface completed the



  
Fig. 2.8 Wear Measurement Capacitance Plates. 
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negative feedback loop across a high gain amplifier. The amplifier 

was supplied with a reference input and the output was linearly 

related to the capacitance probe-surface distance. This output was 

fed £6 a meter from which the separation could be read directly. 

The output was determined by the capacitance between the probe and 

test surface. Thus by altering the area of the test probe the 

range of distance represented by the output could be changed. 

The output was also available for monitoring by chart recorder, 

enabling a continuous recording of distance to be made, 

A two channel instrument was used which enabled the wear of 

both brushes to be measured and recorded, 

Two different capacitance probes were used. One had an inner 

sensor diameter of 3.5mm which resulted in a full scale deflection 

of the meter at a separation of 250m, the output at full diate 

deflection being 1.0 volts. The other probe had an inner sensor 

diameter of 11.5mm and produced full scale deflection (output 1.0V) 

at a separation of 2.5 mom. 

The wear of the brush was measured by attaching a flat horizontal 

plate to the rectangular rod of the brush holder, as show in | 

Pipe 2s lO. The plate was made by evaporating a film of ‘aiatedn tur 

onto a thin glass slide, the metallic surface was connected to the 

distance meter by a thin coil of very flexible wire, The 

capacitance probe was held above this plate with its face parallel 

to the plate surface. As the brush wore, the lower plate moved 

down and the separation between the probe and plate increased, 

The output from the meter was monitored by a potentiometer chart 

recorder and a continuous trace of the wear behaviour obtained,
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Wear Measurement System Showing Capacitance Transducers 

and Flat Aluminium Coated Plate Attached to Weight 

Carrying Rod.
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When the separation between the plate and probe increased to a 

value greater than that which gave full scale reading of the meter, 

the relationship between separation and oittine voltage became non- 

linear, When using the smaller diameter probe the maximum amount 

of wear before full scale deflection was reached was 0.2mm, When 

this situation was reached the probe had to be moved nearer to the 

plate. To facilitate this readjustment the probes were mounted 

upon moveable carriages which were free to slide upon vertical 

gelaeearss Movement. of the carriage was controlled by a rack and 

Pinion mechanism. Mounting the probes in this way also enabled 

oni to be removed from the machine for brush or disk removal 

without disturbing their alignment. 

The advantages in using the system described was the simplicity 

with which wear measurements could be made, Once the initial 

setting up had been carried out, the only further adjustment 

necessary was moving the probe by the rack and pinion mechanism to 

give a suitable separation. 

Since the probes did not touch the horizontal plates they did 

not interfere at all with the movement of the brush or the measurement 

of frictional force, 

2.16 The Current Supply to the Brushes 

The circuit used for supplying the d.c.current to the brushes 

is shown in Fig.2,11 overleaf.
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240V   

Rectifying Variable   
    

Bridge Transformer 

Brushes 

Disk 

Figure 2.11 D.C. Supply to Brushes. 

A variable A.C. supply, obtained from a Variac was rectified, 

smoothed and connected across a centre reading ammeter and 12 volt 

accumulator. This provided a very stable d.c.supply which was 

connected across a potentiometer, from which a variable supply; from 

0 to 12 volts was obtained. 

The centre reading ammeter indicated whether the battery was 

charging or discharging, this depended upon the current being 

drawn for the brushes and the output from the variac. 

The current to the brushes passed through an ammeter end surge 

resistance to one of the brushes, called the positive brush. 

Conventional current ran from the positive brush to the disk 

surface (electron flow was in the opposite direction ). From the 

disk the current passed to the negative brush and through a relay 

switch. The relay served two purposes, if the brush current 

accidentally exceeded a preset value the circuit was interrupted 

causing minimum damage to the contact, Failure of the mains 

supply also caused an interruption of the brush current circuit,
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thus preventing current being passed when the disk was stationary. 

2.17 Measurement of Contact Resistance 

The contact resistance between the brush and disk surface was 

determined by measuring the potential difference between the brush 

and disk, The potential difference was measured using a four 

contact system. The current "leads" to the resistance were 

provided by a flexible copper braid fitted to the brush and the 

other brush contact. The voltage measuring contact ps were made 

by a gold wire connected to the brush as close to the running face 

as possible and a contact to the rotating disk, The potential 

difference was measured using a high impedance instrument, either 

a valve Veltniteradod lloacons or potentiometric chart recorder. 

The current dravm by these instruments was very small, a maximum 

of 104A for the chart recorder if used to measure 5 volts. This 

meant that the voltage drop across the rotating contact, which had a 

resistance less than one ohm, was of the order of io Opes, and 

caused a negligible error in the potential difference measurements. 

2.18 Mercury Contact Assembly 

The contact to the rotating disk was made using the mercury 

contact and slip ring assembly which can be seen attached to the - 

lower end of the main shaft (Fig.2.2). The assembly consisted of 

three copper slip rings, insulated from each other upon which silver 

graphite brushes were run. The brushes had a very low contact 

resistance, less than 1 ohm, even for the very small currents 

required to measure the potential difference. The noise produced 

in the contacts was also very low, it was negligible even when 

currents in excess of 10m A were passed, these currents being much
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greater than those required. 

A mercury contact was also included in the assembly. This 

consisted of a copper pin attached to a small hardened steel shaft 

which roteted with the main shaft. The steel shaft rotated in 

hardened steel bearings which were oil lubricated. The copper pin 

dipped into a stationary copper cup containing mercury, from which 

the contact was obtained. The mercury was first amalgamated 

with the copper to form a better contact by removing the copper 

oxide with Nitric acid. This tlercury contact assembly was 

contained within a perspex tube to prevent the escape of mercury 

Vapour. 

2.19 Contact Potential Difference Monitoring 

Measurement of the potential difference between brush and disk 

using 2 chart recorder or valve voltmeter gave only the -mean d.c. 

value. A more detailed study of the nature of the potential 

difference was carried out using an oscilloscope. When 

connected between the brush and disk the oscilloscope displayed the 

voltage between the brush and that portion of the disk track beneath 

the brush at that instant. A miltiple trace was normally obtained 

due to the time base of the oscilloscope beginning its sweep when 

different portions of the track were beneath the brush. It was 

possible to synchronise the time base with the speed of rotation 

of the disk so that the sweep began as the same portion of the 

track passed beneath the brush. However this synchronisation 

was very difficult to achieve in practice and slight differences 

between the two speeds resulted in the point in the track at which 

the trace started changing and the trace slowly altering.
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A more satisfactory method was to trigger the time base of the 

facility provided, The oscilloscope was triggered at the same 

« 
point each revolution and the time base began its sweep each time 

as the same portion of the track passed beneath the brush. This 

resulted in a very stable trace. 

The time base was triggered by a pulse obtained from a magnetic 

pickup mounted adjacent to the rotation shaft. The impulse was 

caused by a small piece of steel fixed to the shaft passing in 

s shom in Fig. 2.12 fo
e front of the pickup. The pulse obtained 

The width of this pulse enabled the oscilloscope to be triggered at 

different voltages and the point on the disk at which the trace 

started to be varied slightly. 

The trace obtained on the oscilloscope was recorded using a 

1.
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l
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Figure 2-12. Oscilloscope triggering pulse.
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Chapter 3. Experimental Details 

3el. Preparation of disks 

The surfaces upon which the brushes ran were flat disks fixed 

by two screws to the brass boss at the top of the main shaft. Some 

of the earlier experiments were carried out on solid aluminium disks. 

Unfortunately these disks werped slightly after machining and this 

caused vibrations of the brush when running. To prevent this warping 

the centre of the disk was removed, prior to the final machining of 

the running face, and the annulus thus formed held onto the wear. 

machine by a central clamping plate. 

To provide specimens of the surfaces of the disk after running 

closely fitting removable plugs were inserted into the disk face. 

The plugs were held 

firmly into the disk by screws locating against the back of the disk. 

After fitting the plugs the final running surface was machined. 

Final machining of the running face was carried out using a 

tungsten carbide tool, giving a surface finish of 5 microns. 

The hardened EN26 steel disks were produced by heating the disk 

to a temperature of 850°C and maintaining this for 2 hours. This 

resulted in a hardness of 570 VPN . After hardening the disk 

was surface ground to ensure that the two faces were flat and parallel 

the running face was then radially ground to give a surface finish 

similar to that of the turned disks. 

The electrographite and gold disks were fixed by cementing with 

conducting adhesives, onto a recessed copper disk which in turn was 

clamped onto the machine. 

Before running the disks were cleaned in acetone and petroleum



70 

ether then placed in a desiccater for the surfaces to reoxidise. 

3.2. Preparation of brushes 

The brushes used in the experiments were cut from a single block 

of electrographitic brush material(EG14) supplied by Morganite Carbon 

Company. The size of the slot in the brush holders was Smem. X Dmem 

square and the brushes were cut slightly oversize then individually 

fitted to the brush holders. The brushes were carefully abraded on 

very fine emery cloth lubricated with petroleum ether until the brush 

just slid down the brush holder under its own weight, with minimum 

sideways movement. The abrasive particles were removed from the 

brush by cleaning in petroleum ether. 

Two leads were connected to each brush using an electrically 

conducting adhesive. One lead, that carrying current, was flexible 

copper braid cemented near the top of the brush. The voltage 

measurement lead was a thin gold wire cemented as close. to the 

running face as practicable. This kept to a minimum errors in the 

contact voltage due to voltage drop in the brush material. 

569, Running in the brushes 

Before it was possible to carry out any oes the 

brushes had to be run in. ‘This running in involved changes in the 

topographies of the two running faces until the surface features were 

stable and characteristic of the running conditions. The brush was 

considered to be run in when the whole.of its surface was in contact 

with the track and its wear rate, frictional force and contact 

resistance had attained steady values. At light leds this running in 

-period was very long, about one month. This running in time would 

have been decreased by abrading the brush surface or running in under
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an increased load or in a dry gas. However, since the purpose of the 

research was to study the running surfaces this accelerated running in 

was rejected because of possible changes beneath the surfaces. 

34, Experiments to determine variations in characteristics with 

changing loads 

For these experiments the brushes were run in at the lowest load 

to be used. The weight of the weight pans and capacitance plate 

meant that the lowest load easily obtainable was 60gms wt., this load 

was, however, within the normally recommended brush load. At this 

light load the running in period was about 4 weeks. 

3.4(i)  Neasurement of Wear Rate 

At light loads the wear rates were very low and the small 

changes in brush height were difficult to measure. Changes in 

temperature resulted in short term changes im the length of the 

brush which affected the wear measurement and the run at light 

loads lasted een: weeks to enable accurate wear rate measurements 

to be made. 

3.4(ii) Measurement of Contact Resistance 

During these experiments the brushes were run for most of the 

time without current passing through the brushes. At each load , 

however, a short experiment was carried out to measure the contact 

resistance of the brushes. The voltage across the interface was 

measured as the current through the brushes was increased from 10 Ae 

From this the contact resistance et each current was determined 

(from R = 2 os The current through the brushes was increased in 

small increments until the interface began to behave in a non~ohmic 

A 
manner (iee. the contact resistance began to fall). At this stage
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the current was switched off to minimise the possibility of permanent 

damage to the interface occurring. The brushes were then run at the 

same load until the interface hed returned to its original state as 

indicated by contact resistance measurements using a current of OA. 

3.4Ciii) Measurement of frictional force 

During the experiments the frictional force between the brush 

and disk were constantly recorded. At light loads the frictional 

force was small, giving a small output from the transducer. Zero 

drift of the measuring system at these small outputs had an appreciable 

effect on the measurements and frequent re-zeroing was necessary, but 

no change in the calibration of the system occurred. At high loads, 

which gave high frictional forces and transducer outputs this zero 

adrift was negligible. 

After each increase in load the brushes were allowed to run 

in at the new load before any readings were taken. 

Dede Experiments to determine variations in characteristics 
  

at constant load 

The experiments described in the previous section determined 

the effect of load on the running of the brushes. Experiments were 

also carried out at constant load to determine the effect of electric 

current on the running characteristics. 

The number of loads which could be used was severely limited by 

the length of time taken to perform each experiment. The values of 

the loads at which to carry out these experiments were determined by 

how the characteristics varied with load.
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3.5(4) Changes in contact resistance with current 

This experiment was carried out by passing a known current through 

the brushes and measuring the potential difference across the brush- 

Gdisk interface. 

The potential across the interface was first measured with no 

current passing through the brushes to determine whether any thermal 

eem.f's were generated at the interface. None could be detected. 

Previous workers have shown that the changes which take place 

when pasSing current are non-reversible and care therefore had to 

be taken that the required value of current was not exceeded. 

= 
The voltage was measured as soon as steady conditions had heen 

reached after , change in current. Steady conditions vere usually 

attained chee two minutes of a change in current. Very slight 

variations in voltage sometimes took place over a longer period but 

these were negligible compared with the voltage being measured. 

VisiQLe 

The current was increased until)sparking occurred beneath the 

brush, when the experiment was stopped. 9 a 

3.5(ii) Variation in frictional force with electric current 
  

The frictional force was measured continuously whilst brushes 

were being run to determine whether any variations in frictional force 

occurred due to the passage of electric current. When changes did 

take place equilibrium was established within 15 minutes of an 

increase in current. Changes in friction due to electric current 

could be distinguished from apparent changes due to zero drift since 

the latter were long term slow changes.
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3.50ii3) Varietion of Wear rate with electric current 

In order that a reliable measure of wear rate could be obtained 

each experiment to measure the wear lasted a relatively long time, 

from a few days at high loads tc several weeks at low loads. These 

lengthy experiments severely limited the number of measurements of 

wear rate which could be made. To determine whether any change in 

wear occurred with electric current the wear rate was measured first 

with no current flowing through the brushes, then with the maximum 

current which could pass without arcing across the interface. 

Measuring the wear rate with no current flowing also provided a 

check in the repeatability of the experiments since these wear rates 

should have heen the same as those obtained from the previous 

experiments, where the variation in characteristics with load were 

determined. With no current flowing through the brushes the wear 

rates of both brushes running on the disk should have been the same 

provided they were both running under the same load. 

If any difference in the wear rate of the brushes with current 

flowing from that with no current flowing had been found more 

experiments would have been performed to measure the wear of 

intermediate currents.
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3.60 Collection of wear debris for examination 

The wear debris produced during each experiment was analysed by 

and X-ray powder technique. The wear debris was collected upon a 

small artist's paint brush dipped in petroleum ether. The ether was 

washed from the brush into a test tube containing petroleum ether 

which was later evaporated leaving behind the dry wear debris. Obviously, 

this method did not collect all the debris produced, however, by 

carefully brushing all the exposed surfaces it was probable that the 

-amount of debris uncollected was small and the sample was a fair 

representation of the wear debris. 

After drying, the powder was thoroughly mixed and a sample 

placed in a low absorption glass capillary tube. The tube was 

filled by wating the powder, either by hand or using an ultrasonic 

cleaning bath. There was a possibility that the debris components 

may have segregated during this vibration, and this possibility was 

checked by analysing the wear debris contained in different portions 

of the tube. No difference in composition of the debris within the 

tube could be detected. 

At low loads the amount of debris produced was very small, 

making both collection and examination difficult. After running for — 

two months ze a load of 60gms.f. only enough debris would be 

collected to fill the lower 3m.m. of a capillary tube of diameter 

0.5m.m. To analyse the debris this tube was mounted in the camera 

‘with the sealed end, containing the powder, irradiated by the X+ray 

beame 

After each experiment had ended and the wear debris had been 

collected the surfaces beneath the bell jar were cleaned of any 

remaining debris, using compressed air and washing with petroleum 

ether, before the next experiment was begun.
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Se7< Specimen preparation for surface examination 

The surfaces formed during the experiments were examined by four 

techniques : - Optical Microscopy; Scanning Electron Microscopy(S.E.M.), 

using a Cambridge Instrument Stereoscan Mk2A; general area reflection 

electron diffraction, carried out on an A.H.I.EM66 electron microscope}; 

and Electron Probe Microanalysis (EPMA) carried out on a Cambridge 

Instrument Microscan MkII. 

Where necessary experiments were run specifically to generate 

surfaces for examination. 

No special preparation of the surfaces was required for any of 

the techniques used. However, the size of the specimen chambers in 

the instruments limited the size of specimen which could be examined, 

and the ease with which suitably sized specimens could be obtained 

hed influences the brush and disk design and dimensions. Specimens 

of the wear tracks on the disks were obtained either from the removeable 

lugs inserted into the surface or from 5m.m. x 5m.m sections cut 

from the disk. These specimens were cemented directly onto mounting 

stubs for examination by scanning electron microscopy or electron 

diffraction. When specimens were cut. from the disk, using a hacksaw, 

the running surface was positioned so that no cutting debris fell 

onto the wear track, the disk was also cooled during cutting by a 

stream of cooling air. 

The specimen chamber of the Stereoscan could possibly be 

modified to accommodate a reasonably sized disk or cylinder, so that 

the wear tracks could be examined at any stage during an experiment 

after which the run could be continued using the same specimens. 

The 5mem x Sm.m brushes fitted into all the specimen chambers, 

the only limit being the height of the specimen, the maximum 

permissible specimen height for examination by E.P.M.A. being
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approximately 4mm. Small specimens of this length were cut from 

the brushes after running’ and mounted upon microscope stubs or into 

she specimen holder of the microprobe. ct
 

The specimens generated were examined by each of the techniques 

in turn, beginning with the least destructive, optical microscopy, 

followed by S.E.M. and finally using the technique which was likely 

to produce most damage to the surface. The accelerating voltage for 

the electron beam used in the Stereoscan was wlatively low, 2OKV, and 

since the beam was being scanned or rastered across the specimen very 

little surface damage was likely. The next technicue used was 

reflection electron diffraction. Although the accelerating voltage 

used, 8OKV, was much higher than that used in the microprobe the 

v 

method of specimen of specimen mounting and removal used in the 

latter inatrament made the possibility of surface damage MORE hikes 

3.8 Running Conditions 

The relative humidity beneath the bell jar was maintained at a value 

of 50%, since short preliminary experiments had shown that no variation in 

running characteristics occurred over a wide range either side of this 

value. 

The speedof rotation of the disk was controlled at 1000 rpm.
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Chapter 4, The Sliding of Electrographite upon Aluminium 

hl The wear rate of electrographite at 60gf. load 

The method of measuring the amount of wear has been described in a 

previous chapter. The wear rate was defined as the wear volume removed 

per unit sliding distance. A continuous recording of brush height was 

obtained from which the volume of brush removed and the distance of 

sliding found, hence the wear rate was determined. 

All the experiments were carried out at a constant rotational speed 

of 1000 r.pem. and a controlled relative humidity of 50%. : 

When running under very light loads the wear rate was low and in order 

for reliable, "trustworthy" results to be obtained the running in period had 

to last several weeks. 

Even after running in for a long period the wear rate was still erratic 

varying within the range 3.6 x 107° inm?/mem. of sliding, to 5.0 x 307 

sliding, although short periods occurred when no wear could be detected. 

Over a running period of 400 hours, the average wear rate was 4.2 x 107 sna? /mnm 

The effect of electric current upon the wear rate was small provided 

that sparking did not take place. Up to and including a current of 2.0 amps 

no change in wear rate of the positive brush could be detected. When the 

current was increased above 2.0 amps sparking occurred beneath the brush 

and the wear rate increased to 4 x 107 Pam? /mm sliding. The wear rate of 

the negative brush increased slightly with current. At a current of 500mA 

the wear rate was 6.8 x 107 nm? /m.em. and at a current of 1.0A had 

increased to 9.4 x 107 ini ?/1n «me When a current of 2.0A was passed 

catstrophic wear took place and the wear rate increased to hx 107 mn? /ram. 

During this running period experiments were also carried out to 

investigate contact resistance and frictional force.
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4,2 Wear of Electrographite at 460 gms f.load 

This experiment was carried out to determine the wear rate of the 

brushes at various currents at a load of 460 gms f. The wear of both 

the positive and negative brushes was continuously recorded and the wear 

rate determined, these are shown in Table 4.1. 

Table 4.1 

Wear rates of electrographiteat 460 gms.f load © 

  

  

  

Current Wear rate of brushes 

ste od of sliding 

Positive Negative 

Oo 6.2 x10 6.8-x 40° 

100 ), A 6.2 6.8 

10 mA 8.1 7el 

500 mA 76 6.7 

LA 6.8 6.5 

2A 8.4 720 

5 A 767 7.8         
  

Above 5A catestrophic wear took place, the wear rate jumping to 

46°C mmm tis 

The higher wear rates at this load were much easier to measure than 

those at 60 gms.f.load. Again, however, there was quite a large spread 

of results as indicated by Table 4.1. No significant change in wear
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rate outside this normal spread of results could be detected unless sparking 

took place. 

4.3 Wear of Electrographite at 1060g¢f lead 

The high wear rate of the brushes at this load made the wear easily 

measurable. However, the time for which the wear could be measured at 

any one current was limited by the necessity to perform all the measurements 

upon one brush, before its length became too short for stability. It was 

preferable to complete all these measurements upon one brush to eliminate 

any possible effects due to slight variations in brush composition, 

Table 4,2 

Wear rate of electrographite at a load of 1060 ems.f. 

  

  

Current Wear rate of brushes 

mm?/mm. of sliding 

Positive Negative 

0 2.25 x 107! 2.4 x 10°" 

1LOmA 2.10 2.6 

100 2.4 1.9 

500 205 2.0 

1A 2.8 2.7 

2A 2.6 2.5 

DA CoV 204         
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The results obtained are shown in Table 4.2. At the wear rates 

involved the distance between the wear measurement probe and the capacitance 

plate increased beyond the full scale reading of the bridge after about 

5 hours running and the distance between the two had to be reset. Thus the 

wear rate was determined from several continuous recordings of wear over 

these short periods. The values given in Table 4.2 are the mean values 

from several such wear rate measurements, all of which fell within the 

range 2— 3x 107? mm? / ane sliding. 

No significant variation in wear rate with electric current occurred 

until arcing took place at a current of 10A, when the wear rate increased 

to 207 “tom? /cto of sliding. 

4.4, The Variation in Wear Rate with Load 

This experiment was carried out to determine how the wear rate of the 

electrographite depended upon the applied load. The brush was run in for 

several weeks at a load of 60 gms.f. until a consistent value of wear rate 

was obtained. The frictional force and contact resistance at low currents 

were also measured. The load was increased in stages up to 310 gms.f., 

then reduced to 60 gms.f., the wear rate, frictional force and contact 

resistance being measured at each load once equilibrium had been 

restablished. 

Fig.4.1 shows how the wear rate of the electrographite varied with 

load. At low loads the wear rate was low and increased in proportion to 

the load. However, when the load was increased above 260 gmsef. the wear 

rate suddenly increased as shown. When the load was reduced to 260 gmsef., 

the wear rate remained high but dropped back to the lower branch of the 

graph when the load was reduced below 260 ems.f. The load was not 

increased above 310 gms.f. since previous experiments had shown that at 

a load of 460 gms.f. permanent damage to the aluminium surface occurred.
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Figure 4.1 Variation in Wear Rate of Electrographite with Applied | 

Load When Sliding on an Aluminium Disk.
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Table 4.3 

Variation in wear rate of electrographite with load. 

  

  

  

: a 

{ 

Load zWear Rate 

gms mm” /mn sliding 

60 bd x 072° 
oO 

A 160 9.5% 10°° 

af 210 13S 1007 

SA 260 De 5e 1079 

310 Jee % 107° 

260 15x 107° 

| 210 1.3.5 10°" 

S 260 5.5% 1072° 
2 -10 ag 60 4,2 x 10 

nip 
A           

The close agreement between the results at the lower loads before and 

after running at 310 ems.f suggested that the transition from "mild wear" 

to "severe wear" is reversible upon reducing the load, provided that no 

serious damage to the surface was caused by running at the higher loads. 

4.5 The Contact Resistance of Electrographite Sliding on Aluminium 

at_60 pms.f.load 

Continuous measurement of the potential between the brush and the 

disk at a brush current of 10, A revealed that the contact resistance very
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quickly reached an equilibrium value, even though both the wear rate and 

friction force were varying and the brush was not making apparent contact 

over its whole face. 

The current through the brushes was increased in steps up to a 

maximum of 2.0 amps, the potential across the interface was measured at 

each current and the contact resistance determined. When the current 

through the brushes was increased the new value of potential difference 

was reached almost immediately and did not significantly vary from this 

new value. The value of contact resistance was calculated from the 

potential difference established after equilibrium had been reached. At 

various stages throughout the experiment the current through the brushes 

was reduced and the contact resistance determined. In most cases, upon 

reduction of the current no equilibrium value of contact potential was 

established 5 the value kept increasing steadily. At the end of the 

experiment swhen the electric current was turned offyseveral days running 

was required before the contact resistance regained its original high value 

(measured at 10 A current). The contact resistance was therefore 

measured immediately the current was reduced. The values of contact 

resistance are given in Table 4.4. 

The variation in contact resistance with electric current is shown 

in Figure 4,2 for the positive brush and Fig.4.3 for the negative brush. 

The direction of the arrows indicate whether the current was increasing 

or decreasing. Up to a current of about lmA the interface behaved in an 

ohmic manner, the contact resistance remained constant and the current 

passing. through the interface was proportional to the voltage across the 

interface. When the current was increased above lmA the contact resistance 

decreased with increasing current. ‘eit reducing the current the 

characteristics did not follow the same curve, the contact resistance 

initially remained low but recovered its original high value after several
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Table 4,4 

Variation in contact resistance with current 

  

Negative Brush Positive Brush 
  

  

imA 
2 
7 
hk 
SmA 

1mA 
500 A 
100 A 
50 A 
20 A 
10 A 
10mA 
30 A 

100mA 

1LOmA 

mA 

100 A 

500mA 
1.Oamps 
2.0 

brushes , 

1.0amps 
500mA 
100mA 
30mA 

LOmA 

imA   

  

  

o05V 
1.10 

1655 
1.90 
2.20 V 

540mV 
295 

370mV 

38 

° 

2 

oe) 
2 
0 WI

 f
o 

fo
 

1.5V 
a8 
305mV 
95 
30 
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540 
290 
650 
640 
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650 
225 
80 
2d 

37 
38 
50 

R
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W
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At this stage the current was reduced back to lOUA 

resistance followed the same curve back. 

Leap 
1.18 
1.55 
1.55 
1.60 

200mV 
340 
89 
50 
al 
10 
1.65V 
1.65 
1.80 

Current now reduced from 100mA to 100 Ae 

560mnV 

64 
6 

2.8V 
2.8 
320 

The current was reduced from 2:0 amps to 2.0mA 

2.0V 

14 
265nV 
69 
22 

4 

Contact Contact Contact Contact 

Current |Potential | Resistance@HMS) | Potential|Resistance (OHMS) 

Lope A L6mV 1.6 x10? 56mV 566 m0" 
20u A 34 1.7 110 ei 

ZOLA 54 18 171 557 

50 HA 94 1.9 27) 565 

100 LA 190 1.9 500 5.0 

200 LA 380 1.9 820 41 
300 LA 560 1.86 1.07V 3.6   

A e>. X 103 
5.9: 3x 40 

be 

309 
3.2 

The current was reduced from 5mA to 10 HA but the contact 

resistance remained low 
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2.0 amps was the maximum current used due to arcing beneath the 
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Figure 4.2 Variation of Contact Resistance of Positive Brush with 

' Electric Current at a Load of 60gf_. when Sliding upon 
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daySe Very little difference existed between the characteristics of the 

positive and negative brushes. In the case of the brushes and disk used 

to obtain the results of Figs.4.2 and 4.3 the initial ohmic resistance of 

the positive brush was higher than that of the negative brush, that,however, 

was not always the case. The experiment was repeated several times during 

the course of the research using different brushes and aluminium disks. In 

each case the shape of the current-contact resistance curves was the same 

but the initial high resistance value varied and was independent of 

polarity. 

When the contact resistance was plotted against the potential across 

the interface the curves in Figs.4.4 and 4.5 were obtained. These curves 

show that the interface behaved in an ohmic manner until a critical 

potential was applied, when a rapid decrease in resistance occurred. ‘he 

potential at the onset of the fall in resistance was the same for both the 

positive and negative brushes, about 1.1 volts. 

4.6. The Variation in Contact Resistance Characteristics with 

Applied Load 

During the experiment carried out to determine the variation in wear 

rate with load the contact resistance was measured at each load. The 

measurements were however limited to small electric currents to minimise 

surface damage. When the contact resistance began to fall the electric 

current was turned off and the brush run under the same load until the 

resistance had recovered to its original value measured at 10 A. 

When running under loads of 60 gms.f., 110 gms f., 160 gms.f., and 

210 gms.f., the initial ohmic resistance was high and independent of current, 

as shown in Fig.4.6. At a load of 260 gms.f., a relatively small 

reduction in resistance occurred but the shape of the characteristic curve 

remained the same. However, when the load was increased to 310 gms.f.
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Table 4, D 

Contact Resistance of Electrographite sliding on Aluminium 
  

under a load of 460g¢ms.f measured at various currents 

  

Negative Brush Positive Brush 
  

  

  

Contact Contact Contact Contact 
Current |Potential | Resistance (OHMS) Potential |Resistance (OHMS) 

100 A InV 10 » nV 10 

500 A 0.5mV 1.0 0.5 1.0 

La 1.OmV 1.0 2.0 2.0 

10 A 9 0.90 17 1.7 

10mA 6 0.60 19 13 

100m A 70 0.70 110 lel 

500m A 360 0.72 560 1.12 

500 mA 360 0.72 600 1.2 

ok 670 0.67 1.06V 1.06 

LA 560 0.56 800mV 0.8 

LA 580 0.58 880 0.88 

LA 560 0.56 560 0.56 

2A 1.1V 0.55 1.2V 0.6 

2A 1.0V 0.50 1.04 0.52 

5A 1.6 V 0.32 1.9 0.38         
   



9 

Table 4.6 

Contact Resistance of Electrographite sliding 

upon aluminium under a load of 1060 germs f. 

  

  

  

  

Negative Brush Positive Brush 
Contact Contact Contact Contact 

Current | Potential| Resistance (OHMS) | Potential | Resistance (OHMS) 

. ImA 1ImV 1 emV 2 

10 2 0«3 3 O. 3 

50 11 0.22 10 0.2 

100 2a 0.22 21 0.21 

100 22 0.22 28 0.28 

500 98 0.96 150 0.30 

500 103 0.21 144 0.29 

500 116 0.23 VAs 0.29 

1A 250 025 280 0.28 

2A 500 0625 520 0.26 

2A ALO 0.22 4LO 0.22 

2A £20 0.21 ae) 0.22 

2A 400 0.20 LO 0.22 

5A 920 0.18 08. 0.22 

5A 1.10V 0.22 1.20 0.24 

10A 1.60V 0.16 1.80 0.18            
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there we a marked change in the Si ranean oe tie. The contact resistance 

dropped to a low value which was almost independent of current. The load 

was then reduced to 260 gms.f.,but the interface retained the high load 

resistance characteristics, with a slightly increased value of the constant 

resistance. Upon reducing the load further to 160 gms.f., the contact 

resistance - current characteristic regained its original low load form, 

although the value of the resistance in the ohmic region was much lower 

than originally. 

4.7. Contact Resistance Characteristics at Loads of 460 pm.f. and 

1060 _pms.f. 

At these high loads the contact resistance was low and depended very 

little upon enue peilt passing through the brush, the only effect 

measurable being a slight decrease in resistance at high cupeeuts, The 

results obtained at these high loads are shown in Table 4.5 and 4.6. 

4.8. Contact Potential Waveform 

The series of experiments described was carried out to determine 

whether any information about the nature of the contact surfaces could be 

obtained from a trace of the contact potential. As the disk passed beneath 

the brush different load bearing areas upon the disk made contact with 

areas on the brush. Any variation in the total resistance of the contacting 

asperities beneath the brush would be reflected by variation in the contact 

potential. When the coltant potential was displayed on an oscilloscope the 

resulting trace showed how the potential between the brush and the disk 

essed as different regions of the track passed beneath the brushe For 

any information to be obtained the oscilloscope had to be triggered so that 

the trace started when the same portion of the track was beneath the brush. 

This triggering was carried out using the magnetic pick up arrangement 

described in Chapter 2. The pulse from the pick up head, produced at the
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same point of each rotation was used to externally trigger the oscilloscope. 

Thus, the oscilloscope showed the potential across the interface each time 

the same portion of disk traversed the brush. 

A current of JmA was passed through the two brushes which had been 

running for several days at a load of 60gms.f. A very steady, repeatable 

trace of the contact voltage was obtained, showing that the same contact 

asperity configuration was making repeated contact. Figure 4.7(a) shows 

the trace obtained from the positive brush. Designating the time. at which 

this photograph was taken as zero a series of photographs of the trace at 

various times up to 24 hours later was taken, some of these photographs are 

shown in Figure: 4.7. No significant change in the waveform was apparent 

over this period. The photographs show that the region of low potential, 

indicating an area of low contact resistance was passing beneath the brush, 

persisted for larger than 24 hours. To ensure that the drop in potential 

across the positive brush was not caused by a -réduction in the brush 

current the otenitaie across the negative brush and across a resistance 

in the current lead wre recorded. Had a drop in current occurred a drop 

in these two voltages would also have been caused, this was not the case. 

To discover whether the brush or disk surface played the major role 

in determining the shape of the contact wave form the following brief 

experiments were carried out. The two brushes in the holders were 

interchanged and the resultant potential traces studied. After a very 

short bedding in pericd the traces became stable again. Had the potential 

across the interface been ieiwisuel by the brush topography the shape 

of the traces may have been transferred with the brushes. However, after 

interchanging the brushes the shapes of the traces associated with the 

brush tracks remained unchanged. Figure 4.8 shows the trace obtained for 

the brush now running on the positive track, previously this had been



97 

1.
0 

V
o
l
t
/
e
m
 
—
—
>
 

  

0.5ms/em —> 

(a) Trace immediately after changing brushes 

  

(b) Trace 24 hours after changing brushes 

Paigure 4.8 Contact potential trace obtained 

after brushes had been swopped in 

holders. Load 60g.f., current ImA 

positive track.



98 

the negative brush, comparison of the trace in Figure 4,8 with those in 

Figure 4.7 shows how little the contact had been changed. This result 

showed that the behaviour of the contact between the brush and the disk 

was affected by changes in the surface of the disk not by changes in the 

brush, in agreement with results obtained by Stebbens (24), <A further 

investigation was carried out using wedge shaped brushes running on the 

positive track. The brushes were mounted such that the whole width of the 

wedge covered the track but the length of the brushes in the direction 

of sliding was small. A current of 1lmA was passed through the brush and 

the potential true obtained. After a short running in period the trace 

became uniform, as in Figure 4.9(a). When the brush was replaced by a 

new wedge shaped one the trace was almost identical, Figure 4,9(pb),. 

confirming that the track played the major role in determining the 

electrical contact characteristics. 

A feature of the potential traces shown in Figures 4.7, 4.8 and 4.9 

Was a region where a distinct low voltage occurs. In each case the 

distance travelled by the disk during the time for which the low 

resistance persisted was the same as the length of the brush in the 

direction of sliding. For the square section brush running on the 

positive track these distances are 4 mm. and 2 mem. for the brushes 

before and after interchanging them. This apparent anomaly (the length 

of the brush was 5 tiem.) was due to the brushes not being completely 

bedded in over their whole length. Upon examing the faces of the brushes 

immediately before interchanging them only about 4 m.m. of the positive 

brush had made contact with the disk. After taking the photographs of 

Figure 4.9 a further examination revealed that only about 2um of the 

brush face was making contact. The distance moved by the disk during
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the time when a low voltage existed between the wedge shaped brushes and 

the disk was 0.2 ~ 0.25 mom, The width of the contacting area of the wedge 

was measured with a travelling microscope and found to be 0.22 mm. It 

would appear that in many cases an area of the disk having a relatively 

low contact resistance makes contact with the brush over the whole width 

of the brush as it passes beneath the brush, and not at discreet contact 

asperities. 

At low currents the spread of the potential about its mean position 

was very large, indicating that some contact regions had a resistance 

much lower than others. As the current was increased the mean voltage also 

increased but ait currents above the ohmic region the spread of voltage 

became less, indicating a general evening out of values. At high currents the 

waveform was still repeatable. 

The effect of load upon the behaviour of the trace was investigated 

during the experiment described previously when the load was progressively 

increased. The voltage trace was studied at each load during the periods 

when current was being passed through the brushes to measure the contact 

resistance. At loads up to 260gms.f. the waveform was still stable and 

repeatable, changing very little over long periods. At loads above 260gms.f 

the waveform was constantly changing and at a load of 1060gms.f no waveform 

could be obtained, only a wide band. 

Stebbens suggested that the reason for the non-stable waveform he 

experienced was due to copper picking by the negative brush, He therefore 

confined himself to studying the positive brush. No difference in 

behaviour between the positive and negative brushes could be detected in 

the experiments described here. Upon reversal of the current through the 

brushes no effect upon the voltage trace could be detected,apart from
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inversion. A simple experiment was carried out to determine whether the 

instability of the waveform was due to aluniniun particles embedded in 

the brush. The load was quickly reduced from 1060gms.f at which no steady 

trace was obtainable, to a load of 60gms.f the waveform instantly became 

stable and reproducible, although the contact resistance remained low 

(lohm) for some time afterwards. If the instability at high loads had been 

caused by metallic debris embedded in the brush one would have expected 

the instability to persist at lower loads until the metallic debris had 

been removed from the surface. It seems unlikely that the removal of the 

embedded particles would occur almost instantaneously. This was verified 

by Electron probe microanalysis studies of the worn brush surfaces. 

4,9 The Frictional force between Electrographite and Aluminium at a 

-Joad of 60gns.f. 

When running the brushes under a load of 60gms.f the frictional force 

was low, the Gaxiate Setue being about 25gms.f. The measurement of these 

relatively small forces necessitated the use of the sensitive strain gauge. 

transducers, which were subject to slight zero drift. Thus the zero had 

to be periodically checked during thr course of the experiments. 

Both brushes were run at the same load, 60gms.f and continuous 

monitoring of the frictional forces was begun shortly after the run was 

started. Upon first measuring the frictional force its value was around 

Sems.f but increased rather erratically as the run continued to a value 

which varied between 22-25gms.f for both brushes after running for 5 weeks. 

Holm(18) found a similar increase in friction during the initial stages of 

running and suggested that the increase was due to the real area of contact 

between the brush and metal increasing as the two surfaces wore to make
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more intimate contact. However, for the two brushes reported here, 

running on Aluminium, the frictional force continued to increase after 

the whole surface of the brush had taken on a smooth, polished appearance 

and the brush had worn by an appreciable amount. 

After the brushes had completely run in and the frictional force 

had attained a reasonably stable value an electric current was passed 

through the brushes to study its effect upon the frictional force. The 

current was increased in stages from 10// A up to 2A, when sparking occurred 

beneath the brush and the experiment was stopped. No effect upon eristicn 

was detected until a current of 30mA was reached when a significant 

decrease in frictional force occurred. When the electric current was 

Ficresace the frictional force fell even lower, as indicated in Table 

4,7. Upon increasing the current the frictional force fell rapidly toa 

new equilibrium value, but when the current was reduced the frictional 

force increased very slowly and took several hours or even days to return 

to its original high value. Figure 4.10 is a portion of the trace of 

thecontinuous recording of frictional force between the positive brush and 

the disk showing the rapid fall in friction which occurred when the 

current was increased 500mA to 1A. The variation in frictional force of 

the positive brush with current is shown in Figure 4.11 and the variation 

in frictional force of the negative brush is shown in Figure 4,12. The 

frictional behaviour of the two brushes was almost identical, both showed 

an initial increase in friction from a low value to a much higher steady 

value which remained unaffected by the passage of current until a current 

of about 30mA was reached when a decrease in friction occurred. As higher 

and higher currents were passed through the brushes the friction fell more 

and approached the original low value,
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Positive Brush Negative Brush 
  

  

  

Current | Frictional Force Friction Frictional Force Friction 

Grmsefe Coefficient Grmsof. Coefficient 

0 22 = 22 0. 37-0.42 22 ~ 25 0637 -O0.42 
10 Ce 25 0. 37-0.42 22 = 25 0.37 -0.42 

LEO 22 - 25 0.37-0.42 22 - 25 0.37 -0.42 
ImA . 22 - 25 0.37-0.42 22 = 25 0.37 -0.42 

LOmA 22 = 25 0.37-0.42 22 - 25 0.37 -0.42 
3OmA 17: ~18 0,.28-0. 30 17 - 18 0.28 ~0,. 30 

LOOmA 17.636 0, 28-0. 30 Pts ocho 0.235 ~-0.27 
200mA 17 = 16 0.28-0.30 14 =~ 16 0.23 -0,27 
5SCOmA 13 - 16 0,22-0.27 10 = 12 0.17 -0.20 

ls A 10 = 12 0.17-0.20 8 = 10 0.15 =O,17 
2A 6- 8 0.10-0.13 hem 6 0507:.«0510         
  

Table 4.7 Variation in Frictional Force with 
Current at 60ems.f. Load. 
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Figure 4.10 . Portion of the continuous record of frictional 
force between brush and Aluminium disk at a 

load of 60gms.f. 

As previously stated, when the electric current was reduced or switched 

off the frictional force slowly increased to a higher value consistent 

with the new running conditions. A short experiment was prepared to 

determine whether this recovery was dependent upon the time which had 

elapsed since the reduction in current or dependent upon the distance of 

sliding during that time. The brushes were run in with no current passing 

until a high value of frictional force had been established. A current 

of 1A passed through the brushes for a short time until the frictional 

force had dropped to 1Ogmf. The current was turned off and the brushes 

immediately lifted clear of the disk for several hours. When the brushes
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were lowered back onto the disk again it was noted that the frictional force 

had remained at the low value and began to rise only when sliding was resumed. 

During the time that the brushes had been clear of the disk the contact 

resistance, measured at a current of 10 A had increased from 1 ohm to 

about 100 ohms. The brushes were run for a further 24 hours before the 

frictional force reached its original high value. 

4.10 The Friction between an electrographite brush and Aluminium 

at a load of 160gms.f. 

The frictional force at a load of 160gms.f was measured for an 

electrographitic brush being run as the positive brush. Table 4.8 shows 

the variation in mean frictional force as the current was increased. The 

behaviour of the friction was much the same a8 the behaviour ne a load of 

60gms.f. although the friction did not begin to decrease until a much 

higher current was passed. The initial value of frictional coefficient 

with no current flowing was lower than at 60gms.f but the value attained 

at high currents was about the same for both loads. The variation in 

friction with electric current is shown in Figure 4.13 which shows for 

comparison the frictional variation at other loads. 

4,11 The Frictional Force between an Electrographite Brush and Aluminiwn 

at loads of 460gms.f and 1060gms.f,. 

At these higher loads the frictional force between the brush and the 

disk was relatively high and the more robust strain gauge transducers 

were used to measure the force. Unlike the more fragile transducers 

these higher load transducers were not subject to zero drift and less frequent 

calibration checks were needed, thus reducing disturbances to the system 

under investigation.
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Table 4.8 

Current Frictional Frictional Contact 
Force Coefficient Resistance 
gmsef. ohms 

0 a) 0.27 3eOK 

1Op A 43 0627 300K 

100. A L3 0.27 2.6K 

mA 43 0427 14K 

10 mA LZ O12? 200 

300 mA to) 0.27 720 

500 mA 35 0.22 4.0 

be A 29 0.18 2.0 

SB iA 21 0.13 0.8 

52k 19 0.12 005       
  

Variation in Friction of Electrographite Sliding on 

Aluminium at a Load of 160gms.f. 
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(4) 460gms.f Load 

When a freshly prepared brush was run on a newly turned disk the 

frictional force was around 50gms.f but increased within a few hours to 

a higher value which fluctuated between 80gms.f and 95gms.f (Coefficient 

of friction of 0.175 to 0.21). No variation in frictional force outside 

this range could be detected when electric current was passed through 

brush until a current was passed through the brush until a current of 5A 

was reached. At this current the frictional force dropped to between Opt. 

and 50gms.f but was very erratic,the force momentarily increasing to 

values greater than 100gms.f. When the load upon a brush which had been 

running for some time at a constant frictional force of 50gms.f was 

increased from 360gms.f. to 46Ogms.f the frictional force increased 

immediately to 80gms.f. The surface of this brush was then lightly 

abraded with fine emery paper, leaving the surface of the disk undisturbed, 

and rerun at a load of 460gms.f the frictional froce dropped to Sens .f 

then rose after a few hours back to 95gms.f. During this period of 

running in when the frictional force was increasing no decrease in contact 

resistance was detected. 

. (41) )1060gms.f.Load 

The behaviour of the frictional force at this load was almost 

identical to that at 460gms.f. the frictional force rapidly reached a 

value which fluctuated between 200gms.f and 250gms.f (Coefficient of friction 

0.19 to 0.236). Low currents had no detectable effect upon friction but 

when currents of SR and above were passed through the brush the frictional 

force dropped to around 120gms.f. but again was very erratic with frictional 

forces in excess of 250gms.f being recorded for very short periods.
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4.12 Variation in the Temperature of an Electrographitic Brush 

with the conditions of sliding 

Experiments were carried out with an electrographic brush sliding upon 

aluminium to determine how the bulk temperature of the brush varied with 

the sliding conditions. A thin wire Copper-Constantan thermocouple was 

cemented into an O.2mm diameter hole drilled into the brush 0.5 mm from 

the running face. A silver containing adhesive was used to secure the 

thermocouple and provide thermal contact with the carbon. The cold junction 

of the thermo couple was maintained at O°c ina mixture of ice and water, 

-and the e.m.f. developed between the junctions was measured by a 

potentiometer ay recorder capable of accurately measuring voltages as 

low asa 107? volts. The chart recorder was zeroed by placing both 

junctions of the thermocouple in the ice bath. The chart recorder had to 

be carefully balanced to ensure that the zero did not alter when switching 

ranges, Since the zeroing procedure could not easily be carried out when 

running, The calibration was checked by immersing the hot junctions in 

water and heating, the emf. produced was compared with published values 

as the temperature rose. The recorded e.m.f's were in. close agreement with 

the expected values. 

Temperature measurements were first carried out with the brush running 

under a load of 60 gms.ef. As stated in a previous section (4.9) the 

frictional force at low loads rose slowly until, after several weeks 

running, an equilibrium value was established. Due to time limitations 

it was not possible to wait until the frictional force had reached its 

equilibrium value before commencing temperature measurements. The 

experiments to determine the effect of electric current upon the 

temperature of the brush were begun when the following conditions were
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satisfied; the brush was in contact with the disk surface over the whole 

of the running face, the contact resistance (measured with a current of 

50 A) was not changing, and neither the frictional force: nor temperature 

were normally expected to vary by more than 2% during the time estimated 

to Bueteie the experiments. An electric current was passed through the 

brush and the frictional topes and temperature recorded, the contact 

resistance was also measured. A reversing switch was provided so that 

the measurements could be made with the current passing through the brush 

‘in both directions. The results obtained at loads of 60gms.f. and 160gmsef. 

are shown in Table 4.9, Since the frictional force had not reached 

equilibriun the values in this table cannot be compared with previously 

quoted values. Throughout the experiment the temperature of the enclosure 

beneath the bell jar was continuously measured using another thermocouple 

which was also used to periodically measure the bulk temperature of the 

‘disk. 

When the brush was run at a load of 260gms.f. the frictional force 

and temperature increased slowly as the run continued. However after 

running for 3 hours the frictional force had attained a value of l8gms.f. 

and the temperature had a value of 34°, the rate of increase in 

frictional force and temperature at that point being Oe7gmsef/hr and 

0.47deg c/hr respectively. When the load was increased to 310gms.f. the 

‘frictional force rose immediately to 30gms.f. and the temperature to 35°Cs 

After running for 20 hours the friction had increased to 38gms.f. and the 

temperature to 37°C, in the last 10 hours the friction having risen from 37 

ef whilst the temperature had not risen by any measurable amount. Ata 

load of 360gns «f. the behaviour was very similar, and after 6 hours 

running the friction and temperature were 52gms.f. and 38° respectively 

but both rising slowly.



Table 4.9 

ae 

The Temperature of an Electrographite Brush Sliding on 
  

Aluminium Under Loads of 60gms.f. and 160 pms.f. 

  

  

  

  
  

  

Brush Positive Brush Negative 

re ® g ci © % 

a a 2 B g a © = 
5 -} ay WY a 6 a = 41 aq x 

e S ort ° ov © + fy ord ° oO + Oo» & 

et Sore oe a8 Re BR VOR AS Skul ae es 
Hi 6 fu fy 1 O A, eG f4 fy ff 89 | 03 A, oO mG E10 

oO 6.5 - - 26 6.5 - 26 
LOOLA 6.5 | 150nV Took}. 26 6.5 LaOmv 1.4K | 26 

mA 6.5 1M 1.1K 25 6.5 1.02K 1.02K| 26 
60 1OmA 6.5 a Y. 190 23 6.5 1.9 190 26 

SOmA 5.5 2.45V 49 25 5.5 2.8 56 26 
100mA 2.4 V 24 26 26 
500mA 5.0 2,68V 5.4 28 29 

Tk 5,0 2.5 V 2.5 32 5.0 2.65V 2.65 32 
Pa 4S 3.1 1.5 36 4k 3.1V 135 39 
Bet 5 60 

(See note) 

0 el - ~ 31.5) eb - - 3h6 
ImA] 21 20mV 20 SP St 21 LOmV 19 3125 

1OmA} 21 170mV 1? 25 21 LSOmV 15 41,0 
20mA} 2 290mV 15 30 21 300mV 15 31.0 

160 50mA] 20 700mV 14 31 20 680nV 14 31.0 
100mA| 2 1616V to 31 oe LAV 41 31.0 
200mA is 16. V. 9.0 42 f 1.8 V 9 2.0 
500mA| § 205 V 5.0 $3.51 -a 

SAL 47 2.9 V 2.9 S55 50°R                     

Throughout these 
within the range 

* Load 60gms.f. 

experiments the temperature beneath 
22 ~ 2h0C, 

the bell jar remained 

At a current of 2A the frictional force and contact 

resistance of the brush (when negative) was erratic. 
When the current was increased to 5A the temperature 
rose sharply and the friction became erratic with 
sudden momentary increases in frictional force in 
excess of 30gms.f. 

When the current was switched off the temperature 

dropped within 15 minutes to 26°C but the friction 

remained low. 
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When the brush was run at loads of 460gms.f. and 1060gms.f. the 

frictional force and temperature reached equilibrium values within the 

time available for the experiment. The equilibrium values of the 

frictional force were in agreement with the values obtained in previous 

experiments. Immediately after increasing the load from 360gms.f. to 

460gms.f. the frictional force was 80gms.f and the temperature was 43°c. 

steep running for 10 hours the frictional force had increased to 89gms.f 

and the temperature to 4h¢ and after 34 hours and 50 hours running the 

frictional force was 92gms.f. and S94gms.f. respectively, but the 

temperature had not increased from 4y°c, The surface of the brush was 

then lightly miendse with emery paper and the frictional force and 

temperature edbeequsaely dropped to 40gms.f. and 35°C. Electric current 

was passed through the brush in the positive direction and the temperature 

of the brush varied as indicated below. 

  

  

Current O {| lmA | 1OmA | 2OmA |] 1OOmA | SOOmA] JA 
° 

Temperature : 35 134,51 32.5 |. 3265 | 345 35 bed                   

At a current of Samps sparking occurred beneath the brush and the 

temperature increased to 60°C: No variation in friction took place until 

a current of 5 amps was passed through the brush when the frictional 

force fell to 35gms.f. with momentary increases to values greater than 

60gms.f. When electric current was passed through the interface with the 

brush negative no change in temperature occurred until a current of 1A 

was passed, the temperature increasing to 37°C. At a current of DSamps 

the temperature was 60°c. The frictional behaviour was the same as with 

the current passing in the positive direction.



qd 

At a brush load of 1060gms.f. the frictional force and temperature 

very quickly reached equilibrium values of 200gms.f and 58°C. No 

determination of the variation in brush temperature with electric current 

was carried out at this load.
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4.13 Electron Diffraction Studies of the Worn Surfaces 

Information about the interfaces produced during sliding was obtained 

using general area electron diffraction. The studies were carried out on 

an A.E.I, EM6G electron microscope using the general area diffraction 

attachment shown in Figure 4.14. This stage held the specimen in the 

Sieckenn beam below the final projector lens and enabled either transmission 

or reflection electron diffraction to be carried out. The microscope was 

provided with a vacuum lock to accommodate the stage so that specimens 

could be easily bid rapidly changed. The stage was supplied with inter~ 

changeable mounts to enable transmission specimens in the form of microscope 

grids,or, reflection specimens mounted upon stubs, to be studied. 

The diffraction stage had facilities for moving the specimen mount in 

two directions in a plane perpendicular to the electron beam and for 

rotating the specimen, so that the electron beam could be made to strike 

the face of the specimen in any direction. The specimen would also be 

tilted with respect to the electron beam, an essential feature for carrying 

Sie reflection diffraction. A gauge was provided to ensure that 

reflection specimens were mounted with the surface to be investigated on 

the tilt axis, so that the specimen did not move across the beam when 

tilted. 

Iwo of the magnetic microscope lenses were used, the first condenser 

lens and the first ea itor lens, the latter lens being used to focus the 

beam. The broad diffraction rings obtained with carbon prevented the 

beam being focussed onto each specimen individually. However, since 

focussing wes not critical for this application it was found satisfactory 

to focus on an aluminium transmission specimen prior to using the 

microscope for reflection diffraction.
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Figure 4.14 General Area Electron Diffraction Stage for A.E.I. EM6G 

Electron Microscope. The specimen holder is on the extreme 

left of the attachment and the controls for changing the 

the position of the specimen are on the right.
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4.13(i) Calibration of the Microscope 

Before using the microscope for studying the worn surfaces it was 

necessary to calibrate the microscope and camera to enable subsequent 

diffraction patterns to be analysed. 

A beam of electrons will, like X-rays, be diffracted, by a set of 

crystal planes and obey Bragg's law. 

ed sin @ =i e@eoseo (1) 

When Ql is the interplanar spacing, 0 the angle of diffraction and 2X 

the wavelength of the electron beam. 

The wavelength of beam of electrons in an electron microscope is 

small compared with the wavelength of X-rays. A beam of electrons 

accelerated through 1OOkV will have an associated wavelength of about 

0.048 compared with the Kq line from copper of 1.548, Since the interplaner 

spacing is of the order of a few angstroms the values of sin6® for 

diffracted electron beams will be small and as a close approximation 

Braggs law may be rewritten 

a-6-0 = eoo9000 (2) 

After passing through the specimen the electron beams impinge upon 

a photographic plate, a distance L below the specimen, forming the 

diffraction pattern. This is shown schematically in Figure 4.15. It is 

immaterial whether the crystallites considered are contained within a 

transmission specimen or on the surface of a reflection specimen. Ifa 

crystallite gives rise toa diffracted beam at an angle 20 to the incident 

beam this will strike the plate a distance r from the centre spot, caused 

by the undiffracted beam, where : -
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r 
tan 2@= L 

For a polycrystalline specimen a ring of radius r will be formed. Since 

the angle @ is small, this may be rewritten 2@9= r/L, and substituting 

in equation (2) gives the relationship 

ra NL 

If the ring pattern is obtained from a polycrystalline material 

whose @ = values are known, the rings can be indexed and the value of the 

product rd can be calculated for each line. Thus the value AL, called 

the camera constant can be determined. Having NL the d values of 

crystalline plaries giving rise to subsequent patterns can be found. 

Incident Electron Beam 

Specimen 

    

  

Diffracted Beam 

  
  Photographic 

P Plate 

Figure 4.15 Schematic Representation of Electron Diffraction Camera
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The EM6G electron microscope and camera were calibrated using a 

transmission specimen of evaporated aluminium. Figure 4.16 shows the 

diffraction pattern obtained at an accelerating potential of 80kV. The 

radius of each ring was measured using a travelling microscope and the 

appropriate values of d found from X-ray Powder Data File. Table 4.10 

shows the values of r,d and the product rd for each line, thus giving the 

value of the camera constant. The camera constant must be determined for 

each value of accelerating potential used. 

4,13(ii). Examination of Worn Brush Surfaces 
  

The end 3mm of the brushes were cut from the remainder and mounted 

on the stubs provided. Electrical contact between the specimen and mount 

was made with a conducting paste. The edges of the running face of the 

brushes were chamfered to prevent interference with the beams. The 

specimen was tilted until the running face of the brush was parallel to 

the direction of the electron beam and the direction of sliding was 

perpendicular to the electron beam, as shown in Figure 4.17(a).The 

specimen could be rotated in the electron microscope to examine the 

surface with the electron beam parallel to the direction of sliding, as 

in Figure 4.17(b). The direction of the smaller arrows on Figure 4.17 

indicate the direction of motion of the other sliding member across the 

specimen surface. 

The position of the specimen within the microscope, and the angle 

of tilt were adjusted until a diffraction pattern was obtained. The 

optimum position for diffraction was with the shadow edge produced by the 

specimen coinciding with, or just masking, the centre spot caused by the 

uninterrupted electron beam. 

Diffraction patterns were obtained with the electron beam both



121 

Figure 4.16 Electron Diffraction Pattern From Evaporated Aluminium 

Standard ~ 80kV. 

  

  

    

Radius of ring (mn) 4.48 15.09] 7635 | 8043 | 9.06| 11.00 

hkl | 994° | G00 }220 | 34a Fe2a 7 337: 

'Interplaner spacing (A) 2.34 | 2.021 1.43] 1.22 | 1617| 0929 | 

ee a a ADAG! Fgh 1.1060 | Wed | Wel), ee             
  

TABLE 4.10 

Cellculation of Camera Constant (AL) for EM 6G Electron 

Microscope at a Potential of 80kV.



ee. 

Direction of Incident Electron Beam 

  

  

      

al 

Sliding ol 
Direction Direction 

(a) (b) 

Figure 4.172 Relative Direction of Electron Beam 

parallel to and perpendicular to the sliding directions. 

The results obtained from running the brushes, quoted in previous 

sections suggest that the characteristics may be broadly spearated into 

two categories, the variation in running characteristics with varying 

load and the variation in characteristics with electric current at low 

loads. A range of specimens were generated for examination from running 

conditions which covered both these categories. One set of specimens was 

obtained running at a light load, 60gms.f. and a variety of electric 

currents, from zero to 2A. the other set of specimens was obtained 

running without current at loads between 60gms.f and 1060gms.f. Great 

care was taken to ensure that the specimen surfaces examined related to 

the running characteristics quoted in previous sections, and it was 

necessary at light loads to run the brushes for several weeks before the 

brushes were run in and the values of frictional force, wear rate and 

contact resistance, were in close agreement with the equilibrium values 

obtained previously. 

Figure 4.18 shows the diffraction patterns produced by the surfaces 

of the brushes run at 60gms.f. with various electric currents passing



123 

Direction of Electron Beam 

Perpendicular to Parallel to 

Sliding Direction Sliding Direction 

  

      
  

(v) 

  

    (a) 

Brush Current ‘mA. 

Figure 4.18 Reflection Electron Diffraction Patterns From The 

Surfaces of Brushes Run At 60 pgrmef. Load
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Direction of Electron Beam 

Perpendicular to Parallel to 

Sliding Direction Sliding Direction 

  

      

  

(£) 

Brush Current 500 mA. 

  

“(n) 

  

Brush Current 2 Amps 

Figure 4.18 Reflection Electron Diffraction Patterns From The 

Surfaces of Brushes Run At 60 grm.f. Load
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through the interface. Patterns obtained with the electron beam parallel 

to and perpendicular to the sliding direction are shown. The original 

aiffraction patterns, from which measurements were made, were produced 

on photographic plates and the patterns and shadow edge formed were much 

more clearly visible than in the reproductions shown in the text. 

The diffraction patterns produced by most of the brush surfaces 

consisted of a series of semicircular rings together with a number of arcs. 

The semicircular rings were produced by the (111) (200) (220)and (311) 

planes of aluminium and the (104) (113) and (030) planes of aluminium 

oxide (q - A1,0,) « The presence of aluminium and its oxide indicates that 

aluminium from the disk surface was being transferred to the surface of 

the brush. Transferred aluminium or its oxide could not be detected on the 

surface of the brush run at a current of 2 amps. The arcs were identified 

-as being from the (002) (004) and (006) planes of graphite. When the 

electron beam was directed along the sliding direction the arcs were 

perpendicular to the shadow edge and when the beam was directed perpendicular 

to the sliding direction the arcs were inclined at an angle 6° to the 

shadow edge. Previous workers (2 ) (10) (12) have obtained similar 

results for worn graphite surfaces and have concluded that the ares are 

caused by an (001) fibre axis, directed along the resultant of the 

frictional force and normal reaction at the surface. Several diffraction 

pstterns were obtained from each dpecimen by moving the brush face across 

the electron beam, the values of f measured from each photographic plate 

are shown in Table 4.11. 

These results showed that the value of § decreased as the value of 

the electric current passing through the brush increased.The values of §
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Load Current Direction of §° Tan S 

electron beam 

0 Perpendicular 19 0.344 

0 : 19 0.344 

0 " 20 0.364 

0 Parallel 0 0 

0 te 0 

mA Perpendicular 18 0.32 

¥ " 18 0.32 

. Eayoi tel g 8 

60gm.f. 500mA Perpendicular 8 O14 

€ Mg 11-12 0.21 

is 8 14 0.25 

" . 12-13 0.23 

de * 13 0.23 

lu Parallel 0 0 

uv Li oO Oo 

tay " Oo Oo 

2A Perperidicular 3h 0.07 

" " 7 5x6 0.11 
e " had 0.09 

ety Parallel 0 0 

ur a oO 0 

if] i Oo oO         
  

Table 4.11 Values of 6 for Brush Surface measured at various 

Blectric currents under a load of 60gms.f. 
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are shown in Figure 4.19 plotted against electric current, together with 

the corresponding values of coefficient of friction. No difference in the 

diffraction patterns from the positive and negative brushes could be 

detected. Although the. number of results obtained was small they support 

the view that frictional force and § are related (9 ) (10) although the 

nature of this relationship may ve different from that suggested by these 

authors» 

The brush surfaces generated running without current at loads up to 

1060 gms.f. were examined by electron diffraction in the same way as the 

surfaces produced at 60gms.f.load. Again the diffraction patterns 

consisted of semicircular rings produced by transferred aluminium and 

aluminium oxide and arcs produced by the graphite crystallites. Table 

4.12 shows the values of 6 at various loads together with the coefficient 

of friction. 

These results show a strong similarity to the results obtained by 

Quinn (10) when sliding electrographite upon copper slip rings. For loads 

between 160gms.f. and 1060gms.f. inclusive little variation in 0 was 

observed. At a lower load, 60ems.f. the value of § was slightly higher. 

Quinn found that at a load of 3kg-f. the crystallites were orientated with 

their (O01) fibre axis almost perpendicular to the brush running face 

whilst at loads above 6keef. the erystallites were randomly orientated. 

Figure 4.19 shows the diffraction patterns obtained from the brush surfaces 

at loads of 460gms.f. and 106Ogms.f. At 460ems.f. the arcs from the 

oriented material were very strong but at 1060gms.f. the arcs were much 

weaker compared with the strength of the lines from the randomly oriented 

material, indicating a decrease in the number of oriented crystallites at 

this higher load. A decrease in the number of oriented crystallites could he 

due to either a lessening of the areas of orientation or a reduction in
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Figu 19 Variation in Angle of Tilt of Graphite Crystallites with 

Electric Current for an Electrographite Brush Siding on 
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Load Direction of oO 

gms.f. electron beam é can’ so eae 

60gms.f. Perpendicular 19 0.344 

60gms.f. Perpendicular 19 0.544 

60ems.f. Perpendicular 20 0.364 Oot 

60gms.f. Parallel 0 0 

60gms.f. Parallel 0 oO 

60gms.f. Parallel oO oO 

160 Perpendicular 10 0.176 

160 Parallel 9 0 0.27 

260 Perpendicular 6 0.105 

260 Perpendicular ? 0.123 

260 Perpendicular 9 0.158 0.223 

260 Parallel oO oO 

360 Parallel 10 S76 

460 Parallel 0 O 0.25 

460 Perpendicular 8 Ooi41 

460 Perpendicular 8 0.141 0.2 

460 Parallel Oo O 

460 Parallel O 0 

1060 Perpendicular ? 0.123 

1060 Parallel oO O 0.22 

Table 4.12 Values of 6° for brush surface measured at various 
loads, no current 

 



the depth of the oriented layer. 

413(iii) Examination of Worn Aluminium Surfaces 
  

The crystallography of the worn aluminium surfaces was investigated 

by studying either the removable plugs inserted into the disks, or specimens 

of the wear track cut from the disk. The running tracks generated at 

various currents under a brush load of 60gms.f. and without current at loads 

up to 1060gms.f. :were examined with the electron beem both parallel to and 

perpendicular to the direction of sliding. 

Diffraction rings from the polycrystalline bulk aluminium surface 

were naturally present in the diffraction patterns from these specimens. 

Faint rings from aluminium oxide were also visible in some of the diffraction 

patterns. The presence of these aluminium lines could not be connected with 

the value of either load or electric current. This random appearance of 

oxide rings was not unexpected since diffraction takes place from both the 

contact and non-contact areas and oxidation of the aluminium surface after 

running could not be prevented. 

The diffraction patterns obtained from the graphite deposited upon 

the surface were, without exception, faint compared with the rings from 

the aluminium. Apart from when running at a load of 60gm.f the graphite 

deposited into the aluminium was randomly oriented. The orientation of the 

crystallites at various currents deposited under a brush load of 60gm.f. 

is shown in Table 4.15 . At low currents the crystallites were oriented 

with their (001) fibre axes at small angles to the normal to the running
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surface, but at higher currents the crystallites were randomly orientated. 

These results were consistentwith those obtained by Quinn(10), when 

sliding electrographite upon copper, who found that the transferred 

graphite was either randomly oriented or oriented with a very small 

value of SO . 

  

  

        

Load Current Direction of So 
electron beam 

0 Perpendicular iD 

% vw a 

it 1 5 

it " L 

Ww a 5 

mW t "7 

u aT 6 

my Parallel 0 

i ” oO 

y W Oo 

60gmsef. " " O 

W tt Oo 

imA Perpendicular 2 

n Parallel Oo 

500mA Perpendicular Hd 

eT W 5 

u Parallel 0 

" " O 

2A Perpendicular ) Randomly 
“ Parallel Joriented 

  

Table 4.13 Variation in 

of 60gmsef. 
for Aluminium Surfaces at a Brush Load 
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4.14 Electron Probe Microanalysis of Worn Brush Surfaces. 
  

Co 
Copper picking is a term used by carbon brush manufacturers and 

users to describe the presence of copper particles upon the faces of 

brushes run against copper slip rings or commutators (19 ) (24). The 

transfer of a thin, but visible film of copper to the brush, or the 

adhesion of relatively large particles of copper is normally associated 

with poor electrical contact due to adverse mechanical conditions. 

Copper picking is detrimental to machine commutation since copper 

particles upon the running face of one brush results in that brush 

carrying a larger proportion of the total machine current than the 

unaffected Siuehes stesbens ( 24) suggested that copper is transferred 

to the surface of the negative brush only and takes over the role of the 

contact spots from the brush asperities. 

& 

The electron diffraction studies of worn brush surfaces described 

in section 4.13 have shown that aluminium and aluminium oxide were present 

upon the running faces of brushes sliding against aluminium rings at all 

loads between 60gms.f. and 1060gm.f. without current flowing. When an 

electric current was passed through the brushes running at 60gms.f. load 

aluminium and aluminium oxide were still present upon the worn surfaces, 

until a current of 2 Amps was passed through the brushes; at this current 

no transferred material was detected. 

Electron probe microanalysis of the brush running faces was carried 

out with several objectives. These were (i) to confirm the presence of ~- 

aluminium upon the worn brush surfaces (ii) to determine how the aluminium, 

if present, was distributed on the surface and (iii) to confirm the 

reduction in the amount, or the complete absence, of aluminium upon the 

brush surface at high currents, as suggested by electron diffraction.
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Electron probe microanalysis gave information about the distribution 

of elements upon the specimen surface but, unlike x-ray or electron 

diffraction did not reveal the crystallographic structure of the surface 

or what compounds were present. In the electron probe microanalyser, or 

microprobe, a beam of electrons is focussed onto the specimen and scanned 

Ghee ced. across a small area of the surface. Two modes of operation 

are possible; the electrons scattered or emitted by the surface can be 

detected by a scintillation counter and used to obtain an electron image 

of te surface topography or the characteristic xerays emitted by the 

surface elements can be studied. The beam of electrons incident upon the 

specimen monenuaben to a depth of the order of a few microns, dependent 

upon accelerating voltage and specimen material, and the elements 

contained within this depth emit xrays in all directions. Each element 

present gives rise toa characteristic set of frequencies, called the 

x-ray emission spectra. The emitted x-rays are analysed by an x-ray 

crystal spectrometer to determine what elements are present. The x-ray 

crystal spectrometer consists of a crystal of known interplaner spacing, 

either Lithium Fluoride or Gypsum, which can be rotated so that some 

x-rays from the specimen undergo Bragg diffraction at the crystal and are 

incident upon a radiation detector. Knowing the interplener spacing of the 

crystal and the angle of diffraction, the wavelength of the diffracted 

x-rays and hence the enent giving rise to that Srecceeee tis x-ray can 

be determined. The output from the detector can be amplified and displayed | 

either on a scaler in counts per second or as a deflection on a meter. 

Alternatively the output can be displayed gs a spot on a cathode ray tube 

which is synchronised with the rastered beam, so that the distribution of 

an element on the specimen surface is displayed on the cathode ray tube
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screene 

Before using the microprobe to investigate any particular 

element the crystal spectrometer has to be set to detect only characteristic 

x-rays from that element. This calibration procedure was carried out using 

a pure specimen of the element under investigation, which was placed in the 

instrument specimen chamber beneath the electron. The crystal was rotated 

to give the required Bragg angle and fine adjustment of the angle carried 

out to give a maximum count rate on the scalar or meter, thus tuning the 

spectrometer to receive x-rays from the element if present upon the 

surface of any subsequent specimens. 

The worn electrographite brush surfaces were examined by 

scanning a small area of the brush 0.6mm x 0.6mm, and displaying the 

resultant x-rays from aluminium on the cathode ray tube, thus giving a 

record of the distribution of aluminium on the brush surface. No special 

preparation of the brushes was required since they fitted conveniently 

into the specimen holders provided. All the investigations described were 

carried out using an electron accelerating potential of 2OKV. 

Shown in Figure 4,20 are a selection of x-ray images showing 

the distribution of aluminium upon the surfaces of brushes which had been 

run under a load of 60 emd.f. at various brush currents. Electron image 

micrographs of the topographies of some worn areas and also shown in some 

cases. All the X-ray images shown in Figure 4.20 were obtained at an 

exposure time of 15 minutes. 

Figure 4.20(a) shows that when the brush was run without 

current aluminium was distributed over the whole of the area under 

investigation. A comparison of the X-ray distribution and the electron
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Figure 4.20(a) Aluminium X-Ray Image From Surface of Flectrographite 

tion x1756 
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image of the topography, Figure 4.20(b), revealed that the aluminium was 

concentrated mostly in small hollows in the smooth brush or in regions 

where there were cracks running across the direction of sliding. 

The same type of distribution occurred when small electric currents, 

lmA, were passed through the interface. The X-ray and electron images 

formed for a brush passing ImA (Figures 4.20(c) and 4.20(d) respectively ), 

show that the aluminium was again concentrated in cracks or hollows in 

the smooth, raised areas of the brush face. These micrographs obtained 

from brushes run with no current or low currents reveal that any 

chiaaan present upon the surface must in in the form of particles of a 

3 
diameter of 10 “mm or less. 

Atti X-ray images of brush surfaces produced when passing 

currents of 500mA and 2.0 amps are shown in Figures 4.20(e), and (f) and 

(g). These show a marked decrease in the amount of aluminium detected on 

the brush surface and in the case of the areas shown in Figures 4 20(e) and 

(f) there is some doubt whether any aluminiun was present in these 

areas, since much of the X-ray image must be attributed to background 

radiation. The electron diffraction studies carried out in Section 413 

have, however, shown the presence of aluminium upon the surface of the 

brush run with a current of 500mA and Figures 4.20(g) and (h) show small 

amounts of aluminium concentrated in depressions on the brush face which 

had been run at 2 amps. 

The distribution of aluminium on the surface of brushes run at 2.0 amps 

ee further investigated using longer exposure times, 2 hours, to form the 

X-ray image, thus increasing the amount of radiation detected from any 

aluminium present. The amount of background radiation shown on the X+ray 

images was estimated by obtaining an x-ray image from an unworn portion
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Figure 4,20(¢) 
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Figure 4,20(g¢) Aluminium X-Ray Image From Surface of Positive 

  

  

Electrographite Brush Run With a Current of 2.Oams. 
  

Magnification x75» 

  

   
Figure 4.20(h) Electron J Showing Topography of the Area_in Fig.4.20(i). 

Magnification x175- 1 
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of the brush. A portion of the brush face was cut away to reveal unworn 

material which could not have contained aluminium from contact with the 

disk, this cut away portion is shown in the upper right hand portion of 

the electron inapde Figure 4.21(b). A comparison of the electron image 

with the X-ray image of the same area, Figure 4.21(a) reveals that much 

of the evenly distributed radiation was due to random background, not to 

aluminium present upon the surface. Any concentrations of X-rays were 

confined to small areas of the brush surface and comparison of the X-ray 

and sieeewen images showed that the X-rays originated from discreet 

fragments on the brush surface. 

Further X-ray and electron images, Figures 4.21(c) and 4.21(4d) 

confirmed that the aluminium on the surfaces of brushes run at a Nesp 

of 2.0 amps was contained within wear fragments up to 2 x 16- om in 

diameter adhering to the brush face. It was unlikely that ieee 

fragments consisted of pure piiniaetincatin pe such large particles would 

have shown clearly on the original 15 minute exposure X-ray images. The 

aluminium was most likely to be in the form of aluminium oxide produced 

during sliding at elevated temperatures. These large particles of 

aluminium oxide would not have been detected by electron diffraction. 

The variation in the distribution of aluminium upon the brush surface 

as the load was increased was also investigated to determine whether any 

significant change occurred at a load of 260gm.f., the load at which the 

sudden increase in wear rate took place. The surfaces of brushes which 

had been run at loads of 60gms.f, 160gms.f, 260gms.f, 360gms.f, 460gms.f, 

and 1060gms.f., without current passing were examined. Electron and X-ray 

images were obtained from the brush surfaces, the exposure time for the 

latter being 1 hour. Typical X-ray images from the surfaces of brushes
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Figure 4.21(a) Aluminium X-Ray Image From Surface of Negative Brush 

Run With a Current of 2.Oamps. Also Showing an Unworn 
  

Portion of Bz 

  

Magnification x1750 

  

Figure 4.21(b) Blectron Image Showing Topography of the Area in Figo4.21(a) 
  

Magnification xI7be
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Figure 4.21(c) Aluminium X-Ray Image From Surface of Negative Brush 

Run With a Current of 2.0 amps. 

Magnification x175. 

  

  

Figure 4.21(d) Electron Image Showing Topography of the Area in Fige4.2t(c). 

   Magnific ion x175¢



run at loads of 160gms.f and 260gms.f are shown in Figures 4.22(a) and 

4.22(b). An examination of the X-ray and corresponding electron images 

reves that at loads below the eee hie distribution of aluminium 

on the brush surfaces follows the same pattern as that already described 

for a load of 60gms.f, the aluminium being mainly confined to cracks and 

hollows in the surface. 

At loads above the transition the amount of aluminium detected on 

the brush surfaces was greatly reduced, as shown by Figure 4.23 which 

shows images obtained from brush surfaces run at loads of 360gms.f and 

LO6Ogms.f.- No concentrations of aluminium were present at these loads. 

The aluminium was very sparsely distributed over the brush face, although 

it was mainly confined to grooves or low lying regions. 

The lack of aluminium upon the brush surfaces at loads above the 

transition implied that the unstable voltage waveform at these loads,reported 

in section 4.8, cannot be attributed to the mechanism suggested by Stebbens, 

on copper.
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Figure 4,22(a) Aluminium X-ray Image for Surface of Brush Run ata 

Load of 160 grs.f. Magnification x 175 

  

Figure 4.22(b) Aluminium X-ray Image for Surface of Brush Run at a 
oO e 

ry t 
Load of 260 egers.f. Magnification x 175
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Figure 4.23 (a) Aluminium X-ray Image from Surface of Brush run at a 

Load of 360 grs.f. Magnification x 175 

  

Figure 4.23(») Aluminium X-ray Image from Surface of Brush run ata 

Load of 1060 grs.f. Magnification x 175
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4415 Topographical study of the Worn Surfaces 

Previous topographical studies of worn surfaces have been carried 

out using optical microscopy (33), reflection electron microscopy (6 ) 

(10), and electron microscopy of replicas (36). These techniques however 

suffer serious drawbacks when investigating surfaces formed by the sliding 

of graphite. Optical microscopes have small depths of field at high 

magnifications rendering them unsuitable for topographical studies. 

Reflection electron microscopy, although having a large depth of field, 

suffers from difficulties in setting up the instrument and from difficulties 

in the interpretation of the resulting micrographs. Replica techniques 

also suffer from this interpretation drawback as well es the added difficulty 

of producing artifact free replicas. The replication of transferred films, 

as is necessary for an investigation into the sliding of graphite, is very 

aifficult, since pieces of the graphite film adhere to the replicating 

plastic producing replicas which are not representative of the original 

surface. 

The scanning electron microscope (S.E.M.) on which the topographical 

studies described here were carried out has none of the above drawbacks. 

The scanning electron microscope has a large depth of field even at large 

magnifications making it especially suitable for studying worn surfaces; 

the worn surfaces can be studied directly alleviating the need to produce 

replicas, and, after a little practice at studying surfaces with known 

topographical features, the micrographs can be easily interpreted. 

Unfortunately the resolution of the scanning electron microscope is only 

9 2 9 i, 
about 2CO A compared with 4-5 A for an electron microscope operated in the 

transmission mode. Metallic, or carbon, specimens require no special 

preparation apart from cementing them onto specimen holders provided, 

ensuring an electrical contact between the specimen and specimen holder.



149 

After studying the worn surfaces two peneral catagories of features 

became apparent, features which generally characterised the worn surfaces; 

and special, or interesting features which may, or may not, have played a 

role in determining the nature of the sliding behaviour. Different areas 

of the specimen surfaces could easily be studied, enabling a picture of what 

the general surface topography was like to be built up. Special features 

could also be located and recorded photographically. Althouch these 

special features may only occur on any one specimen surface they could not 

be discounted until all specimen surfaces had been examined, to see whether 

these features re-occurred under different conditions. However, the ease 

with which special features could be located and photographs resulted in 

the danger that in the subsequent analysis of the micrographs these special 

features may have been afforded greater importance in determining mechanisms 

of wear than they deserved. 

Two methods were available for building up a picture of the general 

surface topographies. The first method was to photograph a large number: of 

areas of the worn surfaces and, after subsequent examinations of the 

micrographs, build up a comprehensive picture of the topography. This 

method had the advantage that provided the micrographs were chosen from a 

wide area in a random manner the subsequent pictures should have been free 

from the influence of the microscope operator. Unfortunately a very large 

number of photographs had to be taken which was very time consuming both 

in obtaining the micrographs and examining them afterwards. The other method 

was for the operator to study the surface using the scanning microscope and 

build up a mental picture of the general surface topography. This method 

had the advantage of being quicker and more flexible, there was however 

always the possibility that the operator would influence the choice of 

representative micrographs and a false picture of the general topography 

would be built up. The latter method of studying the surfaces was however
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adopted but during the initial investigations several "random'! micrographs 
were taken, after those chosen as representative, to check on the validity 

of the resulting surfaces, 

During the course of these investigations several hundred micrographs 

of the worn surfaces were obtained, but obviously only a small number 

can be shown here. These have been selected to illustrate how the surface 

changed with load and current and the possible effects that these changes 

would have upon the friction and wear behaviour, 

4.15(i) The Effect of Load upon the Worn Surface Topogranhies 

The wear tracks formed upon the aluminium disks and the worn brushes 

were examined by optical and scanning electron microscopy to determine 

whether any changes in topography occurred at the transition load which 

could account for the increase in wear rate. 

One very obvious topographical change taking place at the transition 

load was a marked increase in the amount of transferred graphite upon the 

wear tracks. When running in the mild wear regime the aluminium track had a 

Sparse covering of graphite (about 10% coverage). Upon increasing the load 

above the transition load the amount of graphite on the surface increased 

to almost 100% coverage. 

A microscopic examination of the wear track preduced in the mild wear 

regime showed that the graphite transferred to the disk formed smooth 

islands and narrow bands. A micrograph of one such island can be seen in 

Figure 4,24(a) which shows raised plateaux of transferred graphite 

containing areas where graphite fragments have apparently been removed by a 

wear process. Another feature of the surfaces formed by mild wear sliding 

was cracking and blistering of Some of these smooth graphite plateaux. 

Areas such as this, although not typical of every smooth region, appeared 

much too often upon the mild wear surfaces to be regarded as isolated
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10 LL 

(a) 

    20 u 

" (b) (c) 

Figure 4.24. Typical Mild Wear Topography of Disk Surface, Formed 

on Aluminium under a Load of 60gf.



occurrences with no Significance. ‘Two such cracked area are shown in 
Figures 4,24(p) and 4.24(¢), ‘the presence of such features upon the 
surface implied that after the formation of the transferred Eraphite filn 
the surface was remaining stable long enough for such features to develop 
by cyclic Stressing of the graphite islands. Thus it would appear that, 
after detachment from the brush, the transferred Graphite upon the 
aluminium underwent a period of consolidation and stabilisation, followed 
by eventual failure of small areas by a fatigue type process. 

In contrast to these mild wear surfaces the micrographs obtained from 
severe wear specimens showed no characteristic features, Although the 
we,r track was completely covered by transferred Eraphite it was extremely 
difficult to select atypical" surface topography. ‘The nature of the 
laid down Graphite varied fron point to point on the same wear track, and 
also varied with load in an apparently "random!! manner. Figures 4,25(a), 
(bo), (c), (da), (e) and (f) show surfaces formed at various loads in the 
Sever wear regime. These surfaces are not tynical of any particular load 
but are merely a selection to illustrate some of the surfaces encountered 
in the severe wear regime, Although no one surface could be selected as 
typical, one feature was very apparent, this was the absence of the cracking 
and blistering that hea occurred in the mild wear regime, The wide 
variety of severe wear surfaces and the absence of fatigue features 
Suggests that in the severe wear regime the disk surface was in a state of 
rapid change and dia not establish a dynamic equilibriun, except perhaps 

‘for very short periods, 

The surfaces formed upon the brush running faces could, however, 
quite definitely be categorised into either mild wear or severe wear
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(a) Load 260zf. (b) Load 260¢f. 

  

10 pL 10 

~ (c) Load 360gf. (d) Load 460g¢f. 

Figure 4.25. Typical Severe Wear Topographies of Disk Surface, Formed 

on Aluminium under Various Loads.
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(f) Load 1060gf. 

Figure 4.25. (Continued)
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topographies. One feature which became instantly apparent when studying 
the worn brush surfaces, either optically or using scanning electron 
microscopy, was that the normally porous brush surface had been replaced 
by a smooth, continuous surface. This is shown clearly ina comparison 
of i es 4.26(a), an optical micrograph of a metallurgically polished 
brush surface, with Figure 4.26(b) which shows an optical micrograph of a 
brush surface which had been run at 60gf. load without current. In the 
past it has been assumed that the smooth, polished brush surface had 
been produced by wear debris packed into the exposed pores, The 
scanning electron micrographs clearly show, however, that in the mild 
regime this wastnot the case and the formation of the brush running face 
was a much more complex process. 

Figure 4,27(a) shows an area of a brush which had been running in the 
mild wear regime under a load of 60gf without current. This surface is 
typical of that formed at all loads in the mild wear regime and shows 
once again how the porous brush material had been replaced by an apparently 
homogeneous surface, A more detailed examination of the brush surface 
revealed widespread instances where heavy cracking had occurred, and 
examples of such areas are shown in Figures 4,27(b), (c) and (da). Closer 
investigation of these cracked areas showed that the brush surface was 
not formed by loose wear debris packed into the pores but that it consisted 
of a compacted graphite film completely covering the bulk brush material, 
The nature of this film is shown in Figure 4,28 where a section of the 
overlaid graphite film can be seen lifting from the bulk brush material . 

The vast majority of the SCanning electron micrographs of the worn 
surfaces were obtained with the specimen surface inclined at an angle of 

45° to the electron beam since this provided good contrast between 

surface features and was especially suitable for topographical studies.
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100 LL 

(a) Surface of Polished Electrographite 

Before Sliding. 

  

100 pL 

(b) Surface of Electrographite after 

Sliding at a Load of 60gf. 

Figure 4.26. Optical Micrographs of Brush Surface,
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(c) (a) 

Figure 4.27, Surface Topography of Brush, Formed During Mild Wear 

Sliding at a Load of 60gf., Showing Failure of Surface 

Filme
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However, to study the nature of the surface film in more detail it was 

necessary to view some areas with the specimen surface almost parallel 

to the beam axise ‘The micrographs shown in Figure 4.28 were taken with 

te
 the normal to the surface at an angle o 85° to the electron beam. At 

these large angles of tilt it was extremely difficult to keep the required 

area within the field of vision. As the specimen was tilted in the 

microscone the height of the area under observation changed, unless it 

was exactly on the axis of rotation,and, in spite of the large depth of 

field constant refocussing was necessary, especially at the high 

magnification required to detect the surface cracks. The specimen holder 

also moved sideways and rotated me the angle of tilt was varied, making 

frequent re-positioning of the specimen necessary. By using this 

technique, however, it was possible to make a detailed examination of the 

surface film and in some instances see beneath it, to view the supporting 

material. 

Although it is probable that the porous regions must have contained 

packed wear debris to support the film this could not be verified due te 

poor contrast in the areas beneath the film. The micrographs in Figure 4.28 

indicates that in this instance the area beneath the film contained some 

material with a particle size of about 2. This particle size was about 

ten times greater than the carbon blacks used to manufacture the brush 

material. In Figure 4.36(b) and (c) can be seen regions where removal of 

the surface film had left a depression which contained loose debris, once 

again approximately 2), in size. It is probable however that these particles 

were pieces of surface film which had been redistributed into the hollow 

after removal of the film. 

The thickness of the graphite film formed upon the brush surface a 

a load of 60 g.f. with no current flowing was about lu. No separate
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10 LL 

(a) Tilt Angle 85° 

    

2u 

(b) Tilt Angle 85° 

Figure 4.28. Graphite Film Formed on a Brush Surface During Mild Wear 

Running on Aluminium, load 60gf.
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“grains could be distinguished in this surface film, indicating that its 

component particles were considerably smaller than the carbon black material. 

The surface film must therefore have been formed by degradation and 

consolidation of larger particles from the bulk brush material. An idea 

of the size of the undergraded bulk brush material can be obtained troll 

Figure 4.39(c) which shows an area where a piece of the brush surface has 

been removed to reveal the bulk brush material. The constituent carbon 

particles can be clearly seen, their diameters being approximately Oo2y 

Thus the type of brush surface formed under mild wear conditions, 

consisted of a smooth degraded graphite film with areas of extensive 

cracking and flakings In contrast to this, scanning electron microscopy 

of brush surfaces produced during severe wear sliding revealed no 

evidence of the formation of a surface film and very little surface 

cracking. The brush surfaces formed in the severe wear regime were 

extremely smooth with very few notable features. A typical "severe wear 

surface" formed at a load of 460g.f. is shown in Figure 4.29 and, unlike 

"mild wear surfaces" there was an absence of any systematic cracking. 

Cracking of the surfaces was confined to the apparent opening up of the 

surface to reveal theyorosity of the material. Figure 4.30 shows the 

formation of such cracks upon the surface of 2 brush run at 360g.f. load. 

Although the examination of the surfaces revealed that the overlaid 

graphite film was no longer formed areas existed where layering of the 

surface occurred (Figure 4.31), but these layers appeared to follow the 

contour of the underlying material, rather than form a surface film . 

Failure of the brush surface in the severe wear regime appeared to 

take place without the preliminary cracking or flaking which occurred in 

the mild wear regime. Figures 4.32(a) and (b) show areas of the brush 

surface formed by severe wear at a load of 260g.f. Failure of this
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10 

Figure 4.29. Typical Severe Wear Topography of Brush Surface; Formed 

at a Load of 460gf. 

  

Figure 4.30. Surface Cracking of a Brush Surface Formed During Sliding 

in Severe Wear Regime at a Load of 360gf.
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20 u 

Figure 4.31. JIayered Area of Brush Surface Formed at a Load of 360¢f. 

    

20 10 

(a) (b) 

Figure 4.32. Failure of Brush Surface Sliding under Severe Wear 

Conditions, Load 260gf.



surface had occurred by the removal of a fragment of the brush material 

leaving behind a cavity which was beginning to fill with small particles 

of loose wear debris. 

4.15 (ii) The Effect of Electric Current upon the Worn Surface Topography 

An intensive study of the effects of electric current upon the worn 

surface topography was restricted to examining surfaces formed in the mild 

wear regime at a load of 60gf. The worn aluminium surfaces produced 

during sliding in the severe wear regime were so varied that it was 

impossible to detect any change in topography caused by current until 

arcing and catastrophic wear occurred. Nor was there any noticable 

effect upon the brush topography until catastrophic wear took place. 

Figures 4.33(a) and (b) show areas of the aluminium wear tracks after 

running at loads of 460gf. and 1060gf., and electric currents of Samps 

and 10 amps. Under these conditions catastrophic wear of the electrographite 

occurred and the wear rate of the aluminium was extremely high. In 

Figure 4.33 (a) at ue are shown were the Se iene aluminium was 

penetrating the transferred graphite apparently,caused by melting of the 

aluminium, due to arcing across the interface. Another feature showing 

the deformation of the aluminium surface is shown in figure 4633 (b). 

These micrographs show that very heavy deformation of the aluminium was 

occurring, due probably to softening, or even melting, of the aluminium 

junctions caused by the passage of electric current. The surface of the 

brush produced when running under catastrophic wear conditions exhibited 

heavy scoring and pitting, ( Figure 4,33(c) ), and took on an etched | 

appearance in some areasSe 

Even when running under mild wear conditions at a load of 60 gf. 

there was very little change in the topography of the wear track on the 

aluminium until arcing occurred beneath the brushes. As with the higher
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(a) Load 460¢f. Current 5.O0ampse 

  

(b) Load 1060ef. Current 5.Oamps. 

” 1 Catasrophically Failed Disk Surface. 
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(c) Load 1060¢f. Current 5.Oamps. 

Figure 4.33. Catastophically Failed Brush Surface
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loads when sparking occurred the wear rate of both the brush and aluminium 

increased considerably, At the onset of arcing there was a slight increase 

in the amount of graphite transferred to the disk, but thiswas a very small 

increase compared with that taking place at the transition load. The worn 

surfaces produced by a load of 60 gf . and a current of 2 amps under 

catastrpohic wear conditions are shown in Figures 4.34 and 4.35. The 

transparent film on the aluminium, shown in Pigures 4.34(a), (b), (c) and 

(d), has changed from smooth islands with fatigue type cracking to a rough 

pitted topography littered with lcose wear debris. The wear debris 

consisted o a lerge number of flakes of material about 0.2 - 0.5y thick 

and 2 = Sjtlonge 

In contrast however the effect of electric current upon the mild wear 

brush topography was noticeable even at quite small currents. The surfaces 

of brushes which had been run under a load of 60gef. without current, and 

with currents of lmA, 500mA and 2 amps were examined by scanning electron 

microscopy. The surface formed at a current of 2 amps had not, in this 

instance, been produced by arcing or catastrophic wear. 

As previously described, the surface of the brush formed without 

current consisted of a smooth film overlaying the porous brush material. 

This graphite film is shown clearly in the micrographs of Figures 4.28 and 

4.36. This film, about ly thick, had been forned by the consolidation of 

degraded brush material. The load bearing compacted film was supported 

by the bulk brush material underneath and possibly by larger pieces of 

debris packed more lossely into the pores of the brush. 

The surface produced when a current of lmA was passed through the 

brush was very similar to the no current surface except that cracking was 

less frequent, which made examination of the surface film more difficult. 

It appeared from the micrographs obtained from this specimen, Figure 4.37,
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¥ (c) (a) 

as Figure 4.354. Surface of Wear Track Upon Aluminium Produced During 

Catastrophic Failure at a load of 60gf. and an Electric 

Current of eampse
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(b) 

Surface of Brush Produced By Catastrophic Wear upon 

Aluminium under a load of 60gf. and a Current of 2ampse
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- (c) Tilt Angle 81° 

Figure 4.36. Surface Film on Brush Formed at a load of 60gfe with 

No Current Flowingo



  

Figure ie 1 e 
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(a) Tilt Angle 46° 

  

Pp 

(b) Tilt Angle 80° 

Surface Film on Positive Brush Formed at a load of 60gf, 

with a Current of ImA Flowing.
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that the degraded Evaphite film of thickness ly was still formed, 

When the current through the brush was increased to p0OmA a moticeable 

change in the surface topography occurred, Instances of fatigue cracking of 

the surface were few and the brush surface was very similar to that formed 

in the severe wear regime, shown in Figure 4,29 and 4,31. Figure 4,38 

shows an area where the film is lifting away from the surface, and a closer 

exemingtion of this region showed that the thickness of the compacted film 

had been considerably reduced, to 0.3-0.5) « 

The surface produced at a current of 2 amps showed none of the 

features typical of mild wear. No surface film could be detected and 

there was an absence of any fatircue cracking. The mode of failure of the 

brush material appeared to be very similar to that observed for severe 

wear failure, that is the removal of particles from the surface without 

prior cracking, as shown in Figure 4,39(c). A more detailed examination 

of these failed areas, Figures 4.39(a}, (b) and (c) confirmed that no 

surface film was formed. The bulk brush material, 0.2), diameter, continued 

right up to the sliding interface, although it is probable that an extremely 

thin degraded surface layer formed upon seme areas of the brushes Such a 

layer could not, however, support any stress and would be confined to the 

non-porous regionse
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(a) Tilt Angle 45° 

  

(ob) Tilt Angle 86° 

Figure 4,38. Surface Film on Positive Brush Formed at a load of 60gf. 

with a Current of 500mA, Flowing.
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(2) Tilt Angle 65° (b) Tilt Angle 80° 

  
: (c) Tilt Angle 45° 

Figure 4.39. Surface of Positive Brush Formed at a Load of 60gf, with 

a Current of eamps Flowing.
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X-Ray Analysis of Wear Debris 

4,16(i) X-Ray source, camera and procedure 

After the wear debris had been collected and contained within a 

capillary tube the sample was mounted in a standard Debye-Scherer powder 

diffraction camera of diameter 114.6m.m. 

The powder was irradiated with X-rays obtained from a fine focus 

copper tube operated at a potential and filament current of 40 kV and 20mA 

respectively. The radiation used was from the Kq line, obtained using 

a nickel filter, the wavelength being 1.542 2 . 

Exposure times of the samples varied from 30 minutes to 8 hours, 

depending upon the proportions of the constituents in the wear debris. 

From the powder pattern the Bragg Angle of the diffracted X-ray 

beams were measured and the d- spacings of the crystal planes giving rise 

to these beams calculated. The components of the wear debris were 

identified from these d-spacings using the X-ray Powder Data File. 

The intensity of the diffracted beam was dependent upon, amongst 

other factors, the volume of material giving rise to that diffracted beam 

which was irradiated by the incident Xeray beam. 

Quantitative analysis could not be performed simply by comparison 

of the intensities of the diffraction maxima from the pawder components 

with the intensities of the maxima from pure materials. This was due to 

differences in the absorption of the powder and pure material. 

Averbach and Cohen (37) have made use of an internal standard for 

quantitative analysis. Using a glancing angle technique they estimated
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the amount of retained austenite in tool steel by comparison of the 

intensities of the diffraction maxima from the austenite with the 

diffraction maxima from the martensitic phase, which was taken as the 

standard. They also showed the necessity of using the integrated intensity — 

of the diffracted beam, not the peak height, since the integrated intensity 

was independent of particle size or lattice distortions. 

The method of Averbach and Cohen has been adapted by Quinn (38) 

to investigate the wear debris produced by the sliding of carbon steels. 

4,16(ii) The intensity of the Diffracted Beem. 

The intensity of the diffracted beam of X-rays from a set of erystal 

planes (hkl), at an angle of diffraction 29 to the incident beam is given 

by C39 i en 

soa Ze 
2 1 + cos®2 6 mer sin” 0/n = Za | Fina | ee) As. ae we 

Sin* 0 cos @ oy Ae) 

where ¢ 

Pla - is the structure factor of the component giving 

rise to the diffracted beam. 

1 + cos“20 - is the Lorentz polarisation factor (Lp) 
sin® 0 cos dé 

m is the multiplicity factor, the number of families 

of planes having the same values of Bri 

Vv o is the volume of the unit cell 

-B sin~.0 Jd e 
e “ is the Debye-Waller temperature coefficient
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V ~ is the volume of the constituent irradiated. 

A(g@) = is the sample absorption coefficient, dependent upon the 

angle of diffraction. 

However, since for any sample only the relative intensities are 

required Equation (A) may be written 

t.. = RV. Aa eeoeere Eqn. (B) 

rig 2 
and the factor R=| Fy \faeee oe 6 /n 

Vv 

can be calculated for each diffraction maxima. 

4,16((iii) Determination of relative proportions 

For a powder consisting of two components A and B the intensities of 

the beams from these two constituents will be given by 

zy 2 RAV AA g and I, = ReVaAg 

thus, the relative intensities of the diffracted beams will depend upon 

the proportions of A and B present in the mixture. 

However, since the absorption coefficient Ag varies with the angle 

of diffraction the intensities of the diffracted beams cannot be directly 

compared if the maxina occur at different values of 2g . If the values 

of 1/83 for each maxima are plotted against the corresponding value 

of @ the resultant graph will show how Ag varies with the angle of 

diffraction. 

Assuming that absorption of the X-rays depends wpon the mixture as a 

whole, not on the individual components giving rise to the maxima, then 

the ratio of the value of the curve through I af Pa to that through th/*3 :
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taken at the same angle of diffraction will be in the same ratio as the 

volumes. 

( TR, VA 

Pee Ne 

4.16(iv) Calculation of Structure Factors 

The structure factor Pid 

atoms within the unit cell are known. For a set of planes (hkl) the 

can be calculated if the positions of the 

structure is given by:- 

n 
oad 

S > | a | x : ; | Pvt 2 i, cos aur (hx, +ky, +12, ) Aaa f, sin em (hx tky +12, Eqn. (C) 

‘ 

Where the summation is taken for each atom, i varies from 1 to nN, 

the number of atoms within the unit cell. Xia Vy and Z, are the coordinates 

of the din atom within the unit cell and f. is the atomic scattering factor 

of the atom, 

Structure factor of Carbon (Graphite) 

Graphite can exist with two possible crystal structures; hexagonal 

and rhombohedral, The most common structure is hexagonal and this 

was the form considered. ‘The carbon atoms within the unit cell occupy 

positions at (0,0,0), (3,%,0), (0,03) ana (4,4,3) as shown in Figure 1.1. 

Diffraction takes place from the following planes: (002), (100), (102), 

(004), (110). 

Substituting in Equation (©) enables the structure factor of each 2 

set of planes to be found. The calculations involved are shown in 

Appendix 1,
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The structure factor for each set of planes giving rise to maxime are:- 

i : ies 

a fon 

Reg <= on 

ae : oe 

Tei . LStenie 

Fo o aa 

Structure tasers of Aluminium 

Aluminium has a face.centred cubic structure with atoms within 

the unit cell occupying at (0,0,0), (0,3,3), ($,0,4) and (4,3,0). 

The structure factor for any set of planes giving rise to reflections 

is given by: 

vie 6 3 
hele | tO” 

(where hkl are all odd or all even). Details of the calculations 

involved are shown in Appendix 1. 

Calculation of ''R'! 

The value of "R'" can be readily calculated once the structure has 

been determined. These values have been calculated for aluminium and carbon — 

in Appendix 1 and the results tabulated in Table 4.13.
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Table 4.13 '"'R" Values for Aluminium and Carbon 

  

Material co
 

Q
 

Q
 Q
 

Q
 

Q
 Alege Ade |. Al: Alcea A 

    

Planes 002; 100; 101] 102; 104) 110 || 112] 200] 220} 311] 222) 400 

  

  17.09}0.586] 2.086] 0.571} 1.090/0.836 134.0] 15.8] 9.20] 9.70] 1.74) 1.39                             

4,16(v) Analysis of Wear debris produced from running on an 

Aluminium disk 

The specimens of wear debris were irradiated for exposure times 

varying from 30 minutes to 8 hours. At the longer exposure times the 

very weak lines were visible but the stronger lines had densities of 

blackening greater than 3. This was outside the linear range of the 

“exposure vs. density of blackening curve" of the Photographic film. 

For quantitative analysis the specimens were exposed for as long as 

possible without the density of blackening of any line exceeding a 

value of 2, where the density of blackening D was defined by the 

simple relationship, 

eH 

I) and I being the intensities of a parallel beam of light before and 

after passing through the film. 
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Identification of Components 

A microdensitometer trace of the density of blackening against 20 

for a typical powder pattern from wear debris produced upon aluminium 

is shown in Figure 4.40. The powder photograph showed that the major 

constituents of the wear debris produced at all loads and currents were 

aluminium and carbon with traces of A1,0,. Although the powder pattern 23 
revealed only traces of A1,0, the wear debris may have contained 

considerably more than was suggested by X-ray analysis since aluminium 

is known to forn an amorphous layer upon the metal (40).This amorphous 

oxide would not give rise toa diffraction pattern. The wear debris 

produced when running at a load of 1Ikgef.also contained traces of 

aluminium carbide. 

Quantitative Analysis of Wear Debris. 

The intensity of the diffracted X-ray beam was obtained from the 

microdensitometer trace. The "noise't of the trace, caused by grains of 

emulsion on the film and fluctuations of the densitometer, was smoothed 

out and the background level drawn in. The integrated intensities of the 

maxima from the metal were measured by the product, "peak height"x “width 

of the peak at half its height" ~ Quinn(33). This method could not be used 

on the broad carbon lines, and the integrated intensity was found by 

measuring the area beneath the peak by dividing the area into a number 

of triangles. 

The value of I/R for each of the diffracted maxima was calculated and 

plotted against ©. The graph obtained represented the variatimin the
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absorption factor A(@) with 6 

ine ae ate “A an angle ; re 
| ; Rs “B 

A log 1, - lo and log ( 7) = ( #) el ; 

A 

thus if the logs of the ratios (I/R) are plotted against 0 the difference 

<
 

h
t
 

wo
 

in ordinates of the graphs gives the log of (V/V,)- Figure 4.41 is such 

a plot for the diffraction maxima shown in the microdensitometer trece 

Fig4.40 the difference in ordinates of the two lines corresponded to a 

ratio of V/V 0, 08 16. This gave the composition of the wear debris 

produced running at 1060grm.f.load with no current as 6 Aluminium and Ole 

carbon, ignoring any trace substances. 

Fig 4.42 shows a plot of Y/R against 0 for the wear debris produced at 

a load of 1060gms.f and a current of 10 amps. This shows that the amount 

of aluminium in the wear debris has increased, the composition being 50% 

aluminium and 50% carbon. The graph of I/R against 6 for the wear debris 

produced at aload of 60gms.f. with no current and a current of 2 amps 

passing is shown in Fig4,43 with no current passing the amount of 

aluminium in the wear debris was 2.5 at a current of 2.0 amps the amount 

had increased to 10%. 

Although segregation within the capillary tube due to the method of 

filling did not occur there was a variation in composition from point to 

point within the tube, giving a wide range to the composition of each 

sample. 

At loads between 6Ogms f. and 1060gms.f. without current flowing the 

emount of aluminium in the debris was within the range 2 ~ &% and no 

effect of load upon the proportion was detected. The effect of current 

on the composition appeared to be nil, unless arcing occurred beneath the
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BRAGG ANGLE Q 

Figure 4.41 Graph of “lp against Bragg Angle for Wear Debris Produced 

Sliding on Aluminium at a Load of 1060gf. without Current.
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BRAGG ANGLE 

Figure 4.42 Graph of We against Bragg Angle for Wear Debris Produced 

Sliding on Aluminium at a Load of 1060gf. and a Current 

of 10.0 ampse
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200 He 

  
BRAGG ANGLE 

Figure 4,43 Graph of ss against Bragg Angle for Wear Debris Produced 

Sliding on Aluminium at a Load of 60gf. and Currents of 

O amps and 2.0 amps.
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brush. At a load of 60gm.f. and a current of 2.Oamps light arcing took 

place beneath the brushes and the amount of aluminium increased to 8-=1.075 « 

At 460 gms.f. a slight decrease in the amount of aluminium was observed, 

from 2.6% with no current to 1.4% at lamp and 1.0% at 2.0amps. At 5amps 

severe arcing occurred and the amount of aluminium rose to 70%5e No 

significant change in the composition of the wear debris outside the range 

2 - & aluminium was observed with a load of 1060gms f. wntil a current of 

10amps was passed through the brushes,causing arcing and an increase in 

the aluminium content to 50%.
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Chapter 5 Results on Other Disk Materials 

521 Introduction 

Experiments were performed upon electrographite brushes sliding upon 

disks made from the following materials : copper, gold, hardened FN26 

steel, annealed EN26 steel and electrographite (EG14). These disk 

materials were chosen to give a range of crit etacay pine oad and electrical 

properties. EN26 steel was used because this was a bearing steel which 

had been investigated in tribological investigations concerning the dry 

wear of steels and because it was easily heat treatable to give a range of 

hardnesses. The batch of EN26 steel used had the following percentage 

composition: C(0.43), Mn(0.69), Si(0.25), S(2.010), P(0.007) , Ni(2.80), 

Cr(0.80) and Mo(0.64). The annealed EN26 disks had a hardness of 270VEN 

and the hardened and tempered disks a hardness of between 550-580VPN. 

Investigations into the sliding of electrographite on copper have 

been reported by many authors, these are described in Chapter 1, However, 

although the experiments described here have repeated some of the results 

previously reported, these experiments were necessary to provide 

evidence that the results obtained on all materials were consistent with 

the results of other authors, and also to provide direct comparisons 

between copper and these other materials. 

The results obtained from running upon aluminiun, described in the 

previous chapter were used as a guide to decide upon the necessary 

experiments,and only a small number of runs, carried out under selected 

running conditions were performed on each disk material. Since the
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experiments carried out were substantially the same for each material 

the results will be discussed in terms of the experiments carried out 

and parameters measured, rather than discuss each material separately. 

5.2. The Wear Rate of Electrographite 

Experiments were performed to determine how the wear rate of 

electrographite varied with load on the various disk materials. Except 

when running on gold the brushes were run in at a load of either 60gms.f. 

or 160 gms.f. until equilibrium values of wear rate, contact resistance 

and frictional force were obtained, the latter two parameters being 

described in subsequent sections. The brush load was increased in stages 

upt to 1060 gms.f. the equilibrium values of wear rate, frictional force 

and contact resistance being measured at each load. 

The variations in the wear rate of the electrographite brush with 

applied load is shown in Figure 5.1. The errors in measurement were 

estimated from variations in the wear rate taking place over a long 

period. 

The wear rate of electrographite sliding upon copper of hardness 

80 VPN. increased in proportion to the applied load over the whole 

range of loads investigated. No discontinuous increase in wear rate 

took place, although such an increase has been reported by White (31) and 

by Lancaster using conical brushes (26). 

When running on 24 carat gold, hardness 60 V.P.N. , the wear 

rates of the brushes were much lower than had been measured when running 

on other metals. Long runs were necessary to make accurate measurements,
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Figure 5.1 Variation in the Wear Rate of an Electrographite Brush 
with Load when Sliding upon Various Disk Materials.
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hence only two accurate determinations of wear rate were obtained, one at 

260gf. and one at 1060 gms.f. At intermediate loads the wear rate was 

monitored for about one day to ensure that no large variations in wear 

rate occurred. No discontinuity ia the wear rate was apparent and it 

would appear that wear rate increased in proportion to load. One very 

noticeable feature when running on gold was the absence of any graphite 

transferred to the disk surface. 

A marked transition from mild wear to severewear took place at a 

loadof 460gms.f. when running electrographite on hardened EN26 steel. 

Initially the oe rate at this load was low and the contact resistance 

measured at lmA current, was relatively high, about 1l00ohms. After 

running in the mild wear regime for two days the contact resistance fell 

to O.40ohms and the wear rate increased. At load above 460gms.f. the wear 

rate was high. The wear behaviour of electrographite sliding upon annealed 

EN26 steel was very similar but was dependent upon the past history of the 

disk surface. The wear rate of the brushes when running under a load of 

260gms.f. was in the mild wear regime, 10.4 x 107 nin? per mm sliding 

distance and the contact resistance was high. However, after carrying out 

the contact resistance measurements the wear rate increased to the severe 

wear regime and the contact resistance remained low. After the brushes 

had been lifted clear of the disk for some time the contact resistance 

increased and the wear rate fell back to the mild wear regime. Similarly 

when a freshly prepared disk, having been machined only a few hours prior 

to running was run under a load of 160gms.f. the wear rate was high, about 

40° tie? om of sliding and the contact resistance was low ,less thas lohm. 

However, after leaving the disk running for two days without the brushes in
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contact the wear rate fell to the mild wear regime and the contact 

resistance increased, 

When the brushes were running on steel in the mild wear regime very 

little graphite was transferred to the disk surface except for narrow 

bands parallel to the running direction. In the severe wear regime the 

amount of transferred graphite on both the annealed and hardened disks 

increased until at a load of 1060gms.f. the whole wear track was covered 

by a layer of graphite. 

The wear ce of brushes sliding on an electrographite disk were 

low and very similar to the wear rates on gold at the same load. The wear 

rate of the brushes was proportional to the applied load over the whole 

range of Pads investigated. However, after running for several days at a 

load of 1060gm.f. the wear rate quite suddenly increased to 107? sara? / rn of 

sliding and the frictional force fell from 200gms.f. to 80gms.f. The 

sudden increase in wear rate was associated with the surfaces of both the 

brush and disk worn surfaces becoming glazed and the appearance of a high 

pitched whistle, of frequency 7 - 10 KHz, originating from the brush disk 

interface. 

523. The Contact Resistance of Electrographite 

The contact resistance characteristic of carbon brushes sliding on 

copper has been investigated and reported upon by a number of authors 

including Bickerstaff(21 ), Davies(@0), Holm (19), Shobert(@9) and — 

Stebbens (24) and the resistance has been found to depend almost entirely 

upon oxide films at the brush interface. Some aeariets other than 

copper have also been investigated but to a much lesser extent. Thompson
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and Turner (41) have investigated the resistance of a highly graphitic 
brush sliding on covper, aluminium, zinc, mild steel and gold, although 

the brush was run under a relatively high load, 750gms.f. and carried a 

‘high current, l0amp. The contact resistance of brushes sliding on gold 

has been observed by other authors but mainly to provide information for 

comparison with results from other metals Since gold does not form an 

oxide layer under normal conditions. 

For comparison some results obtained by Bickerstaff are shown in 

Figure 1.5 . Bickerstaff confined his reported investigations to the 

positive brush to avoid any effects due to copper picking at the negative 

brush interface. His results show that after an initical ohmic region 

the contact resistance began to fall when the contact drop exceeded 

Ool Volts. At high voltage drops the interface again behaved in an 

ohmic manner. The decrease in contact resistance is generally regarded 

as being due to electrical breakdown of the oxide film when the applied 

field exceeds the breakdown strength of the oxide. 

During the course of this project it was necessary to repeat some of 

the experiments described by other authors to obtain results which gave 

valid comparisons between the different materials since itis highly 

probable that contact resistance measurements will depend upon the 

mechanical running conditions, despite efforts to reduce any effects 

arising from the design of the wear test machine. 

2:3(i) Contact Resistance Running Upon Coprer 

The variation in contact resistance with contact drop across the
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interface for brushes running at loads of 60gms.f., 210gms.f., 260gms.f. 

and 310gms.f. is shown in Figures 5.2 and 5.3. The investigations 

described here were confined to low values of electric current and contact 

drop to avoid any possible damage to the two worn surfaces. The results 

showed that the shape of the characteristic was very much the same as 

that obtained when running on aluminium at low loads (Figures 4,4 and 

4,5 and are also in some soresnwnl with the results of Bickerstaff. 

However, unlike the aluminium characteristics, the results obtained on 

Soper show a strong dependence upon the brush polarity. Although there 

was little difference between the values of the low current ohmic 

resistance of the two brush polarities, the reduction in contact resistance 

took place at a lower contact voltage beneath the positive brush than the 

negative brush, about 0.1 volts compared with about 1.Ovolts. 

Table 5.1 shows values of contact resistance obtained at loads up to 

1060gmef. The value of the low current ohmic contact resistance decreased 

as the applied load increased. At loads of 610gms.f. and 1060gms.f. the 

contact resistance was low and difficult to measure at low currents and 

it may be possible that electrical breakdown had already occurred at the 

electric currents used to measure contact resistance. These values of 

contact resistance are however high compared with other author's results 

obtained at high currents at all loads on copper(19) (21) and on other 

materials and this indicated that even at these high loads copper oxide was 

having a very significant effect upon contact resistance. 

5.3(ii) Contact Resistance Measurements on Gold 

The resistance between a carbon brush and a metal surface has been
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Table 5.1. Contact Resistance of an Electrographite Brush sliding on 

  

  

  

  

  

Copper 

Positive Brush Negative Brush 

Load Current Voltage. Contact Voltage Contact 
Drop Resistance Drop Resistance 

(OHMS) (OHMS) 

1A 20nV 20K 26mV 26 K 

2 70 35K 66 35 K 

3 92 30K oh 31 K 

4 110 27K 110 27 K 

5 110 22K 130 26 K 

8 120 15K 180 22 K 

10 120 12K 220 22 K 

60e8f-| 20 150 725K 400 | 20 K 
50 200 OK 920nV 18.4 K 

100 220 202K 1.28V 13 K 

200 250 1,.25K Lod 7k 

500 pA 260 520 45 3K 

mA 300 300 1.5 1.5K 

1OmA L790 kg led 1.30 

YA nV 8.0K SmV Se & 

2° 22 11K 10 5. OK 

5 52 10K 26 5.2K 

10 gh 9.4K 56 5.6K 

20 140 7.0K 110 565K 

160 gf.| 30 150 5.0K 154 5.1K 

50 160 3ecK 280 5.6K 

100 160 1.6K 560nV 5.6K 

200 220 1.1K -1.06V 5.03K 

400 230 575 1.34 3oDoK 

500A 2ho 480 1.45 2.9K 

ImA 260 260 1.4 V 1.4K           
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Table 521 Continued 

Positive Brush Negative Brush 

Load Current Voltage Contact Voltage Contact 
Drop Resistance | Drop Resistance 

(OHMS) (OHMS) 

2A 8.OmV 4.0K a fe 

5 10 2.0K enV 400 
210 ef. 10 16 1.6K 8 800 

20 26 1.3K 16 800 

o0 52 1.0K 50 1K 
109A 70 700 95 950 
200,,A 100 500 200 1K 
500u A 126 250 480 960 

mA 160 160 860mV 860 
2 165 82 1.20V 600 
7 210 4a 1.28V 260 

10 230 ao 1.20V 120 

260 ef. QuA 2mV 1.0K env 1,0K 

5 & 800 hy 800 

10 9 900 6 600 

50 36 720 28 560 
100 56 560 52 520 
200 80 £00 108 540 
509A 108 216 280 560 

iA 130 130 580 580 

2 140 70 740 370 
5 170 34 1.2V 240 

10OmA 210 21 1e14iv 114           
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Positive Brush Negative Brush 
  

  

  

  

    

Load Current 

Voltage Contact Voltage Contact 

Drop Resistance Drop Resistance 
(OHMS) (OHMS) 

310 2u4 ey 1.0K 2.0nV 1.0K 

Si 5 3.0 600 3.0 600 

10 5.0 500 40 460 

50 5 360 22 hho 

100 LO 400 32 320 

200 64 320 70 350 

500QuA &8 176 140 260 

mA 112 112 230 230 

5 180 36 780 156 

10 200 20 1.0V 100 

360 1OA 1.0mV 100 2.0mV 200 

ee 50 12 240 6.0 120 
100 2k, 240 10 100 

200 LG 230 “ - 

500uA 80 160 48 96 

1mA 108 108 100 100 

5SmA 160 32 330 66 

10 180 18 700 70 

50 230 5.0 800 16 

410 100A 2-3 20-30 2-3 20-30 

a 500nA 12 2h 12 oh 
1 mA ah 24 25 25 

SmA 62 12 120 oh 

LOmA 90 9 200 BO a iys 

460 200), 4 14 70 3 15 

es 5001 4 32 64 37 14 

ImA 36 56 14 14 

5mA 110 22 80 16 

LOmA 140 14 1.50 15              
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Positive Brush Negative Brush 
  

  

  

  

    

Load | Current 

Voltage Contact Voltage Contact 
Drop Resistance Drop Resistance 

(OHMS) (OHMS 

510 50,8 1.OmV 50 10 50 
& teat fen 1.0nV 10 1.0 10 

200 1.0mV 5.0 1 0 5.0 
500, A 2.0 4.0 2.0 4.0 

1mA 3.0 3.0 3.0 3.0 
5 9.0 1.8 10 2.0 

10 15 1.5 15 1.5 
50 51 iol 120 204 

100 "86 0.9 150 1.5 

560 | 500uA 1.0 2.0 1.0 2.0 
Gs lmA 2.0 2.0 1.0 2.0 

SmA 6.0 2 6.0 hoo 
10 10 1.0 6.0 0.6 
50mA Lo 0,8 30 0.6 

100 60 0.6 70 0.7 
500 180 0.4 300 0.6 

1A 250 0.2 L5Q 0.45 

610 mA Lan 1.5 1.5 1.5 
EF T1060 60 0.6 80 0.8 

500 170 0.34 190 0.38 
1A 150 0.15 200 0.20 

1060] mA 1.0 1.0 1,0 1.0 
EF lio 70 0.7 80 0.8 

500 160 0.30 160 0.32 
1A 140 0.14 180 0.18                
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shown by many authors to be largely determined by an oxides at the brush~ 

metal interface. Since gold does not form a coherent oxide at normal 

temperatures the contact resistance of electrographite brushes sliding on 

gold must have been due entirely to the constriction resistance of the 

contacts. A chemisorbed monolayer of oxygen forms on gold in air but 

the electric current would have passed through this layer by tunnelling 

without suffering any interference - Holm (22). 

The experiments on gold were carried out to give information about 

se the wat area of contact between the brush and the disk varied with 

running time. Prior to the experiments the brushes were lightly abraded 

with fine emery paper attached to the disk surface to ensure that the two 

running surfaces were parallel and that contact was possible over the 

whole apparent area of the brush face. After abrasion the brushes were 

thoroughly washed in petroleum ether. 

The static contact resistance was measured using a current of ImA, 

first with the load increasing in stages from 60gms.f. to 1060gms.f., then 

with the load decreasing,the measurements were repeated using an electric 

current of 1.Oamps. The measurements were carried out with the disk 

stationary before any running had taken place, with the brush contacting 

the same region of the disk track each time. The variation in contact 

resistance with load is shown in Figure 5.4. The curve was the same for 

the load increasing or decreasing using electric currents of ImA or l0amps, 

and no difference between the positive and negative brushes was detected. 

As would be expected the contact resistance decreased with increasing 

load, due to the increase in the real area of contact.
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Figure 5.4 Contact Resistance of an Electrographite Brush on Gold 

Under Static and Sliding Conditions.
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The contact resistance was also measured at various times during 

running, with the disk rotating. The results of these measurements are 

also shown in Figure 5.4 and it can be seen that these points lie very 

close to the static contact resistance curve. The results were very 

significant since they indicated that, during the experiment, the real 

-area of contact did not increase during running, contrary to the 

suggestions of Bickerstaff (21) and E.Holm(18). In a later section it 

will be shown that frictional force increased during running at 60gm.f. 

load even though no decrease in contact resistance occurred. 

5.3(iii) Contact Resistance on EN26 disks 

The contact resistance behaviour of electrographite brushes sliding 

on both annealed and hardened steel disks was, as was the wear behaviour, 

very similar to that of electrographite sliding upon aluminium. 

At low loads, below the load at which the transition from mild wear 

to severe wear occurred, the contact resistance was high and behaved in 

the same manner as on other metals (except gold). A decrease in the 

contact resistance resulted when the voltage drop across the interface 

exceeded a critical value. Table 5.2 shows the variation in contact 

resistance with current and voltage drop for brushes running in the mild 

wear regime under loads of 60gms.f. and 260gms.f. on hardened EN26 steel. 

Similar results for brushes running under the same conditions on an 

annealed EN26 disk are shown in Table 5.3. As previously described, 

when running on hardened steel at a load of 460gms.f. in the mild wear 

regime the contact resistance, measured at 1.0mA current, was about 

1000hms, whilst in the severe wear regime the contact resistance was
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Contact Resistance of Electrog 
    

Hardened EN26 steel disk 

raphite sliding unon a 

  

60g f.Load 260g,f. Load 
2 

  

  

  

Contact Contact Current | Voltage Resistance || Current Voltage Resistance 
(ohms) (ohms) 

10, A 180mV 18K 1Q/A SmV 500 
50 620 12.4K 50 18 360 

100 900 9.0K 100 39 390 
200UA 1.20V 6.0K 500A 190 380 

ImA 30 1.3K ImA . 350 350 
5 1.34 270 5 960 192 

10 1.40 10 10 1.22V 122 
20 1.42 71 20 1.22 61 
30 14k 48 30 1.24 hy 
50 LeAd 29 hO 1.20 30 

100 1.45 14.5 50 1.22 ak 
500 1.44 2.9 80 _ 1.30 16 
LOA: 140628 1.6 100 1.30 13 
205 WT 2.62 0.65 200 1.36 6.8 
5.0 1.62 0.32 300 1.40 466 

10A 1Le75 0.17 500 144 209 
800 1.46 1.8 

1.0A 1450 125 
2.0 1.55 0.77 
10 1.8 0.18                 
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Table 5.3 Contact resistance of electropraphite Sliding upon an 

annealed EN26 Steel disk 

  

  

Positive Brush only 

  

  

  

  
  

Load 60gf. : 260 g¢ f. Load 
Contact Contact 

Current Voltage | Resistance Current | Voltage | Resistance 
Drop (ohms) Drop (ohms) 

Lou A LOmV 1.0K loWA 4 OnV 400 

LOOps A 35 350 100A | 25 250 
200 75 OLD 200 LO 200 

400 50 B/D 400 80 200 

600 A . 220 360 600), A 120 200 

imA 550) 550 imA 170 170 

2 450 225 2 260 130 

5 860 172 5 750 150 

10 900 SO 10 900 SO 

20 960 48 20 960 48 

30 960 32 30 940 31 
Lo 920 2S LO 940mV 23 

60 1.00V 16.6 60 1.01 a7 

100 1.06V 10.6 100 1.08 10.8 

500mA 1.18 204 500 1.28 206 
1eOA 1.20 1.2 1.0A 1.32 1.3 

2.0A 1.32 0.65 2.0A 1.40 Ov? 
5.0A 1.36 0.27 520A 1.50 0.3 

10.0A 1.20 O12 10,0A 1.20 0.12               
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Q.4 ohms measured at ImA and decreased to 0.18 ohms at 1Oams. t loads 
in the severe wear regime on both materials, 460ems.f and 1060gms.f., the 
contact resistance measured at imA current was low, about 0.3 ~ 0.4 ohms 
and decreased slightly with current to a value of 0.14 ~ 0.18 at 10 amps 
current. A comparison between the contact resistances of brushes running 
on copper and steel, at loads of 460gms.f. and 1060gns.f. revealed that 
the contact resistance on steel was much lower than on copper. Since the 
copper had a much higher conductivity and was much softer, one would 
expect the opposite to be true. The greater resistance when running upon 
copper must have ‘been due to oxide layers at the contacts. 

523.(iv) The Contact Resistance of an Electrographite Brush Sliding upon 
en klectrographite Disk 

The contact resistance of an electrographite brush Sliding upon 
electrographite WaS, as would be expected in the absence of oxide, very 
low. The contact resistance was measured at one load only 60gms.f. and the 
results are shown in Table 5e4. The resistance was ahaeurse with the 
electric current passing through the interface in both directions and no 
polarity effect occurred. A slight decrease in contact resistance was 
detected at high brush currents,
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Table 5.4. Contact Resistance of Electrorraphite Sliding upon     
Electrographite       

Current through brushes increased after each reading. 

Brush Load 60gf. 

  

  
  

Current . Voltage. Contact 
Drop Resistance 

(ohms) 

5QuA 0.015nV Ss 
100 : 0.03 0.3 
200 1, A 0.07 0.28 

TinA 0.29 0.29 
5 1.45nV 0.29 

20 5:9 0.29 
50 14,9 0.30 

100 31 0.31 
500 145 0.29 
1.0A 280 0.28 
BO 0.53 reducing to 0.5 0.26 + 0.25 4.0 0.88 " 0.65 “0.22 —» 6.16 5.0 Ooo oS aes 0.16 + 0.15          
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5.4. The Frictional Force of Electrographite 

5.4(i) Electrographite Sliding upon Copper 

The frictional force of carbon brushes sliding upon copper has 

been fully investigated by a number of authors, as outlined in 

Chapter 1. Carbon brushes sliding upon materials other than copper 

have also been investigated but to a much lesser extent, the most 

common alternative materials being steel, carbon and gold (17), (18), 

(42). Unfortunately these experiments have been carried out under a 

wide variety of running conditions using many different types of carbon 

material, and because of this diversity in the operating conditions the 

results obtained cannot be related to the results described here. How- 

ever, the experiments of Bale (43), Davies (20), Holm (19), 

Lancaster and Stanley (17), Quinn (10) and White (31) were carried out 

on electrographite brushes under conditions similar to those described 

here. The limited number of results obtained from running upon copper 

confirmed that the frictional force was behaving in a manner very 

Similar to that described by these authors. 

Those authors who have measured the frictional coefficient of 

electrographite upon copper at high currents are in agreement with each 

other that the frictional coefficient under these conditions is within 

the range 0.14-0.17. At low currents there is a much wider variation 

in the measured values of frictional coefficient, from 0.2 to 0.35. 

This wide range of values could possibly arise from the diversity of the 

operating conditions, the changing parameters having a greater effect 

upon friction at low currents. 

The no current equilibrium value of frictional coefficient obtained 

in these experiments at 60gf. load was 0.3. This value was in agreement
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with that quoted by Quinn (10) and was within the range reported by 

Bale, who carried out an investigation into the effect of the hardness 

of the copper upon friction. 

The behaviour of the coefficient of friction with electric 

current was the same as upon aluminium at the same load, although the 

irregular behaviour of the friction limited the extent of the invest- 

igation. The frictional force remained constant until a current of 

50 MA was passed through the brushes when a decrease in friction 

occurred. The friction decreased further with increasing current 

until at a current of 10 amps the coefficient of friction had decreased 

ton03.16;, 

The effect of applied load upon the friction coefficient has been 

investigated in detail by Quinn (10) who showed that a decrease in 

friction occurred with increasing load. The results obtained here also 

showed some decrease in frictional coefficient with load, although the 

erratic behaviour of the friction presented direct confirmation of 

Quinn's results. ‘The variation in friction with load is shown in 

Table Des 

  

  

Load Frictional Coefficient 

ef. Force gf. of Friction 

60 18 O55 
110 23-27 O221-0.25 
160 28-30 0.18-0.19 
L60 80~95 0.18-0.21 
560 110-114 0419-0.20 
1060 156-216 0.15=0.20           

Table 5.5 Variation in coefficient of friction of electrographite sliding 

upon copper with applied load
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At the higher loads, 560gf. and 1060gf., electric current had 

no effect upon friction until high currents, 5 amps were passed through 

the brushes when a decrease in friction took place. This high current 

friction was erratic but the frictional coefficient was within the 

range 0.14-0.17 found by other authors. 

5.4(ii) Electrographite Sliding upon EN26 Steel 

The hardness of the EN26 steel had little effect upon frictional 

force, provided measurements were made in the same wear regime. 

Table 5.6 shows the variation in coefficient of friction with electric 

current for both the annealed and hardened disks at a load of 60gf. 

At an electric current of about 40 mA the friction began to decrease 

and further increases in electric current produced greater reductions 

in friction. At a higher load in the mild wear regime the frictional 

force behaved in a similar manner. Table 5.7 shows the veriation in 

friction with electric current at a load of 260 gf. When running under the 

higher load no decrease in friction was detected until a current of 

100 mA was pa peta carcuek the brush. These results showed that in the 

mild wear regime the frictional force was independent of the hardness 

of the metal but was strongly dependent upon the applied load and 

electric current. 

Above Pe Gansiticn load, in the severe wear regime, the coefficient 

of friction was lower than in the mild wear regime, 0.14 at a load of 

1060 gf. No decrease in frictional force occurred until an electric 

current of 5.0 amps was passed, when a reduction in friction of 12% 

took place. Upon increasing the current to 10 amps a further reduction 

in friction of 10% occurred.
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Hardened EN26 Steel Annealed EN26 Steel 

  

  

  

  

Load 60 gf. Load 60 ef. 

Current |Frictional | Frictional Current | Frictional | Frictional 
Force gf. Coefficient Force gf. Coefficient 

co 18.5 0.31 0 18.5 0.31 

10y A 18.5 0.31 

50 1655 0.51 

200 18.5 0.31 2001 A 18.0 _ 0.30 

1 mA 18.5 0.31 1 mA 18.0 0.30 

5 0s 0.31 5 18.0 0.30 

10 18.0 0.30 10 18.0 0.30 

30 18.0 0.30 30 a7 5 0.29 

4O 170 0.28 

50 1750 0.28 

100 17.0 0.28 100 16.5 05275 

500 mA 16.0 0.27 500 mA 16.0 0.27 

1A 14.0 0.24 LA 15.0 Oua7 

2.5 4A 19 0.23 2.0 A 14.5 0.245 

5S.0cA 11.0-13.0 0.18-0.22 5.0 A 11.0 0.18 

10.0 A 9.5 0.16               

  

Table 5.6 Variation in friction with electric current on annealed and 

hardened EN26 steel disks at a load of 60 gf. 
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Hardened EN26 Steel Annealed EN26 Steel 

Load 260 fg. Load 260 gf. 

Current Frictional | Frictional Current | Frictional | Frictional 
Force gf. Coefficient Force gf. Coefficient 

0 66.0 0.252 0 64.0 0.246 

10 WA 66.0 0.252 10 pA 64.0 0.246 

100 66.0 0.252 100 64.0 0.246 

500 A 66.0 6.252 600 A 64.0 SO Bh6 
1 mA 66.0 0.252 1 mA 64.0 0.246 
5 66.0 0.252 5 64.0 ee Oeahh 

10 66.0 0.252 10 64.0 0.246 

50 66.0 0.252 LO 62.0 0.24 

80 66.0 0.252 60 62.0 0.24 

100 mA 64.0 0.246 100 mA 61.0 0.234 

200 62.0 0.24 

500 62.0 0.24 500 59.0 0.227 

LA 58.0 0.22 LA 57.0 0.22 

2A 56.0 0.216 2A 52.0 0.20 

SA 52.0 0.20 SA 47.0 0.18 

10 A 42.0 0.16 10 A 41.0 0.16               

  
Table 5-7 Variation in friction with electric current on annealed and 

hardened EN26 steel disks 

the mild wear regime. 

at a load of 260 gf. operating in 
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5.4(iii) Electrographite Sliding upon Gold 

Measurement of the frictional force during running showed that 

friction increased with time of running at a load of 60 gf., during the 

same period no change in contact resistance occurred. This experiment 

was stopped before equilibrium was fully established, the equilibrium 

value of frictional force may therefore be higher than the value quoted. 

Table 5.8 shows the variation in friction with time of running, 

electric current and load. 

  

  

  

  

    

Time of Frictional Coefficient Electric 
Load re L bee UY @ cE 

Running (Hours) Force gf. of Friction Current 

12 14 se gee 0 

48 LD Oce5 O 

108 15 0.25 oO 

60 ef. 180 18 0.30 oO 

18 0.30 500 mA 

18 0.30 LOA 

a Ose 507A 

181 14 0.24 10 A 

160 ef. ok 46 0029 0 

L60 ef. a4 120 0.26 O 

124 Ove? Oo 

1060 ef. 70 290 Oa? Oo 

320 6.50 O           
    fable 5.8 Variation in friction for electrographite sliding upon gold.
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From Table 5.8 it can be seen that although the frictional force 

decreased with electric current, no decrease in friction with applied 

load occurred. 

5.4(iv) Electrographite Sliding upon Electrographite 
  

When sliding an electrographite brush upon an electrographite 

disk no increase in frictional force with time of running occurred. 

The friction rapidly reached an equilibrium value which appeared to 

be independent of the applied load. Under a load of 60 gf. the 

coefficient of friction had a value of 0.15-0.17 and remained within 

this range until an electric current of 5 amps was passed through the 

brushes, when the coefficient of friction fell to 0.10. At a load 

of 160 gf. the frictional coefficient was about 0.17. 

Under a load of 1060 gf. the frictional coefficient rapidly 

attained an equilibrium value of 0.19-0.20 and remained at this value 

for several days running. However, the frictional coefficient suddenly 

dropped to 0.08, this fall being associated with a marked increase in 

brush wear rate and glazing of the running surfaces.
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525 Physical Analysis of Worn Surfaces. 

Physical analysis of the surfaces formed during sliding upon materials 

described in this chapter was carried out using electron probe microanalysis 

and scanning electron microscopy but was confined to a comparison of 

these surfaces with those formed upon aluminium. 

With the exception of when running upon electrographite the nature 

of the surfaces formed depended upon which wear regime the brush was 

operating in rather than the disk material. 

Below the transition load when running upon annealed EN26 steel 

the topographies of both the brush and disk surfaces were the same as 

the mild wear topographies formed when running upon aluminium. The surface 

of the disk ove smooth, isolated islands of transferred graphite | 

and the brush surface became overlaid by a smooth, soit Siidew graphite 

film similar in appearance to that shown in Figure 4.27, No detailed 

investigation into the nature or thickness of the brush film formed from 

running upon steel could be carried out. 

Above the transition load the surfaces behaved in the same manner 

es described in Chapter 4for aluminium, the amount of laid down graphite 

upon the steel surface increasing to 100%coverage. Due to the small 

number of specimens examined it was impossible to select characteristic 

steel surfaces or determine the effect of load or elecric current upon 

the disk topography. The brush tepography formed above the transition 

load was extremly smooth and highly polished with little cracking or 

flaking of the surfacee Once again however the small number of specimens 

available prevented a detailed examination, 

A topographical study of the surfaces formed upon the hardened 

EN26 steel could not be succesfully carried out due to difficulty in 

cutting specimens from the disk without destroying those surface features 

of interest. A replica technique was attemted but because areas of
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graphite were removed from the surface with the replicating plastic a 

false topography was obtained. Investigations into the hardened steel 

surfaces were confined therefore to optical examinations. From this 

limited investigation it would appear however that the hardened steel 

disk topography in both the mild and severe wear regimes differed little 

from the surfaces foxed upon the annealed steel and aluminium in the same 

regimes. Examination of brush surface showed once again the presence of 

an overlaid graphite film with fatigue type cracking at loads below the 

transition load. Above the transition load the brush surface had the 

characteristic severe wear topography of a highly polished surface with 

little evidence of fatigue type cracking.. 

Elecron; probe microanalysis of the worn brush surfaces revealed the 

presence of transferred iron from the annealed and hardened disks but no 

detailed investigation into the effect of load or electric current upon 

the amount of transferred iron was performed. 

When sliding upon the copper disks both the disk and brush surfaces 

retained the fatige type topography characteristic of mild wear up to the 

highest load used, 1060gf. Figure 5.5 shows the surface of the copper wear 

track formed at a load of 460gf. Lateral and transverse fatigue type 

cracking is clearly visible together with tilted fingers of graphite, 

described by Fullam and Savage (6). These tilted graphite flakes were 

found only in certain areas on the copper disk and were not generally 

characteristic of mild wear running on all materials. Scanning electron 

microscopy of the brush surface formed against copper showed that the 

brush topography at all loads was characteristic of that formed under 

mild wear conditions, a coherent surface film of graphite with widespread 

cracking and flakinge Electron probe microanalysis of the brush surface 

showed small particles of transferred coppers 

Optical examination of the wear track formed upon the gold disk
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2p 

: (b) 

Figure 525 Surface Topography of Copper Disk Formed During Mild Wear 

Running at a Load of 460ef,
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revealed the complete absence of any transferred graphite film, although 

some loose graphite wear debris was present upon the surface. The brush 

surface however attained the typical mild wear topography: described for 

aluminium, a coherent surface film with fatigue cracking. 

When sliding upon an electrographite disk the nature of the surfaces 

formed was entirely different from those formed when sliding against 

metals. No graphite films were formed upon either the wear track on the 

disk or the brush surface. Both running surfaces became smooth and highly 

polished but retained their porous structure. The surfaces after running 

had the same appearance as the metallurgically polished surface shown in 

Figure 4.26 (a). 

When sliding under a load of 1060gf. the brush surface took on a 

highly glazed appearance which was associated with a marked Spee in 

wear rate and a fall in friction. No change in the surface topography 

could be detected to account for these phenomena.
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526 _X~Ray Analysis of Wear Debris. 
  

The principles involved in the analysis of the wear debris have been 

outlined in section 4.16 for aluminium and these principles apply 

equally to analysis of the debris produced upon other materials. 

5e6(i) Wear Debris Preduced upon Copper. 

Structure Factors of Copper and Cuprous Oxide (CuO) 
  

Copper has a face centred cubic structure with atoms at (0,0,0), 

(0,4,3), (3,0,3), (4,3,0). 

The structure factor for any set of planes giving rise to reflections 

is given by; : 

Lae = 16 i where hk are allodd or aij even. 

  

Cuprous oxide has a cubic structure containing 4 copper atoms and 

2 oxygen atoms per unit ain: Copper atoms occupy positions at (2,2,2), 

($5%10), (2,3,2), (4.24%) end oxygen atoms occupy sites at (0,0,0) 

and (3,4,4). 

The structure factor of the (111) and (220) planes are; 

2 

nh - 16 end oe e, [as,, a at, | 

where fou and fy are the scattering factors of the copper and oxygen 

ions respectivelly. 

Calculation of "R", 

Once the structure factor has been found the value of "R" can be 

calculated. These calculations are shown in Appendix I and the results 

tabulated in Table 529. 

  

  

  

      

Material Cu Cu Cu Cu Cu Cu Cu,0 Cu.0 

Plenes AAA 200. 220 S44 ata 460 111 220 

"Ri 307. We” 96,5 84 31 16 200 54 :   
  

Table 5.9 Values of "R" for Copper and Cuprous Oxide.



218 

Microdensitometer traces were obtained from the X-ray powder photographs 

of the wear debris produced running on coppers From the microdensitometer 

trace the integrated intensity (I) of the diffraction maxima from those 

planes giving rise to a reflection was measured, The values of Ts for 

the diffraction maxima were calculated and plotted against the Bragg 

angle © . for each constituent of the wear debris. 

Figures 5.6, 507 and 5.8 show the graphs of as against 6 ebtained 

from the wear debris formed at loads of 510gfe, 560gf., and 1060g¢f. 

respectivelye Shown in Table 5.10 are the proportions of Carbon, Copper 

and CuO in the wear debris produced at these loads and the percentage 

composition of the wear debris. 

  

  

  

  

                  

LOAD 

Componant 510gfe 560gf. 1060gf-. 

material , 
Proportion | % Proportion % Proportion % 

Cc 21 93 15 90 24 94 

Cu 1 Ao 1 6.0 1 3.9 

CuO 0.6 266 0.6 4.0 0.6 2.1 

| 

Table 5.10 Composition of Wear Debris Produced fron Sliding upon 

Coppere 

From Table 5.10 it can be seen that the relative proportions of 

Cu and Cu,0 remain~ constant with load. The % composition of the wear 

did not vary with load over the range investigated.
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Figure 5.6 Graph of 7 against Bragg Angle for Wear Debris Produced 

from Sliding on Copper at a Load of 510gf. 
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Figure 5.7 Graph of we against Bragg Angle for Wear Debris Produced 

from Sliding on Copper at a Load of 560gf.
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Figure 5.8 Graph of The against Bragg Angle for Wear Debris Produced 

from Sliding on Copper at a Load of 1060gf.
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5-6 (ii) Wear Debris Produced on other Materials. 

Insufficient wear debris was collected from running on Gold for a 

succesful X-ray analysis to be carried out. 

When sliding upon EN26 steel disks sufficient wear debris was collected 

at the higher loads for an X-ray photograph to be obtained. However due to 

the extremly weak diffraction lines from the minor constituents no 

quantitative analysis could be performed. Although the lines from iron and 

its oxides could be detected by the naked eye they could not be 

distinguished from the background by the microdensitometer. The major 

componant of the wear debris was carbon with traces of iron and iron oxide. 

constituting less than 1% of the debris.
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Chapter 6 Discussion of Results 

6,1 The Wear Rate Transitions and Oxide Film Breakdown 

The results discussed here apply mainly to electrographite sliding 

without electric current, except for brief periods when the contact 

resistance or frictional force were being investigated. The effect of 

current upon wear will however be briefly discussed. 

The results,obtained from running upon aluminium, described in 

Chapter 4, showed that at low loads the wear rate was low and acceptable 

to brush users. The wear could be considered to be in the "mild wear 

regime" and the wate were comparable with those of electrographite 

sliding upon copper. Figure 4.1 shows the variation in wear rate of the 

electrographite with applied load. At a load of 260 g.f. the wear rate 

underwent a transition from a mild wear regime to severe wear, Unfortunately 

this transition load is within the normal operating range of loads for 

electrographite (23-10 p.s.i.) and hence would make thé use of aluminium 

unsuitable because of this high wear rate and unpredicable behaviour. 

Proportional analysis of the wear debris using X-ray diffraction proved 

difficult at loads in the mild wear regime due to the small amounts of 

debris available and hence no definite relationship between the wear of the 

aluminium and the applied load could be established. At a very low load, 

60 g.f., the wear of the aluminium was comparable with that of copper under 

Similar conditions, but since the proportion of aluminium in the. debris 

remained approximately constant with load it would appear that the wear rate
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of the aluminium undergoes a similar transition to the electrographite. 

For high brush loads the wear of the pure aluminium was unacceptably high. 

At the wear aie transition load a marked change in contact resistance 

behaviour also took place. An investization into the effect of electric 

current on the contact resistance showed that at loads below the transition 
\ 

load the contact resistance behaved» in the same manner as has already been 

established upon copper (19) (21), this is shown in Figures 4.2, 4.3 and 

4.6. After an initial ohmic region the contact resistance began to fall 

when: a critical potential difference, about 1.1 volts, was exceeded. Beyond 

this atthe any increase in electric current produced a further decrease in 

contact resistance. 

When the load was increased above the transition load a substantial 

reduction in contact resistance occurred. The contact resistance was low 

even at small currents and very little reduction in contact resistance was 

produced by increasing the current. If the oxide film theory used to explain 

the contact resistance behaviour of copper (19) is extended to includé 

aluminium, and the similarities in behaviour show that this is justified, 

then the contact resistance at the interface was controlled primarily by the 

metal oxide film, rather than the constriction resistance of the -junctions. 

It would thus appear that, at a critical load,mechanical disruption of 

the aluminium oxide on the disk surface takes place producing a transition 

> NErke ( 
to ke, ee regime.. 

One of the major obstacles in determining the effect of applied load 

upon the interface arises from the difficulty in calculating the real area 

of contact at the interface, and the magnitude of the stresses set up in
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he contacting materials. Lancaster (32) has shown that the stresses set 

up in the contact surfaces when an electrographite brush slides on copper 

are elastic. This was established from observations of the slopes of 

surface irregularities. The calculations used however relied upon the 

Youngs modulus of the carbon material. The normally quoted values are 

obtained using either tensile specimens or small compression specimens 

and it is very unlikely that these quoted values will be the same as the 

Young's modi us of the contact asperities or surface films. The same 

difficulty applies to the measurement of hardness of carbon brush material. 

The most reliable estimates are made using a microhardness tester, but 

this must ‘novi teuly erdeh the brush material into the pores and give a 

false reading. 

The nature of the contact at the interface must also be influenced 

by the graphite film which has been found to form on both the brush and 

metal surfaces. The effect of these films upon the load distribution 

is unknown and it was highly unlikely that the elastic modulii of the 

graphite films were the same as those of the bulk carbon. Thus it can be 

seen that it was extremely difficult to accurately assess the stresses 

acting at the interface for any load and even more difficult to determine 

how these stresses tanked with load, since scanning electron microscopy 

has shown that the thickness of the surface films varied with load. 

The difficulty in calculating the stresses at the interface resulted 

in an experimental method being used. The contact potential waveform, 

displayed on an oscilloscope, was used to show whether plestic or elastic 

deformation of the metal was taking place. The experiments described in 

section 4,8 have shown that the contact potential waveform between the 

electrographite brush and metal disk was determined primarily by the contect
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configuration on the metal surface, in agreement with the results of 

Holm (19) and Stebbens (24). A steady, or slowly changing, waveform 

indicated that the contact confisuration was making repeated contact with 

the brush and therefore had been elastically deformed. 

When an electrographite brush was run on aluminium at a load below 

the transition load the contact potential waveform was steady and repeat- 

able and changed very little over a 24 hour period, indiceting that, at 

these low loads, the metallic asperities were making repeated contact. 

When the brush load was increased above the transition load the oscilloscope 

trace became very unstable and no repeatable weveform could be obtained, 

indicating that the metallic asperities no longer made repeated contact. 

The rapidly changing contact configuration could have arisen for two 

reasons, either the metallic asperities were being deformed plastically 

by contact with the brush, or, an aluminium wear fragment was being 

produced at each encounter resulting in a continuously changing topography. 

If the latter case had been the cause of the unstable waveform an 

increase in the wear rate of the aluminium would be expected and X-ray 

diffraction suggests that this may indeed have occurred. However, a 

closer investigation shows that the increase in wear rate detected by 

X-ray diffraction is very much lower than would be expected. 

At loads below the transition load the waveform was very steady and 

the probability of producing a wear particle at an encounter was very 

small. Some idea of the order of magnitude of this probability can be 

found by considering the K-factor of the wear process, first introduced 

by Archard (44),
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The wear rate of a sliding member q@ is given by: 

@ = KA where A is the real area of contact and K is the probability 

of a wear fragment being formed at an asperity encounter . The area of 

contact can be calculated from 

W 
A =:- 

ie 
m 

where W is the applied load and re is the hardness of the contact material. 

In the case of electrographite sliding upon aluminium this assumption 

will not be valid for the reasons given previously, however this will 

give an order of magnitude for the K-factor. 

Therefore, we have W = 

4 
For the pure aluminium used the hardness Pi is approximately 2x 10 g.f. 

-2 
mm. 

At 260 g.f. load in the mild wear regime the wear rate of the 

aluminium is approximately 107 an? / mn sliding. Hence substituting in 

oe Kw gives 1072 mn? = K,260 Bef. - mn? 
© se mm 2x 10% gf. 

10 I 

  

Hence K~ 107° 

This is a low K factor consistent with the very low wear ret®: involved 

in this. sliding situation. An approximate calcualtion of the k factor 

from the length of time elapsing before the waveform has changed completely 

gives a value for K of approximately 10 .



228 

After the transition load has been exceeded the unstable trace 

showed that the contact configuration was rapidly changing. Had this 

change been produced by the formation of a wear fragment at every encounter 

the K factor would have to have increased to a value of ioe with an 

increase, in wear rate of about 10 Himes, No such increase in the wear of 

the aluminium was found, the measured increase being of the order of 10 

times. It was thus highly unlikely that the rapidly changing waveform 

was due to the formation of a wear fragment at every encounter. It is 

proposed that the rapidly changing waveform at loads above the transition 

load was caused by the asperity. configuration changing due to plastic 

deformation of the soft aluninium without the formation of an aluminium 

wear fragment at every encounter. 

Thus to summarise the wear rate characteristics of electrographite 

Sliding upon aluminium at various loads we have : = 

Below transition load 

The brush was operating in a mild wear regime with wear rates of 

about 107 72107 Com Fen Sliding, this wear rate being proportional to the 

applied load. The contiet Henfotance at the interface was relatively 

high, 107.10 ‘ohms and decreased with increasing electric current once a 

critical potential had been exceeded. This contact resistance behaviour 

suggested the presence of a mechanically undisrupted oxide film at these 

loads. The contact potential waveform indicated that at these loads the 

Stresses in the aluminium were below the elastic limit of the aluminium 

and repeated asperity encounters occurred. 

Above transition load 

At the transition load the wear rate increased to a more severe 

regime and the wear rate appeared to be increasing at a greater rate than 

the increase in load. At the transition load the contact resistance
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decreased and was afterwards affected very little by electric current, 

indicating severe disruption of the oxide film at the metallic contacts. 

At loads above the transition the contact potential waveform was unstable 

due to plastic deformation of the aluminium contact asperities. 

Thus, the transition from the mild to the severe wear of the electro- 

graphite sliding upon aluminium, and the mechanical disruption of the oxide 

film were strongly connected. The mechanical disruption of the oxide 

probably resulting from the onset of plastic deformation of the aluminium, 

this ,however, will be discussed later. 

Measurement of the wear rate of an electrographite brush sliding upon 

copper tdeatl an 5.1) at various loads revealed that no transition from 

mild wear to severe wear occurred within the range of loads investigated. 

The wear rate of the electrographite increased in proportion to th 

applied load with no discontinuities in the graph. The absence of any 

transition when running upon copper suggested that the presence of the 

transition when running on aluminium was due to a change occurring at the 

metal surface, rather than a load dependent change taking place in the 

graphite material. 

The wear rates of electrographite sliding upon copper shown in 

Figure 5.1 were of the same magnitude as the wear rates of electrographite 

sliding ea aluminium in the mild wear regime and remain within this 

mild wear regime for all. loads, with wear rates varying between 

2x 30 anim sliding and 7 x 1077 mam sliding. 

The contact resistance behaviour of electrographite sliding upon 

copper was also different from the behaviour of electrographite sliding 

upon aluminium and no sharp change in the contact resistance
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characteristics occurred with load. The shape of the contact resistance 

versus potential difference curve was the same as hes been reported by a 

number of previous authors (21),(42). 

After an initial ohmic region, at low potential differences and low 

currents, the contact resistance began to decrease, when a critical 

potential difference was exceeded. When the brushes were run under a 

load of 60g.f. the value of this critical potential was approximately 

0.1 volts for the positive brush and 1.0 volts for the negative brush. 

The value of breakdown voltage for the positive brush was in “evSément 

with the value obtained by Bickerstaff (21) at a similar load, however, 

his results were restricted to the positive brush due to "copper picking" 

at the negative brush interface. Apart from the values of breakdown 

voltage there were no marked differences between the characteristics of 

the positive and negative brushes. Electron probe microanalysis has shown 

that wear particles ware transferred to both the negative and positive | 

brushes from a1], the metal surfaces under investigation » but these 

particles did not appear to have any great effect upon the running 

characteristics. 

In contrast to the results of Bickerstaff (See Figure 1.5 ) these 

experiments showed that as the brush load was increased the value of the 

low voltage ohmic resistance decreased, this is shown in Figures 5.2 and 

De5 and at higher loads in Table 5.1. This result was not unexpected, 

Since an increase in load should result in an increase in the real area 

of contact and a consequent decrease in contact resistance. The results 

also showed however that as the brush load was increased the value of 

the potential at which breakdown occurred was also decreased, possibly 

due to a reduction in the oxide film thickness. From these results it 

would thus appear that when the electrographite brushes were run upon |
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copper the thickness of the copper oxide film decreased with increasing 

brush load but complete mechanical breakdown did not occur at the loads 

used. 

The contact potential waveform obtained at all loads was steady and 

repeatable, showing that multiple asperity encounters were occurring even 

at high loads, up to 1060gf. Minder load of 1060gf. the wear rate of the 

brush running upon copper, although still operating in the mild wear 

region, was comparable with the wear rate of electrographite sliding on 

gineitnd tin at 260g.f. in the severe wear region. In the latter case, 

however,the wavetrace was unstable and not repeatable. This was further 

evidence that the nature of the potential waveform was determined by the 

asperity configuration of the metal rather than that of the electrographite. 

The results discussed so far, for aluminium and copper disks, 

suggest that possibly one of the most important factors in determining 

the weer behaviour of the electrographite was the hardness of the disk 

material. The transition from mild wear to severe wear of electrographite 

sliding upon aluminium (20VPN) corresponded to the onset of plastic 

deformation of the metal whilst the absence of any such transition on 

copper (80VPN) was due to the harder copper resisting plastic deformation 

until loadsoutside the range of investigation were reached. However, this 

explanation must be rejected, or at least severely modified, when the 

results obtained upon other materials, notably steel, are considered. 

The results obtained when running upon EN26 steel showed (Figure 5.1) 

that a transition from mild wear to severe wear occurred at unexpectedly 

low loads on both the annealed and the hardned disks. The wear rate of 

the electrographite sliding uvon hardened EN26(550-580 VPN) was slightly
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less than on copper or aluminium in the mild wear region at the same 

load. At a load of 460gf however the wear rate of the electrozraphite 

LOLS ae : 3 mna°/(mm sliding) in the mild wear tat res cea from a value of 8.5 x 10° 

region to a value of 2 x 10° iat Cee sliding), and at loads above 460g.f. 

the wear bortinnied in this severe wear region the wear rate of electro-~ 

graphite was comparable with the wear rate of electrographite sliding 

upon aluminium, although still slightly less (6 x 460 win Pian sliding 

compared with 2 x fr Za sliding at 1060g.f.1load). 

When sliding upon hardened steel the wear transition occurred at a 

definite load, 460gf., and could easily be reproduced. However, the wear 

transition which took place upon the annealed steel (270VPN) was 

unpredictable, occurring at loads as low as 160g.f. and the transition 

was influenced by the past history of the disk. 

Irrespective of the transition load or disk history there was, as 

when running upon aluminium, a strong connection between the brush wear 

and the contact resistance characteristic. The Uebentons of the contact 

resistance between the electrographite and the steel disk was more 

erratic than when running on either aluminium or copper. The value of 

the low voltage ohmic resistance varied with time of running and the 

breakdown voltage was irregular. The erratic behaviour prevented an 

accurate determination of the variation in contact resistance with either 

electric current or brush load. Despite this difficulty, however, it 

was obvious that when the brush was operating in the mild wear regime, 

at a load below the transition load, the contact resistance behaved ina 

Manner consistent with there being a mechanically undisrupted oxide film 

at the interface. The contact resistance characteristics of the positive 

brush running the mild wear region at loads of 60g.f and 260g.f. on the 

annealed steel and the hardened steel are shown in Tables 5.2 and 5.3
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respectively. These resistance values show that when a critical voltage 

was applied across the interface a reduction in contact resistance occurred, 

as on a and aluminium. When running under loads above the transition 

load in the severe wear region, the contact resistance was characteristic 

of "metallic" contact, low and unaffected by electric current indicating 

that mechanical disruption of the iron oxide had taken place. 

X-ray powder diffraction anelysis of the wear debris collected during 

running upon both the hardened and annealed steel at all loads and currents 

showed that the major constituent of the debris was, as expected, carbon 

with only minute traces of iron or its oxides present. The diffraction 

lines from these minority constituents were visible only to the naked eye 

and their intensities could not be recorded with the microdensit ometer, 

indicating thet the amount of iron in the wear debris was considerably 

less than 1%. Thus the wear of the steel wes extremely low, even when the 

wear of the electrographite was in the severe region. Monitoring of the 

contact potential waveform revealed, not unexpectedly, that the contact 

asperities upon the hardened and annealed steel disks were making repeated 

contact with the brush indicating that the stresses in these contact . 

asperities were below the elastic limit of the steel. 

The similarities in the wear rates at loads below the transition 

load on aluminium and steel and for copper (no transition) suggests that 

in this region the hardness of the underlying metal had. only a minimal 

effect, although for these three materials the wear rate decreased 

Slightly with increasing hardness. The narrow range of values of transition 

load, 160g.f - 460g.f. for a wide range of material hardnesses, 20-58CVFN, 

and the transition from mild to severe wear on annealed steels at a lower 

load than on the much softer aluminium also suggests that the hardness of 

the metal could not have hada direct influence upon the wear transition.
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This is further supported by the fact that although the stresses on the 

copper and steel disks stayed below the elastic limits of the metals a 

transition occured won the steel but not upon the softer copper. 

The results discussed here have shown that there is a very strong 

connection between mechanical disruption of the metal oxide and the 

tinned ties from mild wear to severe wear, and this oxide disruption 

rather than the material hardness would appear to be the prime factor in 

determining the wear behaviour. Consider now why mechanical disruption 

of the oxide films on aluminium and steel occur at relatively low brush 

loads, between 160gf and 460gf, whilst the oxide upon copper remains 

undisrupted up to a load of 1060gf even though a reduction in oxide film 

thickness takes place. An examination of the mechanisms of oxide formation 

and the crystallography of the oxide films reveals a possible explanation 

of these occurences. 

The initial stage in the oxidation of metals is the formation of a 

physisorbed monolayer of oxygen molecules on the surface of the metal. 

These molecules are held onto the metal by weak Van der Waals forces 

( 0.05 eV). However, after dissociation of the oxygen molecules the 

atomic oxygen is chemisorbed onto the surface with much stronger binding 

forces (1-8eV). Growth of the oxide film takes place by movement of either. 

the metal ions or oxygen ions through the film, the rates of oxidation 

being dependent upon the temperature and oxygen pressure (45). 

Measurement of the thickness of oxide layers on copper sliding 

against graphite brushes (22)has shown that the thickness varies between 

10R to GOR. The measurement of contact resistance and applied potential 

described in Chapter 4 indicate that at a brush load of 60gf the thickness .
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of the oxide on the aluminium disk was approximately Lok, assuming that 

electrical breakdown of the oxide occurs when an electric field of 2 x 10° 

volts)/metre is exceeded. This value of oxide thickness is consistent 

with values obtained for the equilibrium film thickness obtained in static 

oxidation experiments and indicates that light loads have very little 

effect upon the aluminium oxide film thickness (45). 

These results indicate that the oxide layers formed during the 

sliding experiments were less than 100 thick and we will therefore 

only consider the growth and structure of thin oxide films. The lowest 

energy state of an oxide will be when the oxide exists in its undeformed 

bulk form. However, when a thin oxide film grows upon the surface of a 

metal its structure will be influenced by the forces at the interface 

between the metal and oxide. 

Experiments have been carried out by Mehl, McCandless and Rhines 

(46) in which they studied the formation of thin cuprous oxide films upon 

single crystals of copper. They found that the cube axes of the oxide 

lattice and the cube axes of the parent metal lattice were parallel. The 

oxide film was formed simply by an expansion of the lattice of the 

atomic copper in the metal to the copper ion lattice in the oxide without 

a change in orientation. The lattice parameters of the metallic copper 

and the copper ions in the oxide being 3.618 and 4.268 respectively. 

Similar work carried out by Bardolle and Bernard (47) and by Mehl et al 

(46) has shown thet a similar orientation relationship exists for the 

oxidation of iron. The oxide grows on the parent metal with a crystall- 

ographic orientation such that oxidation can occur simply by an 

expansion of the metal lattice to that of the oxide. 

These findings show that the metallic ions try to maintain the 

crystal structure of the metal within the oxide. This original structure 

can however only be continued into the oxide if its unit cell is
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distorted, since the lattice parameters of most oxides differ from those 

of the parent metal lattice. Mehl, et al (46) have found that thin oxide 

films grown upon copper do in fact suffer such distortions. 

A mathematical model proposed by Frank and Van der Merwe (48) to 

explain the formation of dislocation has also been suggested by Cabrarra 

and Mott (49) to explain the growth of thin oxide films. This theory 

shows that if the mismatch between the lattice of the metal and the 

lattice of the metallic ions within the oxide is below a certain value 

then the oxide will grow with the lattice spacing of the underlying metal. 

The amount of permissible mismatch varies from metal to metal but is 

normally betweén 9 ~ 15%. The oxide film produced under these conditions 

is deformed and will not be in its lowest energy state, although it will 

be in the thermodynamic equilibrium. 

‘The theory of Frank and Van der Merwe is restricted to the formation 

of thin films since as the oxide thickness increases the strain within 

the oxide also increases until at a critical thickness the Wceudosurade 

film recrystallises to the structure and parameters of the bulk oxide, 

The thickness at which recrystallisation occurs depends upon the initial 

stresses in the oxide at the interface. At the point where recrystallisation 

of the oxide occurs flaws must develop to account for the mismatch with a 

consequent weakening of the oxice at this point. 

Tt has thus been shown, both theoretically and experimentally, that 

thin oxide layers formed upon the surfaces of metals can grow with a 

deformed, highly strained lattice. However, the oxides growing upon real 

surfaces, these formed by engineering methods, will also contain cracks, 

dislocations and pores within their structurese 

Kubachewski and Hopkins (59) suggest that the ratio of the unit
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cell in the oxide to the volume of the unit cell in the metal may give an 

estimate of the stresses set up within the oxide. fire nt cence set up as 

a result of the difference in unit cell volumes will increase as the film 

thickness*> increases and may eventually overcome the attractive forces 

at the interface, rather than relieve the stresses by recrystallisation. 

Whether or not this happens will depend upon the relative strengths of the 

forces at the interface and within the oxide and the magnitude of the 

lateral stresses within the oxide. 

Evans (51) has used wedge shaped oxide films to show that the pe set up 

in NiO increase 4s the oxide film thickness increases, and confirmation that 

the stresses set up in the oxide film do depend upon the ratio of volume of 

oxide lattice to metal lattice has been obtained by Dankov and Churaev(52). 

They measured the bending of thin mica strips coated one side only by a 

thin metal layer,as the metal oxidised. In the case of iron and nickel, 

both of which have volume ratios greater then unity, the strips bent with 

the oxide film on the convex side. In the case of magnesium, which has 

a volume ratio less than unity (0.81), the oxide film was m the concave 

side of the strip. 

The strength with which the oxide film adheres to the parent metal 

will obviously depend upon the amount of mismatch between the lattices 

since a highly strained film will attempt to relieve the stresses by 

detaching itself from the metal. According to Evans (51 ) however, the 

effect that the compression of the oxide has upon the breakup of the 

film will also depend upon the forces between particles within the oxide. 

When these cohesive forces within the oxide are high and the adhesive 

forces .between the oxide and metal are low the strain'at the interface is 

relieved by mechanical failure at the interface, causing the oxide to 

blister way from the metal underneath. If the cohesive forces are low
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but the adhesion high, strain relief will occur by cracking of the oxide 

without detachment from the underlying metal. When the volume ratio of 

the lattices is only slightly above or below, unity, the lateral stresses 

in the oxide will be small and will have little effect upon the metal to 

oxide binding. 

r 

The first oxide leyer to form upon a copper surface is cuprous oxide. 

However, as the film thickens, cupric oxide may also be formed. 

The nature‘of oxide formed upon steel is more complex and i. was difficult 

20 determine 
jee oxides were most prominent upon the dish surfaces since x-ray 

diffraction revealed lines from both FeO and Fe0;. However, the volume 

ratio of the copper oxide to copper lattices is considerably less than the 

ratios for either of the iron oxides, therefore, one would expect the 

lateral stresses at the iron-iron oxide interface to be more disruptive 

than the lateral stresses at the copper-cuprous oxide interface. This 

has been confirmed by Baukloh and Thiel (53) who found that during 

oxidation experiments blistering of iron oxide away from the parent metal 

occurred, but no blistering of the oxide occurred on copper when 

oxidised under the same conditions. v4 

It would thus appear that the internal lateral stresses formed by the 

mismatch of the metal-metal oxide lattices are greater for iron than for 

copper and that iron oxide can be more easily ibe ned from the metal 

than can copper oxide. Thus internal stresses will assist any external 

ctresses{ as)produced during sliding,in shearing the oxide away from the 

underlying metal. Failure will occur with a lower external shearing 

: ; a 
force upon iron than upon copper, hence mechanical failure of the oxide
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upon the steel disks will take place at a relatively low brush load 

compared with the load required upon copper. 

The internal stresses set up within tle geendomerchie oxide film: 

increase with increasing film thickness until a point is reached when 

the oxide can no longer support these stresses, and recrystallisation 

of the thin film to the structure of the bulk oxide occurs at this 

thickness. when recrystallisation takes place flaws and dislocations 

tnust be formed Fain the oxide to compensate for the change in structure 

and these will weaken the film considerably. In a sliding contact the 

thickness of the oxide will depend upon the depth at which recrystallisation 

takes 1 During sliding contact the internal stresses will be 

reinforced by external stress at aie from the applied load and frictional 

force. The internal stress increases with increasing film thickness and 

the stress which the oxide can withstand before recrystallisation occurs 

will be reduced, resulting in lower film thicknesses, as these external 

Porees are increased. Thus the thickness of the oxide film on the metal 

should decrease with increasing applied load. 

Measurement of the contact resistance and applied potential has 

shown that such a reduction in oxide film thickness apparently occurred 

with applied load when brushes were run upon bother Biss However, when 

running upon steel disks this effect was not noticeable, due in part to 

the irregular behaviour of the contact resistance. It is also possible 

that mechanical rupture of the oxide away from the metal occurs at a load 

loo low to affect the recrystallisation Gepth due to the cohesion within 

the oxide being greater than its adhesion.
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The initial oxide film growing upon aluminium has an amorphous structure 

(40) and consists of clusters of 41,0, molecules (54). After a high 

initial oxidation rate the film virtually stops growing when it has 

reached a limiting thickness of about 458 (55). Cabrarra and Mott have 

suggested that aluminium oxide grows in this amorphous state because the 

initial mismatch tec the lattices is too great to support the growth 

of a pseudomorphic film. Thus the oxide grows with an energy state less 

than that of the pseudomorphic structure but higher than for the bulk 

undeformed oxide. Aluminium oxide is a very strong, hard material and 

examples of its use are as abrasive materials and filament holders for 

electron microscopes, thus the cohesive forces within the oxide must be 

very high and the oxide is not easily deformed. Any stresses set up at 

the aluminium-aluminiua oxide interface will therefore be relived by the 

oxide separating from the metal, rather than cracking of the oxide. If at 

the wear rate transition load the elastic limit of the aluminium is reached, 

as is indicated by the results, then severe deformation of the aluminium 

at the interface must occur. ‘This deformation of the aluminium stresses 

the interface between the aluminium and oxide and these stresses are 

relieved by the oxide film detaching itself completely from the metal at 

this point. 

When sliding electrographite brushes upon aluminium a transition from 

nd wear to a more severe wear occurs when the brittle aluminium oxide 

-was mechanically disrupted due to the stresses in the aluminium exceeding 

its elastic limit. No such transition took place when electrographite 

was run upon copper since the elastic limit of the metal was not exceeded 

and the oxide film remained undisrupted. As the brush load was increased 

the thickness of the oxide film decreased because recrystallisation of the 

pseudomorphic oxide occurred nearer to the copper-cuprovs oxide interface.
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However, due to the small mismatch between the metal and oxide lattices 

‘the stresses produced during sliding did not completely remove the oxide 

from the copper at the loads considered. 

The elastic limit of the EN26 steel was not reached during running 

but the results showed that mechanical disruption of the oxide and a wear 

transition still occurred. The larger lattice mismatch between the iron 

and its oxide results in high stress at the interface. Disruption of the 

oxide occurs when the externally applied forces result in the stresses at 

iron~iron oxide boundary becoming too great for the adhesive gore to 

resist. The hardness of the metal appears to have some effect upon the 

value of the transition load. Whilst it is unlikely that the hardness of 

the steel will affect either the cohesive forces within the oxide or the 

forces of adhesion between the steel and oxide, it is possible that the 

hardness of the steel may have an effect upon any stresses produced at 

the interface due to movement or creep of the metal. This could explain 

the low breakdown load when running upon a newly-prepared annealed steel 

disk. Stresses must be set in the steel surface during machining and 

these would be relieved slowly with time due to creep of the steel. 

This movement would, however, impose an additional strain at the oxide 

boundary and reduce the transition load. When the disk was left for some 

time after machining all these additional stresses due to machining 

would have been relieved by thermally activated movement. 

We can thus see that the apparently irregular behaviour of the wear 

rate transition loads can be explained in terms of the mechanisms 

involved in the formation and breakdown of the oxides of metals involved. 

We now have to consider why mechanical disruption of the oxide films 

result in a marked increase in the wear rate of the electrographite.
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6.2 Possible Wear Mechanisms 

A number of authors (19 ), (42 ) and carbon brush tecinolociste | 

have suggested that aluminium would be totally unsuitable as a sliding 

contact due to the formation of hard, abrasive aluminium- oxide or carbide 

particles. The results discussed here suggested that under the slip ring 

conditions investigated abrasion did not play an important role in the 

wear mechanism. Even in the severe wear regime very little aluminium 

oxide or carbide was present and it was not until catastrophic wear of the 

brush occurred, produced by sparking at the interface, that bing: significant 

amounts of these compounds were detected. It is proposed that gatiens 

and adhesive wear mechanisms were far more important than abrasive wear 

under the majority of conditions investigated, even when running upon 

aluminium. 

Adhesion between two sliding surfaces arises from the forces of 

attraction which exist between the atoms of the two materials at the 

sliding contact intedtabe’ When the two surfaces are sliding together 

these adhesive forces can transfer material from one surface to the other. 

When shear takes place (as it must if motion is to be maintained) it 

can occur either at the newly formed adhesive junction, in which case no 

wear fragment will be formed; or within one of the contacting materials, 

normally the weaker, in which case a wear fragment will be produced. The 

newly formed wear particle can either remain attached to the other sliding 

surface in which case back transfer is possible, or it can be lost 

completely from the system. Thus it can be seen that adhesive wear will be ~ 

a complex two-way process. The two surfaces will be in a state of 

dynamic equilibrium where wear fragments from both surfaces may be 

transferred, back transferred and eventually lost from the system. 

As well as this adhesive wear there will also be a fatigue wear
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mechanism taking place where cyclic stressing of the two interfaces may 

result in a wear particle detaching itself without necessarily transference. 

Which of these two wear mechanisms predominates will depend upon the 

Magnitude of the adhesive forces at the interface and the strength of the 

underlying material. The forces of adhesion are produced by Van der Waal 

type forces at the interface, or by valency bonding. 

When the electrographite was sliding under mild wear conditions 

contact was being made between the surface of the bursh and a mechanically 

undisrupted oxide film covering the surface of the metal disk. This 

picture is obviously over simplified, since some penetration of the oxide 

must have occurred. However, we shall consider that for the.most part 

brush contact was made through the oxide film which prevented adhesion 

between the metal and electrographite, This would seem a reasonable 

assumption, since the contact resistance behaviour when running under 

mild wear conditions suggested the presence of such a film. 

After the system had been completely run in pote the brush and disk 

appeared very highly polished when viewed with the naked eal or with an 

optical microscope. Scanning electron microscopy of the aluminiwa, copper 

and steel surfaces, produced by mild wear, revealed that the running tracks 

on the metals contained isolated islands or narrow bands of transferred 

electrographite. Although these very smooth areas of graphite covered 

a relatively small fraction of the possible contact area they were close 

enough together to form the main load bearing areas during contact. 

Scanning aieoboon microscopy also revealed that the brush surface did 

not simply become polished, but was completely covered by an extremely 

smooth, compacted graphite film. This film had an appearance quite 

different from the bulk brush material and covered the whole brush 

surface, even the porous regions. The separate identity of this film
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is shown clearly in the micrographs shown in Figures 4.27, 4.28 and 4.36. 

Sliding therefore occurred between the very smooth film laid on the brush 

and either the smooth areas of transferred graphite on the disk or the 

smooth oxide covered polished metal. Under the conditions abrasive wear 

of the surfaces was negligible and the main wear mechanisms were by 

fatigue or adhesion. However, several factors pointed towards fatipue, 

rather than adhesion being the principal mechanism during mild wear. 

The shear forcesbetween the two sliding surfaces arose from either 

graphite to graphite adhesion, when the brush was in contact with the 

transferred graphite; or from graphite to metal oxide adhesion. The 

valency bond between carbon atoms is extremely strong under normal 

circumstances and the bonds from unpaired atoms at the crystallite edges 

would contribute to adhesion. However, the lubricating properties of 

graphite have been attributed to saturation of any excess bonds by 

adsorbed oxygen or water molecules (4),(5). The adhesion of graphite 

crystallites arose therefore from weak Van der Waals forces between basal 

planes or between the adsorbed molecules at the crystallite edges. 

Similarly, when the brush was in contact with the metal oxide the adhesive 

forces were derived from weak Van der Wael interactions. Atmospheric 

gases are rapidly chemisorbed onto the surface of oxides (56 ) and this 

adsorbed molecular layer would have reduced even further adhesion between 

the oxide and graphite. 

When an adhesive contact has been made shear will noeisy occur 

along the weakest path available. The compressive shear strengths of the 

metal oxides concerned were considerably greater than the shear strengths 

of the parent metals (57 ),(58) and fracture zones were unlikely to 

occur within the oxide unless the recrystallisation thickness had been 

reached. The weakest possible fracture surface on the disk surface was
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the interface between the metal and metal oxide, but shear along this 

junction did not occur until the transition loads upon aluminium and 

steel were reached. The appearance of the surface suggested 

that once the film had been eer upon the brush the cohesive forces 

holding it together were high (using the same criterion applied by Evans 

to oxidation), and it was unlikely that the bonds holding the film 

together, or to the bulk brush materials, were weaker than the adhesive 

forces between the sliding interface. 

Thus it would appear that shear occurred mainly at the newly formed 

adhesive junction, without the. formation of a wear fragment. However, 

a certain number of fracture surfaces must bs produced within both the 

metal and electrographite. The presence of transferred graphite on the 

disk surfaces shows that adhesion resulted in some shear within the brush 

material. Electron probe microanalysis of the brush running surface and 

X-ray diffraction of the wear debris showed that in the mild wear regime 

wear of the disk metals was also occurring, even when sliding upon 

hardened EN26 steel. The presence of transferred metal on the brush film 

suggested that some isolated shear within the metals also occurred. 

Whilst adhesive wear must inevitably take place it would appear to 

play a relatively minor role in the mild wear process, the predominant 

mechanism being that of fatigue wear. At the contact asperities the two 

surfaces were subjected to both compressive and tensile stressed and this 

cyclic stressing eventually resulted in failure within the surfaces at 

stress levels much lower than could normally be withstood in purely 

tensile compressive loading. Evidence suggesting that a fatigue type 

failure occurs for graphite at stresses within the elastic limit has 

been reported by Lancaster (32), 

The scanning electron micrographs from the brush surfaces show that
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fatigue was a very important mode of failure when brushes were operating 

in the mild wear regime. Cracking, blistering and flaking of the surface 

film suggested that once the film had been formed cyclic stresses were 

transmitted by the surface film into the bulk material underneath. At 

first sight it would appear doubtful whether these stresses could be 

supported by the film without failure, since the graphite film must have 

been formed from degraded bulk brush material, produced in the first 

instance possibly by abrasive wear, and would be expected to contain many 

flaws and cracks which would act as ideal points for the initiation of 

fatigue cracks. However, reflection electron microscopy has shown that 

the surface of the brush consisted of highly oriented crystallites. The 

basal planes of the crystallites were parallel to each other and inclined 

at angles from 22° to + to the running plane. Thus when compaction of 

the film occurred the crystallites orientation was such that a high density 

of packing was achieved, the relationship between the frictional 

coefficient (j) and the basal plane inclination (§) was such that the 

resultant force on the crystallites within the film was normal to the 

basal planes, and the stress could be transmitted by elastic deformation into 

the bulk material beneath. 

Clark and Lancaster(%3) have shown that oi lure of rubbed carbons 

occurs in a cyclic manner, the length of the cycle depending upon the 

stress at the contact. Initially the contacting surfaces became polished, 

followed by blistering and break up of this polished layer and an increase 

in the rate of wear. The cycle then repeated. The phenamena described by 

Clark and Lancaster involved the breakdown of the whole contact area. 

There was no evidence, from either wear rate measurement or physical 

analysis of the surfaces to suggest that such a cyclic process was taking 

place over the whole brush face . The scanning electron micrographs shown
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in Chapter 4 revealed however that a similar fatigue mechanism may have 

been taking place continuously over small areas of the brush face, The 

continual presence of the compacted film on the brush face requires a 

fatigue mechanism whereby wear of the underlying brush material can occur 

without complete disruption of the brush surface. 

The scanning electron micrographs ie: that in the mild wear 

regime the following wear mechanism was occurring. Cyclic stressing of the 

interface resulted in fatigue failure of small areas of the bulk brush material 

below the surface film, due to the stresses being transmitted si onticnih, 

through the film into the supporting brush material. This failure enabled 

the film to crdck, blister and eventually break away from the surface. 

Upon the surface of a oan heck areas which may have been in various 

stages of such a fatigue process. Cyclic stressing of the brush material 

resulted in lateral and longitudinal cracking of the surface film, 

Figures 4.27(b) and 4.27(c) show the onset of such cracks upon a brush 

run upon aluminium. Similar surface details have been found on the surfaces 

brushes run upon steel, gold and copper in the mild wear regimes. 

Propagation of the cracks through the surface resulted in complete 

detachment of the film from the underlying material, shown in Figure 4.28, 

and eventual breakdown and degradation of the failed area (Figure 4.27(d). 

Once failure had occurred this region ceased to be a major load bearing 

area and cyclic stressing was transferred to another small area of the 

brush face. 

The newly formed cavity, deeper than the surrounding film thickness, 

then became the source for collection of degraded electrographite either 

from the disk surface or other areas of the brush face, and the surface 

film began to reform. Fatigue failure of the surrounding film was 

occurring continually until this region once again became a major load
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bearing area. 

Since adhesion between the two surfaces played a minor poledi the 

mild aes process the difference in the metal surfaces had little effect 

upon wear rate. The forces of adhesion between graphite sliding upon 

aluminium oxide, copper oxide and iron oxide, covered by edsorbed layer, 

will be comparable with each other. The magnitude of the cyclic stress 

will depend only upon the applied brush load. Thus we would expect wear 

rate to be strongly dependent upon applied load, since an increase in stress 

reduces the number of cycles to failure. The results showed that in the 

mild wear regime the wear rate was proportional to the applied load but 

depended very little upon the disk material. 

Thus it would appear that wear of the electrographite in the mild 

wear regime was a combination of adhesive wear and fatigue wear; the . 

adhesive wear playing a minor role. Wear of the disk material was very 

small and the presence of metallic particles upon the brush surface 

suggested an adhesive wear mechanism. Under these circumstances the ratios 

of the wear rates of the metals should be inversely dependent upon the 

ratios of their surface energies (59). The surface energies of aluminiun, 

copper and iron and estimated by Rabinowicz (60 ) to be 900, 1100 Che 

1700 erg/cm respectively. Whilst no information could be obtained on the 

surface energies of the hardened or annealed EN26 disks it is reasonable 

to assume that they are as large, if not considerably greater than, for 

pure iron. The x-ray powder analysis of the wear debris does show some 

correlation with the expected behaviour. The percentages of aluminium 

and copper in the wear debris by within the range 2-6% for both materials, 

whilst the amount of steel present was estimated at less than 1%, maybe 

as low as 0.1%. Unfortunately an accurate estimation of the amounts of 

metal in the debris was not possible and the values of surface energy
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must be in some doubt also. However, these results show an interesting 

trend and are worth further investigation in more detail. 

It has been shown that when a critical load was applied to the brush, 

mechanical disruption of the oxides upon the aluminium and steel occurred, 

producing a marked increase in the brush wear rate. The removal of the 

protective oxide barrier from the contact asperities enabled adhesion 

between the electrographite and metal to occur. The effect of this 

increased adhesion can be clearly detected by optical and scanning electron 

iicroeebry of the worn surfaces. At loads above the transition load the 

worn surfaces of the aluminium and EN26 steel disks were almost completely 

covered by a film of transferred graphite. The increased adhesion when 

sliding upon the exposed metal ake be explained in terms of tribological 

compatibility and increased chemical reactivity. 

If the compatibility criteria of Rabinowicz (59) is extended to 

include carbons and graphites, and there would appear to be no reason 

why this cannot be done, then a satisfactory explanation is possible for 

the increased wear rate when sliding upon steel. When two compatible 

metals are slid together the adhesion is high and the wear rate is also 

high. When two incompatible metals are slid together the adhesion and 

wear are low. The compatibility of metals is judged by the degree of 

mutual solubility that the metals exhibit. On this assumption similar 

metals sliding together make poor tribological pairs. When a large 

number of metal pairs are considered (60) this compatibility criteria 

has been shown to have some degree of reliability in predicting tribological 

performance. However, it cannot be rigidly applied to every case since 

many anomalous results have been obtained.
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When carbon is sliding upon unprotected iron or steel we would expect 

high adhesive wear since the two materials are very compatible. The body 

centred cubic structure of iron readily accepts carbon atoms into the 

interstital sites, producing high mutual solubility. The high degree 

of compatibility produces large adhesive forces at the interface. Sheer 

does not now readily occur at the newly formed junction but takes place 

within either the carbon or steel surfaces, with the production of an 

adhesive wear fragment. Due to its high surface energy the probability of 

sheer occurring within the steel was small. However, the presence of 

minute traces of steel in the wear debris and upon the brush surface showed 

that this probability had a finite value. 

However, when the carbon-aluminium sliding system is considered it 

is more difficult to explain the increased adhesion in terms of 

compatibility. The face centred cubic aluminium structure does not 

readily accept carbon into the interstitial sites and the mutual solubility 

is small. There will, however, be an increase in chemical reactivity 

when contact is made with the unprotected aluminium instead of the 

chemically inert aluminium oxide. Mutual solubility and chemical 

reactivity between the materials must play an important role in the high 

adhesive wear since some investigators into the use of aluminium alloys 

as commutator materials have experienced "welding" of the graphite brush 

to the Gl iaes® wider static conditions (61). The 

increased adhesion may, however, arise from a mechanical origin, rather 

than from physical or chemical interactions. Above the transition load 

the aluminium surface was undergoing plastic deformation and it is 

possible that under these conditions more intimate contact was being 

made between the aluminium and graphite, producing greater adhesive 

bonding. Ploughing and mechanical interlocking of the two materials
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was also possible under plastic deformation conditions. 

Physical analysis of the worn surfaces produced during sliding 

provided further evidence of a change from fatigue wear to adhesive wear 

at the transition load. Reflection electron diffraction of the disk 

and brush surfaces revealed that the transferred graphite on the disk and 

the graphite at the running face of the brush exhibited a high degree of 

preferred orientation. A summary of these results is shown in Table 4.12 

and it may been seen that the angle of inclination of the crystallite 

basal planes was Wah for surfaces formed under loads above and below 

the iebustice iced: This similarity of tilt angles in the mild wear and 

severe wear regions eliminates change in crystallite orientation as a 

possible cause of the wear transition. 

The most obvious difference between the surfaces produced in the 

two wear regimes was the marked increase in the amount of graphite 

transferred to the aluminium and steel surfaces when the tradition load 

was exceeded. This macroscopic change was a clear indication of the 

increased adhesion between the disk surface and the electrographite.e 

Scanning electron microscopy however revealed further difference, on a 

microscopic scale, between the mild and severe wear surfaces. 

Provided that catastrophic wear of the brushes did not occur the 

surfaces formed upon the aluminium and steel were very similar. Scanning 

electron micrographs of typical areas of the wear tracks produced upon 

aluminium in the mild wear regime (60g.f. load, no current) are shown in 

Figures 4.24 (a),(b) and (c). A comparison of these micrographs with 

those from surfaces formed under severe wear conditions, Figures 4 25(a), 

(b) ,(c),(d) ,(e) and (£) reveals slight but significant changes in the
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nature of the transferred graphite. Below the transition load the wear 

tracks upon the aluminium and steel disks consisted of isolated islands 

and narrow bands of smooth transferred graphite, These areas of transferred 

graphite showed typical fatigue characteristics of cracking and blistering 

in certain regions. The nature of the disk topography suggested that the 

graphite was undergoing a process of transference, consolidation and 

orientation collowed by cyclic stressing which resulted in eventual failure. 

of the graphite and the formation of a wear particle. At loads above the 

transition load the topography of the transferred graphite varied widely 

from area to area upon the same wear track and also from load to load. The 

wide variation made it impossible to select any one surface as being 

typical of severe wear. The topography of the graphite ranged from being 

extremely uneven with a flaking, layered structure, to very smooth with 

tiny areas of the film apparently ripped from the surface. The topography 

of the graphite laid down under a load of 1060 g.f. was extremely smooth 

with some areas overlaid by islands of much rougher transferred graphite. 

Although it was not possible to obtain one surface typical of severe weer, 

suggesting rapidly changing topographies, it was significant that there 

was an absence of fatigue characteristics upon the surfaces formed in the 

severe wear regime, suggesting that another wear mechanism was dominant. 

The difference between the disk surfaces formed in the two wear 

regimes is shown more clearly by a comparison of surfaces formed upon 

copper under mild wear conditions at a load of 460 g.f.(Figures 5.5(b) 

and 5.5(b)) with those formed under the same load upon aluminium steel in 

the severe wear regime. The effect of cyclic stressing of the transferred 

graphite on the copper is revealed in the form of longitudinal and lateral 

cracking of the surface prior to complete fracture. This type of cracking 

is a common feature upon the surface of metals undergoing mild fatigue 

wear (62).
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Much more convincing evidence of a change from fatigue wear of the 

brush to adhesive wear was obtained from a microscopic examination of the 

brush surface. When sliding under mild wear conditions upon metals the 

running face of the brush became overlaid by a smooth film of degraded 

brush material which reflection electron diffraction has shown to be 

highly oriented. Scanning electron microscopy suggested that this film 

was able to support the applied load and that fatigue breakdown of the 

film as a result of cyclic stressing played the major role in the brush 

wear mechanism. 

The surfaces formed during severe wear sliding exhibited neither 

the formation of a surface film nor fatigue cracking of the surface. A 

Sawa led okaninavion of the subsurface structure showed that the bulk 

brush material, consisting of carbon grains about 2,,diameter, continued 

right up to the sliding interface. Some degradation of the carbon at the 

interface must have occurred however to give the brush surface its 

polished appearance. Reflection electron diffraction revealed that 

orientation of the graphite crystallites occurred even in the severe wear 

regime, and assuming a penetration depth of 2 y for the electrons (63 ) 

this corresponds to diffraction from a surface layer about 1008 thick, 

which is below the resolution of the microscope. Some orientation of the 

wear derbis packed into the brush faces could also have occurred. Thus a 

very thin film may have been formed upon the surface but “ae doubtful 

whether such a thin film could effectively have acted as a separate load 

bearing structure independent of the brush substrate. 

No fatigue cracking of the severe wear surface occurred, the most
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common irregularity being shallow holes in the smooth brush surface, such 

as shown in Figures 4,29 and 4.32. The absence of any fatigue type 

cracks and the presence of such holes suggest a wear mechanism involving 

the removal of graphite material without the necessity of prior fatigue 

failure. Such a process could be that of adhesive wear. The smoothness 

of the brush surface suggeststhat wear above the transition load was by 

a more continuous process than in the mild wear regime, involving the 

removal and re-distribution of small particles from the brush surface 

as well as the production of the large wear fragments. 

Two more ‘systems now need brief disucssion, the sliding of an 

electrographite brush upon a gold disk and the sliding of an electro- 

graphite brush upon an electrographite disk. The experiments upon these 

materials were performed to clarify points arising during sliding upon 

other metals, navel concerned with friction. As a result their contribution 

to the investigation into wear was extremely limited. 

Gold was chosen as one contact material because the absence of 

oxide upon the surface ensured that contact was always between the 

electrographite and the unprotected metal, conditions which led to 

severe adhesive wear upon aluminium and steel. However, in spite of 

this lack of oxide the wear rate of the electrographite was very low; 

200 x 10e m7 tne sliding) at 260gf load and 4.4 x 107» esti sliding) 

at 1060gf load, thus the electrographite was undoubtedly undergoing 

a mild form of wear. These wear rates were lower than upon other 

metals in the mild wear regime at the same load, which was rather 

Surprising since the hardness and surface finish of the gold were 

compurable to those of the copper disks, therefore the fatigue
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stresses and wear rates should have been of the same magnitude. The 

surface of the worn brush was typical of one formed under mild wear 

conditions, a smooth ecdeactae graphite film with fatigue type cracking 

and failure. One noticeable feature of this sliding system was, 

however, the complete absence of any adhered graphite film transferred 

to the gold surface. This was an extremely important absence since 

it indicated that there was little or no adhesion between the 

electrographite and unprotected gold. This was not a surprising 

result since gold is chemically very unreactive and the solubility 

of the two materials is low. No reaction, physical or chemical 

occurred even when gold and electrographite were kept in contact for 

some considerably time at the melting point of gold. Even though 

gold is chemically inert this incompatability does not extend to all 

sliding systems. For instance, adhesion between gold and copper 

readily occurs, with a transference of gold (64) and since these two 

materials are very soluble the compatability criteria is supported in 

this instance. 

The low adhesion between the gold and graphite resulted in the 

adhesive component of the wear process being much lower than on other 

metals, the wear of the brushes being due almost entirely to the 

fatigue wear component. The difference between the wear rates on gold 

and the wear rates on less inert metals at the same load illustrates 

to some extent the relative importance of adhesive wear in the two 

wear regimes. 

The wear rate of an electrographite brush when sliding upon an 

electrographite disk was also extremely low. In this case, however, 

the topography of the two sliding surfaces did not show the typical 

fatigue wear characteristics. No surface film was formed upon either



256 

the disk wear track or the brush running face. Both surfaces became highly 

polished but retained their porous structures, the surfaces having an 

appearance very Similar to metallurgically polished specimens. The appearance 

of these surfaces suggested that they could be in the initial stages of 

the fatigue type failure cycle proposed by Clark and Lancaster (43) for 

rubbed electrographites. The loads used by Clark and Lancaster were much 

greater than applied to the brush here, 2.4 ke. f/m compared with 0.04 ke.f/mn 

With the greatly reduced load it was possible that the length of the initial 

failure cycle had been considerably extended and that no surface degradation: 

had occurred to produce the surface film, 

These shdrt experiments were originally instigated to investigate the 

proposal by Lancaster (26) that the adhesion between graphite sliding upon 

graphite was greater than the adhesion between graphite and metal surfaces. 

However, since degraded films were not formed upon the surfaces any 

direct comparison is bound to be somewhat unrealistic and the results 

rather wireedaktee. however, both the wear rate and friction of the 

apparently undegraded electrographite were much smaller than upon metal 

surfaces. 

An extension of the Rabinowitcz compatability criteria (59) to 

include graphite sliding upon graphite would require the adhesion between 

the similar materials to be high. The hirh carbon-carbon bond would 

satisfy this requirement if saturation of unpaired bonds did not occur, 

however, the interfacial layer of the adsorbed molecules reduced the 

adhesive forces between the two surfaces to very small values. The 

lack of adhesion between the two surfaces was further indicated by



the absence of any material transferred from one surface to another. 

It would thus appear that wear of electrographite sliding upon a 

Similar material occurs by the fatigue mechanism proposed by Clark 

and Lancaster (33). 

The effect of electric current upon the wear rate of electro- 

graphite sliding upon metals, other than aluminium, has been investigated 

by a number of authors and no further detailed investigation was 

carried out. Electric current has been found to have a very varied 

effect upon the wear rate of the carbon brush and polarity effects 

have been Soeeyet by a number of authors (36), (20), (65), and several 

hypotheses have been proposed to explain these polarity effects. In 

general however the effect of electric current has been found to be 

strongly dependent upon the two contacting materials used, the wear 

machine and the conditions of operation (19), (26),.(31), (42). 

Electric current had little effect upon the brush wear rate 

when running on aluminium unless sparking occurred beneath the brush, 

resulting in catastrophic failure of the brush. When sliding in the 

mild wear regime at a load of 60 g.f. the wear rate of the negative 

brush increased by a factor of two when a current of 1.0 amps was 

passed through the brush. The wear rates when passing current were 

not, however, measured for long periods of running, and in view of 

some of the large fluctuations in wear rates, little significance can be 

attached to this result. No effect of electric current on wear rate was 

detected at any other load until catastrophic wear conditions were 

attained.
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The onset of catastrophic failure produced an increase in brush 

bs e 
wear of a factor of 10 to 10° times and the rate of wear of the 

aluminium, obtained from X-ray analysis of the wear debris, also 

increased dramatically. 

Associated with catastrophic failure of the brushes on aluminium 

were, an increased temperature of running of the brush, indicating a 

large increase in interfacial temperature; very large fluctuations in 

frictional force (increasing by as much as factors of five for very 

short periods); and the presence of aluminium oxide and aluminium 

carbide in the wear debris. 

Scanning electron microscopy of the brush and disk surfaces 

produced during catastrophic failure showed topographies which 

indicated that a wear mechanism other than fatigue or adhesion was 

of major importance. The surface of the brush was completely different 

from brush surfaces formed in either the mild wear or severe wear 

regimes. No compacted surface film was formed in the brush, which 

retained its open, porous structure, and very little polishing of the 

contacting regionsoccurred. The brush had a heavily scored, etched, 

or eroded, appearance, shown in Figure 4.33(c). The surface produced 

on the aluminium was also very pibeenenesricd in the two other regimes. 

The amount of transferred graphite adhering to the aluminium was small 

and the aluminium surface had a very rough, dull grey appearance. 

Scanning electron microscopy showed little evidence of the formation 

of any transferred graphite film, most of the achered graphite being 

in the form of separate particles. The surface of the: aluminium wa 

very heavily deformed and Figures 4,.33(a) sna (b) show features 

consistent with very high temperatures and softening,or possibly
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melting of the aluminium surface. Further evidence to support softening 

of the aluminium was the formation, in some instances, of tiny slivers 

of aluminium (similar to lathe turnings) by the leading edge of the 

brush. 

It would appear that wear takes place under catastrophic conditions 

by several mechanisms, initiated by the high temperatures produced at 

the interface. Electrical erosion of the brush occurred and it is 

probable that temperatures high enough to oxidise the carbon material 

were also reached (17). The presence of heavy scoring on both the 

brush and disk suggests that wear of both surfaces by an abrasive 

mechanism an also occurring, caused by large particles of aluminiun 

oxide and aluminium carbide trapped between the two surfaces. Although 

the mechanisms of erosion and oxidation, and abrasion predominate it 

les possible that increased adhesive wear also occurred. Higher 

adhesive forces would arise from increased reactivity between the two 

surfaces and possibly from increased areas of contact caused by softening 

of the aluminium. 

The large fluctuations in frictional force during catastrophic wear 

were probably caused by large perticles of aluminium oxide or aluminium 

carbide embedded in the brush surface producing very high ploughing 

frictional forces.
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6.3 The Frictional Force of Electrographite. 

The results quoted in Chapters 4 and 5 revealed two main frictional 

characteristics requiring discussion. These were the reduction in 

frictional force with increasing electric current upon metals and the 

increase in friction with running time. 

Figures 4,11 and 4.12 show how the coefficient of friction varied 

with electric current on aluminium at a load of 60gf. When a relatively 

small current was passed through the brush a significant decrease in 

friction occurred and increasing the current produced further iefeensse 

in friction. Similar behaviour was found at other loads on aluminium , 

and on other metals when sliding in the mild wear regime. In general, the 

higher the load the greater the elecric current required to initiate the 

decrease in friction. When operating in the severe wear regime it was 

iis sipeit to pass currents of the order of 1-5 amps to produce a fall in 

friction as opposed to currents of 30 to 100mA. in the mild wear regime. 

Several theories have been proposed to explain this decrease in 

friction with electric current,the most notable being those of Holm (18), 

and Lancaster and Stanley (17. The eepodad by Holm was that the 

frictional force was controlled by the specific force of friction between 

contacting graphite platelets. Holm proposed that this specific force of 

friction was temperature aoanhninat and decreased as the temperature 

increased. However, the theory of Holm cannot be used to explain the results 

described here, as shown below. 

Since the specific force of friction was, according to Holm, 

dependent only upon the temperature of the contact, the process must be 

reversible. A decrease in temperature should therefore produce an increase | 

in frictions Hanke a reduction in current should result in an increase in 

frictional force back to its original value almost instantaneously. This
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did not occur. Figure 4.10 shows that the decrease in friction began to 

take place as soon as the current was increased, the recovery back to 

its original high value, however, took a considerably longer time. If a 

reversible temperature change was responsible for the decrease in friction 

it would be expected that the recovery of the friction would be dependent 

upon the rate of cooling of the graphite crystallites. This was not the 

case, the recovery of the friction was determined by the distance of 

sliding after the current was reduced, thus indicating that a permanent 

change in one or both surfaces was responsible for the frictional 

behaviour. Recovery necessitated sliding or surface wear to regain the 

original topography. 

Consideration of the temperatures produced during sliding also 

pointed to a rejection of Holm's hypothesis. The variation in temperature 

at a point O.5mm. below the running face when sliding on aluminium at a 

load .of 60gf. is shown in Table 4.9, Although these temperatures do not 

represent the junction iets they give information about the 

behaviour of the interface since any rise in temperature of the junctions 

must be reflected in the bulk brush temperature. Table 4.9 shows that no 

increase in the brush temperature occurred when a current of 50mA. was 

passed through the brush even though a decrease in frictional force had 

taken place. The results indicated that the interface temperature and hence 

the measured temperature were dependent upon both the electric current and 

frictional force, rather than the temperature controlling the frictional 

coefficient. In some instances both the friction and temperature increased 

with time of running during the initial stages of sliding. This was 

contrary to Holm's hypothesis and no mechanism can be imagined which 

could have caused an increase in temperature with running time other 

than increased power dissipation due to higher friction. It was also 

possible that decreased power dissipation due to a reduction in frictional
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force with current counteracted the Joule heating effect of the current 

und tended to maintain a constant temperature. The small increases in 

temperature associated with the passage of current certainly did not 

approach the increases in temperature required by the Holm theory to 

produce the substantial reduction in the specific force of friction 

necessary to cause the fall in friction. 

Any mechanism proposed to explain the decrease in friction with 

electric current must be a non-reversible process requiring wear of the 

brush to return to the original state. Such a mechanism has been 

proposed by lancaster and Stanley (17) based on oxidation of the brush 

material. They suggested that preferential oxidation of the brush binder 

occurred oie a critical current was passed through the brush, resulting 

in a break-up of large contact areas into a number of smaller contacts 

with a smaller real area of contact and a reduction in friction. They also 

suggested that oxidation could only take place if a critical contact 

temperature was exceeded, this temperature for electrographite was in the 

range 900-1350 °c, It was very unlikely that temperatures as high as 

this were produced by the small currents causing a reduction in friction 

in the mild wear regime. There was, however, a possibility that 

temperatures in the lower end of this range were reached during arcing , 

or at the high currents necessary to produce the fall in friction in the 

severe wear regime,or on an electrographite disk. 

Another argument for rejecting the lancaster and Stanley hypothesis 

arose from consideration of the brush topography. The mechanism they 

proposed requires a brush contact surface composed of two types of 

carbon material, the non-graphitic binder and a graphitised phase. An 

examination of the brush running face has shown however that the surface 

was overlaid by a degraded carbon film, even when ak elecric current was 

passing through the interface. If preferential oxidation of the brush
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material had occurred due to the passage of current the degraded surface 

film could not have formed as a two-phase material but would have consisted 

only of the graphitised carbon, and the oxidation process would have 

ceased. Further reduction in friction with current covld not have occurred 

until a two phase surface had reformed. The results showed,however, that 

the decrease in friction began immediatly the current was increased. 

The results described in Chapters 4 and 5 suggest that changes taking 

place in the brush surface were baeueasipis for the frictional 

characteristics, rather than changes in the metal surface. Contact potential 

waveform monitoring of the electrographite ~ aluminium intantene showed 

that the aioe of the waveform did not change when the current was 

increased even though the frictional force had decreased. Since the shape 

of the waveform was determined by the contact configuration of the metal 

surface, no change in the metal topography could have been occurring. A 

comparison of the results obtained on different metals also indicates that 

changes of the brush surface were responsible for the friction behaviour. 

Section 4.9 describes the frictional force characteristics on soft 

aluminium (hardness 20 VPN. ) and a comparison of these results with those 

described in Chapter 5 for other materials of greater hardness shows that 

there was very little difference in the frictional behaviour over a wide 

range of hardnesses, The similarity in the results is very clear when a 

comparison is made of the friction on annealed and hardened EN26 steel 

disks shown in Tabes 5.6 and 5.7. The frictional force and its variation 

with currentwere identical on both the annealed (270 VPN.) and the 

hardened (550-580 VEN.) steels, It is very unlikely that the effect of 

electric current would have been the same on all these materials with 

such a wide range of surface characteristics and hardnesses. It would 

thus appear that the frictional behaviour was independent of the contact
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metal, provided wear was taking place in the same wear regime. Whatever 

mechanism was responsible for the frictional characteristics it must have 

involved chenges in the surface of the electrographite brushes 

Investigations into the friction and wear of thin films of solid 

‘lubricants sie soft metals on harder substrates have been carried out by 

a number of authors (66), (67) and (68), In general it has been found 

that the frictional force of the solid film varied with film thickness, 

the friction increasing with increasing film thickness. The low friction 

of such coatings has been explained by considering the simple relationship 

f= a ~ Bowden & Tabor (66) 

where: £- is the coefficient of friction 

p - is the flow pressure of the contacting material 

5- is the shear strengh of the material at the interface. 

For a thin film on a hard substrate "s'"' is determined by the shear 

srength of the soft film and “p" by the hardness of the substrate, leading 

to a low coefficient of friction. The increase in friction with increasing 

film thickness is caused by the stress bearing hard material being replaced 

by the softer film. Hence the flow pressure of the material adjacent to 

the interface (p) decreases, producing an increase in the coefficient of 

friction. 

Rabinowicz (69) has developed a more complex model to explain 

variations in friction with film thickness and has been able to show some 

correlation between the predictions of this model and results obtained 

in practice. 

Whitehouse, Nandan and Whitehurst (70) have carried out experiments 

on solid lubricant films, including graphite, over’ the thickness range 

3 Doe 1077 mm. to 20 x 10 “mm. For molybdenum disulphide and calcium fluoride



5-266 

microscopy, the examination showing that the thickness of the graphite 

film decreased with increasing electric current. The technique used to 

examine the film and measure its thickness was difficult and only a very 

small number of measurements could be made on each specimen. The results 

are therefore open to criticism on statistical grounds and also on the 

basis that it was difficult to judge the exact position of the interface 

between the film and bulk material in some instances. Even from this small 

number of specimens, however, it was apparent that a change in the nature 

of the film occurred with increasing current. 

The specimens formed either without current,or with a small current 

of 1ImA., exhibited typical mild wear surface characteristics..An apparently 

self«supporting pears film covered the brush face and contained 

evidence of fatigue failure (Figures 4,28, 4.36 and 4.37 ). The thickness 

of this surface film was estimatad to be about 1 m..However, when the 

current was increased to 500mA., there was a change in the specimen 

topography. Although the brush was still covered by a compacted graphite 

film, the instances of fatigue failure were greatly reduced and the brush 

film topography appeared to depend upon the underlying brush sructure 

more than at the lower currents. The thickness of the surface film had 

decreased from the no current value to a value of about 003-005), mo, and 

this decreasein thickness probably reduced the load bearing capacity of 

the film. 

The surface formed at a load of 2.0 amps showed none of the 

topographical features associated with the films formed at lower currents. 

No surface film could be detected using scanning electron microscopy and 

the bulk brush material appeared to continue right up to the polished 

running face. Reflection electron diffraction revealed, however, that a 

very thin oriented surface layer was formed. This surfac layer could not, 

however, have been self-supporting and the load was carried almost
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they found an increase in friction with film thickness, in agreement with 

other workers, although the theory of Rabinowicz could not fully explain 

the behaviour. The results obtained for the graphite film were much more 

complex and did not agree with the model. The authors did not attempt to 

explain this anomalye 

If the thin film of graphite formed upon the brush surface is 

considered to act as a thin film lubricant the variation in frictional 

force can be explained in terms of the formation of this film from the 

brush and the variation in film thickness. This hypothesis is based on 

the assumption that the film formed upon the brush is softer than the 

bulk brush material. Although this could not be confirmed, it is a 

reasonable assumption,since the brush film had been formed from degraded and 

compacted bulk material. The frictional results will be discussed in terms 

of this hypothesis in a qualitative manner only. No quantitative attempt 

will be made to correlate the observed frictional behaviour or the 

properties of the graphite film with the theory of Rabinowicz, since no 

information was available about the flow pressures of either the film or 

the bulk brush material or about the real area of contact. 

Scanning electron microscopy of the brush surfaces formed on aluminium 

at a load of 60gf. revealed an explaination other than those of Holm or 

Lancaster and Stanley for the decrease in frictional coefficient with 

electric current, based upon the lubrication properties of thin films. 

When sliding at this load, the coefficient of friction was independent of 

electric current until a critical current of 30mA. was passed, when a 

decrease occurred. The frictional coefficient was reduced further as the 

current was increased, approaching the low value measured during the 

initial stages of sliding. A small number of brush surfaces formed at this 

load and various electric currents were studied by scanning electron
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entirely by the bulk brush material. 

The dependence of the frictional coefficient upon the thickness of 

the brush surface film can be explained qualitatively in terms of the 

theories of Bowden and Tabor (66) and Rabinowicz (69), Once the surface 

film had been fully developed during the initial stages of running it was 

sufficiently thick to support the load by a distribution of stress within 

the film, the underlying bulk material acting only as a supporting 

substrate for the film. The coefficient of friction was thus determined 

by the shear strength of the crystallites at the interface and the flow 

pressure of the surface film, so that the friction was high. The reduction 

in thickness of the film due to the passage of electric current lowered 

the load=bearing capacity of the film and the Biecnes at the surface were 

distributed between the film and bulk material. Hence,the coefficient of 

friction was determined by the shear strength of the film and the flow 

pressures of both the film and bulk material, causing a rediietion in 

friction. At the higher currents the self supporting graphite film was no 

longer formed and the load was carried only by the bulk material. The 

frictional coefficient was therefore determined by the flow pressure of 

the bulk cate stal wae the shear strength of the extremly thin oriented 

surface layer, resulting in a low coefficient. 

The second frictional characteristic requiring explaination is the 

increase in friction with time of running. When sliding an electrograyhite 

brush on aluminium at a load of 60gf., the frictional force between the 

brush and disk increased with time of running from an initial value of 

Sef. to an equilibrium value in the range 22-25¢f. (section 4.9). This 

increase in friction with time of running, or sliding distance, occurred 

for all loads and materials (with the exeption of electrographite). In 

some instances, however, the run was stopped before full equilibrium was
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established. 

E. Holm (18) has attributed this initial increase in friction to an 

increase in the real area of contact between the brush and metal as they 

wore to make more intimate contact. Although this could possibly account 

for the increase in friction during the very initial stages of sliding it 

is doubtful whether this could explain the prolonged increase encountered 

in some instances, since the brush had bedded in completly and worn 

considerably during this period. The potential waveforms also show that 

little change in the contact configuration of the metal surface occurred 

over long periods in the mild wear regimee The results obtained from 

running on gold confirmed that the increase in frictional force during 

running could not be due entirely to a change in contact area. The lack 

of oxide on the gold surface ensured that the contact resistance between 

the brush and disk was produced only by the constriction resistance of 

the contacting asperities. Any increase in real area of contact due to 

more intimate running would therefore be indicated by a decrease in 

contact resistance. The results shown in ae 5.4 revealed that no 

decrease in contact resistance with time of running occurred on gold, 

although the contact resistance decreased with applied load as expected, 

due to an increase in area of contact. During the period in which the 

dynamic contact resistance was being monitored, the frictional force was 

also recorded and Table 5.8 shows that at a load of 60gf. the friction 

increased considerably during this period. Thus it can be seen that,in 

this instance, the increase in frictional force was not due to an increase 

in real area of contact. 

The increase in frictional force with time of running can also be 

explained in terms of thin film lubrication, by the formation of the 

surface film on the brush during the initial stages of sliding. Contact
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was first made between the hard bulk brush material and the metal surface, 

the cofficient of friction was therefore determined by the shear strength 

of the graphite crystallites, and the hardness of the bulk material, hence 

the friction was low. As the film thickness increased, due to running, a 

greater proportion of the load was supported by the film rather than the 

bulk material. The flow pressure of the contact was then dependent upon 

the hardness of the film, and since this was lower than that of the bulk 

material, the coefficient of friction increased. Once the film had 

attained an equilibriun thickness the increase in friction ceased. Such 

an increase in friction was obtained only when a brush contact film was 

_ formed, and removal of the film (by abrasion,when running on gold ) 

resulted in the friction returning to its original low value. When sliding 

on an electrographite disk, no film was formed on either the brush or disk 

and no increase in friction with sliding distance was detected.
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CHAFTER 7 CONCLUSIONS 
  

The aims of this research, given in detail in Chapter 1 may be 

sumarized as follows: 

(i) General wear Mechanisms - The formulation of a general theory 

to explain the wear of electrographite against any contact material. 

(ii) The Use of Aluminium As The Contact Material - To investigate 
  

the suitability of aluminium as a substitute for copper as a slip 

ring, or commutator metal, with special emphasis on the failure 

of that system. 

and (iii) The Friction of Electrographite - To obtain more information 

about the friction behaviour of electrographite and investigate the 

decrease in coefficient of friction with electric current. 

Let us now see how far the above objectives have been achieved in 

this research. 

General Wear Mechanisms 

Three separate wear regimes were established, referred to as mild 

wear, severe wear, and catastrophic wear. 

(a) Mild Wear involves wear rates of the brushes of the order of 

-9 -10 3 uss 3 
10-7 ~ 10 ~°mm-/(mm of sliding) or less, and is acceptable to brush 

users for continuous running electrical machines. 

(b) Severe wear of the brushes occurred on some metals and involved 

7. wear rates in the range 10‘ - “loaegee of sliding). Frovided no 

serious damage to the metal surfaces occurred (unlikely upon steel 

surfaces) this regime may be acceptable to brush users for intermittent 

running on fractional H.P. motors. 

(c) Catastrophic Wear of the brushes was encountered when sliding upon 

-6 ee 
aluminium and produced wear rates of 10 om?/ (mm of sliding) and above, 

and resulted in serious damage to the metal surface. Catastrophic
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wear was caused by electric current producing arcing at the interface 

and would be totally unecceptable to the majority of brush users. 

Several \iear mechanisms were involved in the sliding of the brushes, 

These were fatigue, adhesion, abrasion and oxidation. Fure fatigue 

wear produced the lowest wear rates, on gold and electrographite disks, 

whilst abrasion and oxidation produced the high catastrophic wear rates. 

Under most sliding conditions wear has been attributed to fatigue and 

adhesion, but which one of these mechenisms predominated was determined 

by the sliding conditions and disk material. 

when slidine vpon aluminium and EN26 steel disks a transition from 

mild wear to severe wear occurred if acritical load was exceeded. 

Associated with the transition was a change in contact resistance 

characteristics which indicated that mechanical disruption of the oxide 

film had taken place. 

wear in the mild wear regime was attributed primarily to fatigue 

failure of the graphite films produced upon the disk and brush surfaces. 

When sliding upon an electrorraphite disk no surface films were formed and 

wear was probably occuring by fatigue failure of the bulk material. During 

mild wear running, little adhesive wear occurred, the oxide films on the 

aluminium, copper and steel surfaces preventing adhesive contact. Sevére 

wear was produced by adhesion between the two contact materials, once 

the protective oxide film had been mechanically disrupted. ‘Severe wear 

was not encountered if the oxide film was present or if the adhesive 

forces between the contacting materials were low, as in the case of gold 

and clectioreaphi te disks. The mechanisms involved in the catastrophic 

wear encountered upon the aluminium disks were chiefly those of erosion 

and oxidation of the brush surface produced by electrical sparking and



abrasion of the surfaces by particles of aluminium oxide and aluminium carbide 

Damage to the aluminium surface resulted from softening of the aluminium 

and from abrasive wear. 

With the amount of information available a general wear theory 

involving any contact metal is difficult to propose, except to give the 

following broad guidlines. When fatigue wear of the surfaces predominates 

the wear rates of the brush will be in the mild wear regime, but when 

adhesion is the major wear mechanism a transition to the severe wear 

regime will occur. However, which of these mechanisms predominates 

will. be packetaly dependent upon the contact metal. kach metal surface 

must be considered individually to determine whether or not oxide film 

disruptions and severe wear will occur under the operating conditions 

imposed. 

Mechanical disruption of the oxide from the metal, and hence the 

possibility of adhesive wear, will take place when shear forces at the 

oxide - metal interface overcome the binding forces between the oxide 

and metal. when the lattice mismatch was large, as in the case of 

iron and its oxide, the internal stresses at the interface were large, 

and low externally applied stresses, produced by the sliding of the 

brush, were able to overcome the binding forces, Thus the transition 

occurred at a low load. In the case of a copper surface the oxide + 

metal lattice mismatch was small and much higher external shear forces 

were required to disrupt the oxide. The transition load on copper was 

outside the range of loads investigated. Breakdown of the oxide film 

upon the aluminium was produced, not by shearing of the oxide away from



the metal due to externally applied stresses, but by increases in the 

stresses at the oxide ~ metal interface caused by plastic deformation 

of the soft aluminium. Flastic flow of the other metals investigated 

Gid not occur. 

Before the wear hypothesis can be used to predict the wear behaviour 

of a metal-electrographite Eontnet ion information must be obtained 

about the oxide-metal mismatch and the stresses produced, as well as 

the shear stresses produced at the sliding interface, to determine whether 

mechanical disruption of the oxide will occur at the load applied. 

Nore information must be obtained about the tribological compatability 

of the two surfaces to predict whether or not adhesive wear will result 

from the oxide breakdown. 

The Suitability Of Aluminium As A Sliding Contact 

Pure aluminium was not found to be a suitable substitute for 

copper as a slip-ring or commutator material due to plastic deformation 

at a relatively low load (within the normal operating range of the 

brushes) producing severe wear of the brush material. The onset of 

severe wear may also lead to unstable conditions at the interface, “ 
’ 

thus causing arcing at the interface and catastrophic wear. 

Hardening of the aluminium by alloying can raise the elastic 

limit of the metal, and the velue of the’ toad at which the mild wear- 

severe wear transition occurs may be increased to outside the normal 

brusn loading range. Freliminary investigations using an aluminium- 

copper alloy (71) have shown that at a load above the transition on pure 

aluminium the electrographite showed mild wear characteristics, indicating 

an increase in transition load. Such alloys may be suitable for slip
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rings and commutators provided arcing and catastrophic failure can 

also be prevented by choice of suitable brush materials or commutator 

conditions. 

The contact resistance behaviour of the interface during mild wear 

sliding was of the same form on aluminium, copper and Steel. After an 

initial high resistance ohmic region the contact resistance decreased 

when a critical potential difference was applied across the interface. 

These results Ss consistent with a mechanically undisrupted oxide film 

upon the metal surface, the decrease in contact resistance being due to 

electrical eR RSs of the film (19). When passing electric current 

through brushes running on these metals in the mild wear regimes it 

would appear that complete electrical breakdown of the oxide did not 

occur. A very thin oxide film was possibly still present on the contact 

and presented adhesive contact. The electric current passed through 

this film by tunnelling without interference. where neither electrical 

nor mechanical breakdown had occurred, the thickness of the oxide, and 

hence the contact resistance, was determined by the recrystallisation 

depth of the oxide, which in turn depended upon the external stress 

applied. Thus the higher the load, the thinner the oxide film. 

The Friction of Electrographite 

The frictional force characteristics of electrographite study on 

all the metals investigated behaved in a manner which has been previously 

reported by a number of authors, including Lancaster and Stanley (17), 

Holm (18) and Davies (20). The friction increased with time of running 

to an equilibrium value, and if an electric current exceeding a critical



value was passed through the brush a decrease in friction occurred. 

The values of electric current producing the fall in friction in the 

mild wear regime were however, much lower than previously reported.



APPENDIX I 

Calculation of intensities of diffracted lines 

For a set of planes (hké) the structure factor Pace is given by: 

n 2 
hké = [2__fyeoser (hax, + ky, + 2,) + 

n 
j 2 fysinar (hae, +. Ry + a) 

(i) Structure factor of graphite 
  

The combination of sets of planes and atoms is shown in Table l. 

TABLE 1 

  

  

    

  

Ato i : x Zs: tom af Xx, Ys 4 

. 1 0 0 0 

C 2 3 § 0 

C 4 oO 0 3 

c 4 s 3 3 

0 O 2 

a O 0 

1 o 1 

A ali 0 2 
ee 
Se ae 
oe cae Oo 0 4 
ES Ay 

a 1 y 0 

h k eo            



(002) Planes 

= te [ cos2ir(0.0 + O60 + 0.2) + cos2m(Oetz + Oof+ 2-0) 

2 

+c0s27(0.0 + 0.0 + 2.4) + cos2r(0.$ + 0.4% + 203 

2 
+12, 9 sine (0) + sin2r(O) + sina + sinar | 

Sf a 
002 

Fe = 16 
002 002 

The atomic scattering factor (f) can only be placed outside the 
summation if all the atoms within the unit cell are identical. 

(100) Planes 

a 
2 

— r 1 ee rs | eoe2Ire0 + cos ree + cos2m7eO + cosa. | 

2 

+ fe | sino Ltn ee siinO + sane | 
5 3 

= f* i (1-34+1-3)? + fr og (02 866-06 866)° 

 



(101) Planes 

  

2 2 2 e 
= S 2. S O1es + cos a7 (4 + 2 F564 ro{ °° QyeOr COS 2x + cos 27 (FE + »| 

2 21 YAU ie + 2a ein O + sin . + sing + sin os 

e re a 3m 2 ; 

: Fol f oe | * Anbt ONS 4 0.w3)e 
2 2 

2 
pad for = "401 

(102) Planes 

  

2 2 
: 

ae 
co a LAG , . (2 : 

102 5 a cos 27 60 + cos 27 .$ + cos 27 .1+ cos 2m (3 4 » | 

2 : 2 

ae ee O+ sin ev+ sin em7+ sin 107 
102 é 

3 3 

x 6 4 4 2 ya 3 / 2 

= fipn (1-4 1-H°+ Hy, (COHN 3 + OWS 
e 2 

2 2 2 

$9: “a2 8" "hop 

(004)Planes 

2 2 
. 

Fook = took cos 0 + cos 0 + cos 27 .2 + COS 27 .2 

2 Be ees ae 
“ took sin 0+ sin 0+ sin 47+ sin 47 

* 2. 2} 

 



(120 Plenes) 

i 2 
FTi0 = 5 cos 0 + cos 271+ cos 270+ cos 27 el 

+ £2 sin 0 + sin 27+ sin 0+ sin 2 a 110 - Bee 

° 2 2 

(ii) Structure factors of Aluminium and Copper 

Both these materials have the face centred cubic structure shown. 

The positions of the atoms being, (0.0,0), (0,4,4). 

(3,0.4) and (4,4,0). 

  fr) 

      

  

ne O e 
f 4 

i ‘a -_ 

Pee en 

iro ss   
Atems within unit cell. 

Reflections occur from the following sets of planes : (111), (200), 

(220) , (311) , (222) , (400) (331) , (420), (422). 

The combinations of planes and atoms is shown in Table 2



  

  

  

              

i x. re 2 

1 0 0 0 

2 3 3 0 

3 0 oe 

h 4 0 3 
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2 O 0 
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5 iL 1 

ey 
z 2 2 2 
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en bh 0 0 
oO £3 
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m <t 
f 4 2 oO 
fer 
Hi h 2 2 

a 
h k al 
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Table 2 

(171) Planes 

2 2 

¥ = £2 {cos 27-Otcos 27(0)+cos 27 (0+r+3)+c08]a7 (44-09) 

2 
2 ‘ : 

tb eet sinOtsine7 + sin 277+ sin anr|



(200) Planes 

2 
F = f09{ cos0reosti+ cos 47+ cos | 

: 2 
J oe 16509 

For each set of planes giving rise to a diffraction maxima the structure 

factor is given by 

2 2 
Pra = Mfg 

Structure factor of Cun0- The positions of the Copper and Oxygen atoms 

within the unit cell are shown in Table 3. 

  

Atom a x ¥y? Zz 

  

Cu 1 V4} V4 | 1/4 

Cu 2 3/& | -7afle 1/4 

Cu 3 ae ee | ah 

Cu 4 3/4 | 3/4 $
i
 

0 2 0» Oe; 0     
  

0 Soe Pcl eer 

Diffracting | 1 1 Al: 
Planes 

2 2 0 

h k 1             

Table 4



2 iS 
2 n ; Fk 13, £, cos aiXhx.+ky +12, ) | RI » f,sin 2iChx, +ky +12, ) | 

111 planes 

os L i. ee Fi = (£, 208 arate, cos 2m, +f, cos arf + £. cos 2iep 

+ fy cos 27eO + fy cos eI oS 

+(f sin 67 +f sin ar ef +f gin nee + £ cos ont 
cu 5 cu cu 4 cu hy 

a fy sin 0 + fy sin ey 

2 2.8 are ) Fra = e cos io +3 fon cos amy + ft, cos 0 + t, cos 37 

( —— i 
+ to sin oo + 3E on sin a + fy sin O + £, sin 37 

2 
3 Os +3 £ ioe es 

cu cu o °o 

+( Go Nol). + 5 feo (ol) + 2-04 te 0 ) 

2 

Pu {s a ) 

  

(220) planes 

2 
P20 Po {feu COS 27re I+ fou COS 277 3+ ti COS 27 e2 + Fycos a oe 

2 

+f cos 0 + £ cos 20.2) 
° °



2 
+{ f sin a7+f sin G+ f_ sin 474+ f sin WT+ f sin OFF si yes | cu cu cu ~ oo. o> f sin 

2 
= | Sou let Fou t tye i had z, | 

+ is Oot foueot Eyelet £oyeOt 

a 2 

Fo20 1 + af, | 

  

(i133) Caculation of Intensities 
  

Having determined the structure factor » the other quantities 

contained in the equation for the intensity of the diffracted beam are 

easily calculated or found from standard tables, and the expected intensity of 

each diffracted beam can be computed. 

(iv) The Lorentz Polarization factor 

Lp =_1+ cos’20 

nin pesee 

(for a cylindrical specimen in a capillary tube) 

The appropriate values of this factor can easily be calculated or looked 

up in tables knowing the angle of diffraction 26. 

(Tables contained in Lipson & Wooster, Macmillan 1961) 

Cv) Atomic Scattering factor (f) 

Values of atomic scattering factors at various angles of sing /\ are



given in crystallographic tables (e.g. International tables for X-ray 

Crystallography ) - The variations in f with sino/ 

for Aluminium, copper and Carbon are shown in Figure I.i. From this 

graph the value of "f" corresponding to each diffraction maxima was 

found. 

(vi) Debye-Waller Temperature factor 

The atomic scattering factor at a temperature TK is given by 

6/72 

2B sin aun” 
fn = fe 

When B is the Debye parameter, made up of two components, Bo which is 

derived from the zero point energy of the atom and Ba derived from 

thermal vibrations of the atom. 

Values of Bo and B, at 293°K are given for C, Al and Cu in Table h 

  

Atom | Bo B B=Bo+Br 
  

Al 0.28 | 0.64] 0.92 
0.25'1 .0.47 | 0.72 
  

0.15] O44) 0.59 

              

Cu 0.13] 0.34! 0.47 

CG 20.15 | 0638). Oc52 

Table 4 

(International Tables for X-Ray Crystallography Vol 111). 

Thus, having found B the value of e~Bain YD can be determined for 

each maxima. 

Table 5 shows the calculated valves of R for each of the observed 

diffracted maxima from Carbon, Copper, Aluminium and Cuz0-



The (1010), (1011) lines of carbon are very close together and the 

peaks cannot be resolved. Since the integrated intensity of the 

lines are being measured the expected intensity from these two peaks 

can, to a close approximation be taken as the sum of the R values 

for the two lines.
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APPLICATION OF SCANNING ELECTRON 
MICROSCOPY TO THE STUDY OF 
GRAPHITE/METAL INTERFACES 

By J. FISHER, T. F. J. QUINN and J. L. SULLIVAN 
(Department of Physics, The University of Aston in Birmingham, Gosta Green, Birmingham, 4) 

Electrographite brushes have been run against copper, duralumin, and stainless-steel discs at a mean speed 
of about 9,000 mm/sec, under a load of 0-4 kgf, and with a current density increasing in stages from 0 up 
to 0-1S5A/mm‘?, the positive and negative brushes being run on separate tracks. Equilibrium conditions 
were established at each value of current density, as revealed by measurements of brush wear, brush 
friction, and contact resistance between the brushes and the tracks on the disc. Selected typical portions 
of the four brush and track surfaces were examined at magnifications varying from about 100 x up to 
about 30,000 x, using the powerful technique of scanning electron microscopy. 

The electrical and mechanical behaviour of these graphite/metal systems is briefly discussed. The wear 
rates of the negative electrographite brushes are larger than those of the positive brushes for all systems. 
A correlation between the electrical contact resistance and the coefficient of friction is shown to exist. 

The topographies of the various surfaces, as revealed by the scanning electron microscope, are discussed. 
Some evidence is given for a fatigue wear mechanism through ‘blistering’ and cracking of surface films on 
both the brush and disc surfaces of these graphite/metal systems. 

Introduction 

Most of the previous research into the friction and 
wear of carbon brushes has been concerned with the 
sliding of graphite on copper, since most electrical 
machines are generally operated with copper com- 
mutators or slip rings. However, some machines are 
now using steel as the contact material. For example, 
high-carbon steel is used in the slip rings of high-speed 
alternating current generators, and stainless steel is often 
used on high-speed machines which have to run at high 
ambient temperatures. Very little is known about the 
friction and wear behaviour of graphite on metals other 
than copper. For this reason, the Tribology Laboratory 
in this Department has embarked on a systematic in- 
vestigation of the fundamental and practical aspects of 
using alternative contact materials, such as duralumin 
and stainless steel. A small amount of graphite-on- 
copper work is also being carried out for the purposes 
of comparison. 

This paper is a report on some of the early results of 
this project, with special emphasis on the results of the 
scanning electron microscopy used to study the topo- 
graphies of the various contact surfaces. This technique 
has very special relevance to graphite/metal interfaces, 
since such interfaces will not normally suffer a plastic 
replication process (prior to examination by conventional 
transmission electron microscopy) without disintegration 
and shearing at levels other than the actual contacting 
interface. Previously, reflection electron microscopy has 
been used for directly studying the topography of worn 
graphite contact films, for example in the electrographite- 
on-copper work of Quinn.! This technique has the dis- 
advantages of providing a perspective view of the surface, 
and a relatively poor resolution (about 300A). On the 
other hand, the scanning electron microscope provides 
near-normal viewing of the specimen surface, a high 
resolution, and a very wide range of magnifications. 
Very little has yet been published on the application of 
scanning electron microscopy to graphite sliding on 
metals. White? has used this technique to provide some 
evidence for a fatigue mechanism of wear applicable to 
electrographite sliding against copper. It is shown that 

the results of the present investigation are also con- 
sistent with a fatigue mechanism operating in the wear of 
electrographite on other contact materials, as well as on 
copper. 

Experimental 

The brushes were made from electrographite (EG14) 
(kindly supplied by Morganite Carbon Limited). The 
discs were machined with a tungsten carbide tool to 
provide an initial surface finish of about 6 x 10-6 mm 
centreline average (CLA). The CLA measurements taken 
tangentially to the direction of machining were very 
slightly different from the measurements taken radially. 
The discs were run horizontally to facilitate the measure- 
ments of friction and wear. A mechanical method was 
used for measuring the frictional force on each brush, 
and an electrical capacitance method was used for 
measuring the changes in brush height with increase in 
wear. 

Each brush was run with zero current until steady 
frictional force values were obtained at a load of 0-4 kgf 
and at linear speeds of 8600 and 10,200 mm/sec. These 
were attained after about 2-3 days continuous running. 
The current through the brushes was then increased in 
stages up to 5A. ‘This final current was far above the 
recommended current density of 0-08A/mm2. In fact, 
it corresponded to a current density of about 0: 15A/mm2 
At each stage, equilibrium values of friction, wear, and 
contact voltage were obtained before passing on to the 
next higher stage. 

Sections of selected portions (about 6 x 6 mm) of 
the running track were cut from each disc. These, 
together with the running surfaces of the brushes, were 
mounted for viewing in the scanning electron microscope. 

Results and Discussion 

This section deals mainly with the results of the 
examination of the brush and track surfaces by scanning 
electron microscopy. Obviously, these scanning elec- 
tron micrographs can relate only to the final high current 
density equilibrium surfaces. Further work is already 
under way, in the authors’ laboratory, in which the
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equilibrium surfaces at each current density are being 
systematically examined. This should determine whether 
or not the features about to be described are, in fact, 
only high current density features. Before describing 
these features, however, an account of the general 
electrical and mechanical behaviour of the electro- 
graphite/metal system will be given. 

Electrical and mechanical behaviour of the systems 

There was a marked tendency for the negative brushes 
running on duralumin and stainless steel to wear sig- 
nificantly more than the positive brushes. This is in 
agreement with the results of Davies,3 who found that 
the negative brush wore more than the positive brush 
when slid against copper. The graph of wear rate versus 
current is shown in Fig. 1. 

The coefficients of friction, on the other hand, seem to 
be independent of current direction for both duralumin 
and stainless-steel contact materials. Fig. 2 shows the 
relationship between coefficient of friction and current 
for both materials. The low current behaviour of the 
friction coefficient of duralumin may be significant (see 
below). Both materials showed that the friction co- 
efficient tends towards an equilibrium value at high 
current densities. This behaviour is in agreement with 
the results reported by Lancaster & Stanley,4 who used 
copper and mild-steel discs. 
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Fig. 1. Wear rate versus current for electrographite brushes 
sliding on duralumin ( ) and stainless steel (— — —) 

Speed: ~ 9000 mm/sec; load: 0:4 kef 
Stainless steel: x, positive brush; ©, negative brush 
Duralumin: (1, positive brush; @ negative brush 

  

The contact resistance behaviour of the electrographite 
on stainless steel also followed the same trend as that 
reported by Lancaster and Stanley+ for their electro- 
graphite on copper and mild-steel systems, namely, a 
decrease in contact resistance with increasing current 
towards equilibrium values at high currents. The 
behaviour of the duralumin system was markedly 
different, showing a maximum contact resistance be- 

tween about 2 and 3A. Fig. 3 shows the contact 
resistance versus current for both the duralumin and 
stainless-steel systems. 

There is a possible correlation between the coefficient 
of friction and the contact resistance, as indicated by the 
similarity of the curves in Figs 2 and 3. By plotting 
friction coefficient versus contact resistance, a straight 
line relationship was obtained (see Fig. 4) for the stain- 
less-steel points. The duralumin points relating to low 
current experiments are clearly anomalous, whilst the 
high current points all lie close to the lines drawn through 
the stainless-steel points. This graph is most im- 
portant, since it shows a simple relationship between the 
contact resistance (an electrical measurement) and the 
coefficient of friction (a mechanical measurement), both 
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Fig. 2. Friction coefficient versus current for electrographite brushes 
sliding on duralumin (®) and stainless steel (Q) 

Speed: ~ 9000 mm/sec; load: 0:4 kgf 
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Fig. 4. Coefficient of friction versus contact resistance for electro- 
graphite brushes sliding on duralumin ( ) and stainless steel   

Speed: ~ 9000 mm/sec; load: 0:4 kgf 
Stainless steel: x, positive brush; ©, negative brush 
Duralumin: 1, positive brush; @, negative brush 

of which must be intimately related to the nature of the 
interface between the electrographite brush and the 
contact films formed on the disc. This result shows how 
relevant the scanning electron microscopy of the contact 
surfaces must be to any real understanding of the 
behaviour of graphite/metal interactions during sliding. 

Topographies of the systems 

At least 100 scanning electron micrographs were 
taken of the equilibrium surfaces of the brushes and the 
tracks. Only a small selection are presented here. 

This selection has been made on the basis of showing as 
many relevant features as possible, using the minimum 
number of photographs. It will be recalled that one 
of the aims of the project was to compare the relative 
efficiences of duralumin and stainless steel as contact 
materials against that of copper. For this reason, one 
or two significant features of the contact film formed on 
copper are shown in Fig. 5. 

  
{c} 

5x 10 omen 

Fig. 5. 

{d} ——__j 
10%mm 

Scanning electron micrographs of contact film on positive 
track formed on copper disc 

(a) General view of surface; (b) enlarged view of flake; (c) enlarged view of part 
of (b); (d) enlarged view of part of (c)
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This is a good example of the value of having a wide 
range of magnifications available. Fig. 5(a) shows the 
smooth continous nature of the contact surface, which 
almost certainly consists mainly of electrographite and 
the occasional large flake standing apparently proud of 
the surface. Fig. 5(b) shows an enlarged version of one 
of these flakes. This flake is contiguous with the contact 
film at its lower edge. It is also severely cracked. An 
enlarged view of this cracked flake is shown in Fig. 5(c). 
Similar crack systems have been found to occur in the 
surfaces of steels when slid against each other 
under unlubricated conditions.®.§ Fig. 5(d) is an en- 
larged portion of a region near to one of the cracks in 
Fig. 5(c), from which can be seen a definite overlapping 
flake effect. The trailing edges of the flakes are standing 
proud of the surface. Such tilted flakes are in accord 
with the electron diffraction evidence obtained from 
similar electrographite on copper surfaces.! The over- 
lapping flakes were not so well defined in the reflection 

te) 10 

Fig. 6. 
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electron micrographs obtained by Quinn,! and, in fact, 
he found no evidence of the cracks at all. This is to be 
expected, since the contrast of cracks is much lower for 
reflection electron microscopy than for scanning electron 
microscopy, or transmission electron microscopy of 
replicas, of cracked surfaces. 

It may be noted that White? has also reported the 
presence of cracks in the surfaces of electrographite 
brushes which had been sliding on copper discs. He 
concluded that these cracks were evidence for the fatigue 
wear mechanism proposed by Clark & Lancaster.? He 
also found evidence that the cracks and flakes probably 
result from the collapse of ‘blisters’ on the surface. 

Although no such ‘blisters’ have been found in the 
surfaces of the electrographite/copper system covered by 
the present investigation, extensive areas of ‘blisters’ 
have been found in the surfaces of the electrographite/ 
duralumin and the electrographite/stainless-steel systems. 
Fig. 6 shows some typical blistered areas in the equilib- 

Screen. Be 
{ 6) Sxid'mm 

' Ss 
(d} 2x10 "mm | 

Typical blistered areas of surfaces 

(a) Surface of track formed on duralumin disc by positive electrographite brush; 
(b) surface of negative electrographite brush which has been running on duralumin; 
(c) surface of track formed on stainless steel by negative electrographite brush; 
(d) enlarged view of the collapsed blister in (c)
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rium surfaces of both systems. Fig. 6(c) shows one 
blister which has collapsed (in the centre of the micro- 
graph) and one blister which seems about to collapse 
(in the lower left of the micrograph). Fig. 6(d) is an 
enlarged view of the collapsed blister of Fig. 6(c). 

Various other interesting scanning electron micro- 
graphs have been obtained from the surfaces of these 
specimens. Their relevance to possible wear mechan- 
isms is not too clear. In general, they tend to show that 

there is very little difference between a positive and 
negative brush surface, or a track formed under a positive 
or negative brush, for the three systems investigated. 
The difference in wear rates between the negative and 
positive brushes does not lead to any apparent differences 
in the final equilibrium surface topographies. The 
micrographs do, however, show a tendency for the brush 
surfaces to be rougher than the tracks formed on the 
discs, a tendency already reported (for zero current only) 
by Quinn! in his reflection electron microscope investi- 
gation of electrographite sliding on copper. 

Conclusions 

The preliminary results reported in the previous section 
indicate that the mechanism of wear by fatigue of the 
surface films may hold for systems other than electro- 
graphite on copper. The strong correlation between 
contact resistance and friction coefficient emphasises that 
any investigations of the electrical and mechanical be- 
haviour of graphite/metal interfaces must be concerned 
with the real area of contact between the brush and its 
accompanying track on the metal. The use of scanning 
electron microscopy in the present investigation shows 
that the technique can be of invaluable assistance in 
investigating what actually goes on at the real area of 
contact. 

Obviously, much more work is required, especially 
work directed towards an understanding of the effect of 
any preferred orientation of the electrographite crystal- 
lites upon both the electrical resistance and the mechan- 
ical resistance (friction). Although not reported in this 
paper, preliminary electron diffraction studies of the 

brush tracks on the duralumin disc have revealed that a 
strong preferred orientation does exist in both the brush 
and track surfaces. There must be a strong connexion 
between friction, electrical contact resistance, wear, and 
the ‘strength’ of any preferred orientation present in the 
surfaces. 

This preliminary investigation has already shown that 
the process of wear of electrographite/metal systems may 
not be different from those occurring in metal/metal 
systems. One is continuously being forced to acknow- 
that graphite (especially an artificially made graphite 
such as electrographite) may not be so very different 
from a metal insofar as its mechanical behaviour in a 
sliding situation is concerned. 
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DISCUSSION 
P. K. C. Wiggs (Morganite Carbon Ltd, London, 

S.W.11):—The direct relationship quoted between con- 
tact resistance and friction is observed only on high- 
speed electrographite brushes; on other types the contact 
resistance falls with increasing current but friction does 
not. When running conditions of EG14 graphite on 
copper are changed, the friction and resistance change 
also. Under those conditions in which friction force is 
unusually high, resistance is low, so that superimposed 
on the direct relationship observed with change of 
current, is a reciprocal relationship when other con- 
ditions change. This seems to indicate that there is 
some relationship between mechanical and electrical 
contact areas. 

The lower wear rates quoted, at the bottom of the 

graph (Fig. 1) are comparable with those found on 
practical electric motors, when sparking is not significant. 
The high rates at the top of the graph are some 30 times 
greater. 

Author’s reply:—We realise that the relationship 
between contact resistance and friction coefficient has 
not been universally established, especially under prac- 
tical running conditions. Nevertheless, in later experi- 
ments which we have been carrying out with EG14 
graphite running on aluminium, we have again been able 
to demonstrate the validity of a direct relationship be- 
tween contact resistance and friction coefficient. These 
later experiments (to be reported in detail elsewhere) 
show that this relationship holds for a wide range of 
brush pressures, including pressures normally used under
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practical conditions. We agree with you that there 
must be some relationship between mechanical and 
electrical contact areas. 

A. E. Bickerstaff (Morganite Carbon Ltd, London, 
S.W.11):—Could you explain how the observation of 
cracks and blisters in the carbon film, transferred on to 

the metal counterface, constitutes evidence supporting a 
fatigue method of wear for the brush? 

Author’s reply:—We have found evidence of blisters 
and cracks on both brush and track surfaces. In this 
initial paper, we were merely following White? in sug- 
gesting that these features could support a fatigue wear 
mechanism. In subsequent papers, we will examine this 
suggestion in much more detail, after we have examined 
many more graphite/metal sliding systems.



Reprinted From ASLE TRANSACTIONS 
Volume 15, Number 3, July 1972



    

VOLUME 15, 192-200 

ASLE TRANSACTIONS 

    

The Effect of Current on the Lubrication 

of Sliding Electrical Contacts 

J. FISHER, K. J. CAMPBELL, and T. F. J. QUINN 

The University of Aston in Birmingham, Birmingham, 4, England 

This paper describes experiments designed to examine 

the effects of current on the lubricant properties of elec- 

trographite brushes running against slip rings of pure 

aluminium and stainless steel. The range of current densi- 

ties carried from 0 to 0.2 A.mm—*, It is shown that the 

effects of increasing current are generally beneficial in so 

far as friction and contact resistance are concerned. How- 

ever, the wear of the brushes running on aluminium was 

unacceptably high. 

The results of these experiments are discussed in terms 

of the surface topographical changes (revealed by scan- 

ning electron microscopy) caused by the passage of cur- 

rent through the contact between the brushes and the slip 

rings. A mechanism of surface film breakdown with in- 

creasing current is postulated as a possible cause of the 

heavy wear of the brushes running on aluminium. 

INTRODUCTION 

Most of the previous research into the lubrication of 

carbon brushes has been concerned with the sliding of 

graphite on copper, since most electrical machines are 

operated with copper commutators and slip rings. How- 

ever, some machines use other metals as the contact ma- 

terial. For instance, high carbon steel is used in the slip 

rings of high-speed alternating current generators, and 

stainless steel is used in high-speed electrical machines 

which have to be run at high ambient temperatures. 

The increased use of aluminium as a substitute for cop- 

per as an electrical conductor under stationary conditions 

has prompted some machine manufacturers to attempt 

using aluminium as a commutator material. Unfortunate- 

ly, the wear rate of both the aluminium and the brushes 
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tends to be very high. This has prevented the substitution 

from becoming a viable economic proposition. 

This paper is a report of some of the results of an in- 

vestigation into the causes of failure of the aluminium- 

electrographite sliding system when current is passed. For 

comparison, a few experiments were also carried out on 

the well-behaved stainless steel-electrographite system. 

The changes in frictional force and contact resistance 

with changes in current are fairly well known for the cop- 

per-electrographite system (1, 2, 3). Most investigators 

agree that the changes in contact resistance are due to a 

breakdown of the copper oxide film in the real area of 
contact (4). Several hypotheses have been proposed which 

relate the frictional force to the current, but none have 
been generally accepted (5). As far as the authors are 

aware, however, there has been no work published on the 

behavior of the aluminium-electrographite system. In the 

present paper, the results obtained on the aluminium- 

electrographite system and the stainless steel-electrograph- 

ite system are discussed in terms of the tendency for the 

contact films of the former system to disintegrate with 

the increase in current. This discussion, of course, includes 

the effect of current upon surface topographies, as re- 

vealed by a systematic investigation with the scanning 

electron microscope. 

EXPERIMENTAL DETAILS 

The experiments were carried out on two machines of 

the same basic “pin and disk” geometry. The disks ro- 

tated in a horizontal plane, and the brushes were held 

vertically against the disks in slots cut in the brush hold- 

ers. Loads were applied to the brushes by means of 

weights on a weight-pan sliding in the brush holders. 

Two brushes were run on different radii tracks on each 

disk. When current was passed through the system, one 

brush acted as the positive brush, carrying conventional 
current from the brush to the disk, while the other brush 

acted as the negative brush.
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The wear of the brushes, which were of a constant cross 
section of 5 mm X 5 mm, was found by measuring their 
change in length. On the prototype machine, this change 
was measured either by a micrometer head fixed to the 
base of the machine, or by measuring the change in ca- 
pacitance between two horizontal plates, one fixed to the 
top of the brush and the other one fixed to the base of 
the machine. On the other test rig, which is shown in 
Fig. 1, the wear was found in a similar fashion, i.e., by 
measuring the distance between a capacitance plate at- 
tached to the top of the brush, and the capacitance probe 
of a commercially available distance-measuring bridge. 
The output from this instrument was monitored by a 
potentiometric chart recorder, thereby giving a continuous 
recording of the wear rate. 

The frictional forces between the brushes and the disks 
were measured in basically the same way on both ma- 
chines. On the prototype machine, the brush holders were 
free to swing in a horizontal plane on light bearings. 
During running, the brushes were held steady on the disk 
by mechanical stops. The frictional force was found by 
measuring the force required to swing the holders away 
from the stops. The brush holders on the latter machine 
were fixed to the supporting pillar by a crossed-spring 
arrangement. This enabled the brush holders to move only 
in a plane parallel to the disk surface. The brush holders 
were constrained by strain gauge transducers. These held 
the brush holders rigidly in position, and also measured 
the frictional force. The outputs from the strain gauge 
bridges were fed into a chart recorder, and a continuous 
trace of friction obtained. 

The contact resistance of the brush-metal interface was 
found by measuring the potential difference between the 
brush and disk, using a valve voltmeter or potentiometric 
chart recorder. Contact of the measuring circuit to the 
metal disk was made through a pair of silver-graphite 
brushes running on a copper ring attached to the rotating 
shaft of the machine. 

The aluminium disks were made from soft, pure alu- 
minium sheets. They were machined to a surface finish of 
125 10~® mm (5 in) Center Line Average (CLA). 
The stainless steel disks had a surface finish of 12 K10ne 
mm (0.5 in) (CLA). Although stainless steel is much 
harder than aluminium, it is similar to aluminium in the 
way it forms a strong oxide layer. 

The brush material used in the experiments was a high- 
speed electrographite material. The brushes were all cut 
from the same block of material, with the running faces 
parallel to the same direction within the block. 

Four series of experiments were carried out on brushes 
running on aluminium, and one on brushes running on 
stainless steel. The sliding speed was 9,000 mm.s~, 

In the first three series of experiments, various brushes 
were run against aluminium disks under three different 
loads, 1.6N, 4.7N and 10N. At each of these loads the 
brushes were run first with no current passing, then with 
currents ranging from 0.5A to 5.0A. At each load and 
current, the brushes were run until steady values of fric- 
tional force and contact resistance were obtained. When 
this stage was reached, the run was discontinued. Further 
experiments were then carried out under different condi- 
tions of load and current, using a new disk and new 
brushes. onal force 

asurement 
transducer 

Crossed spring Weights The fourth series of experiments carried out on alu- 
minium used the same disk and brushes throughout the 
run. A light load, 0.6N, was used, and the current was 
varied from 10—°A to 2.0A. Values of contact resistance, 
friction force, and wear rate were measured. This experi- 
ment was stopped at a current of 2.0A, since arcing oc- 
curred beneath the negative brush at this current. 

For the purpose of comparison, a short experiment was 
also carried out with brushes running on a stainless steel 
disk. The same brushes and disk were used throughout 
the run with a load of 4.7N. Frictional force, contact re- 
sistance, and wear rate were measured at currents up to 
5.0A. 

Selected portions of all worn brush and disk surfaces 
were examined by scanning electron microscopy. A small 
amount of electron probe microanalysis was also carried 
out on one of the aluminium surfaces. Selection was made 
on the basis of which topography was “typical” and which 
was “interesting,” with more emphasis being placed on 
the “typical” worn surface topographies. 

    

      

  

     Wear rate measurement EXPERIMENTAL RESULTS 

Frictional Force and Current 

Disk 

Brush holder Capacitance probe 

Capacitance plate The effect of the current through each brush upon the 
measured average equilibrium value of thescoefficient of 
friction is shown in Fig. 2 for four different loads on the 

Brush 

Fig. 1—Photograph of wear test rig showing disk, brushes and mea- 
surement transducers.
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Fig. 2—Variation in coefficient of friction with current for electrographite 
sliding on aluminium and stainless steel. 

electrographite-aluminium system, and one load on the 

electrographite-stainless steel system. This shows that the 

friction coefficients all decrease with increasing current. 

A significant aspect of this decrease is that there seems 

to be a tendency for all the experiments to provide a 

friction coefficient of about 0.15 at currents greater than 

about 2A. This could indicate that the electrical factors 

over-ride all others, when considering the lubrication of 

sliding contacts through which high density currents are 

passing. One cannot neglect the other factors completely, 

however, as shown by the small increase in the friction 

coefficient with increasing load for the electrographite- 

aluminium system at 5A current. 

It is interesting to see what is the form of the “friction 

coefficient versus current” curve at very low currents, i.e., 

at currents less than about 100mA. Figure 3 shows the 
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Fig. 3—Variation in coefficient of friction with current, at low currents, 
for brushes sliding on aluminium under a light load. 

low current part of the 0.6N load experiments on the alu- 
minium disk, from which one sees that the zero current 

value of about 0.4 for the friction coefficient was, in fact, 

maintained with increasing current from zero up to about 
30mA. Above this value of current, the friction dropped 

through a range of decreasing values at each increment of 

current. This decrease was always achieved within a very 
short time of changing the current, e.g., within about 5 

minutes. Upon reducing the current, the friction began to 
increase immediately. However, it did not reach an equi- 

librium value for several days afterwards, in strong con- 

trast to the several minutes required to reach equilibrium 

after an increase in current. 

The zero current results are of interest, since they are 

relevant to the normal conditions under which a solid 

lubricant is used. Figure 4 shows the reduction in friction 

coefficient with load for the brushes running on aluminium 

disks. A similar reduction of coefficient of friction with 

load has also been reported for the unlubricated sliding 
of steels (6). This is an apparent violation of the law of 

friction which states that the coefficient of friction should 

be independent of the load. It indicates just how little is 

still known about the fundamental interactions between 

sliding surfaces. 

Contact Resistance and Current 

The variation of the contact resistance between the 

brushes and the aluminium disk is shown in Fig. 5 for a 

constant load of 0.6N. It can be seen that there is an ex- 

tremely high contact resistance (~10* ohms) for currents 

less than about 100A, indicating the presence of an insu- 

lating oxide film on the aluminium surface. Increasing the 

current above this value leads to a considerable reduction 

in contact resistance, e.g., about 1 ohm at 1A current. 

The difference between the positive and negative brush 

contacts was only appreciable at the very low currents. 

A striking feature of Fig. 5 is the effect of reducing cur- 
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Fig. 5—Variation in contact resistance with current for brushes sliding 
on aluminium under a light load. 

rent after increasing from zero up to about 5mA. Here, 

one can see that the contact resistance does not return to 

its previous high value but, instead, tends towards an 

equilibrium value an order of magnitude smaller. A simi- 

lar effect was found at about 100mA. However, for re- 

duction after reading 1A, there was very little change in 

contact resistance. This indicates a possible breakdown in 

the aluminium oxide film with increasing current, and will 

be discussed later on. 

A similar form of behavior is indicated by plotting the 

potential applied across the brush-metal interface against 

the contact resistance (see Fig. 6). The arrows on this 
graph (and on Fig. 5) indicate whether the current is 
being increased or decreased. Figure 6 shows that the con- 
tact resistance was initially high, and remained high, until 

the potential across the interface exceeded about 1.1 volts. 

Above this, the contact resistance decreased rapidly, and 
very little increase in potential was required to pass large 
currents. This experiment was stopped at 2A, because 
arcing occurred beneath the negative brush. This arcing 

appeared to have no effect upon the contact resistance. 

Figure 7 shows the variation in contact resistance with 

currents in the range 0.5 to 5A for loads of 1.6N, 4.7N 

and 10N. It will be noted that there is a tendency for the 
contact resistance to approach the same value (about 0.5 
ohms) at the highest currents, in much the same way as 

Fig. 2 showed that the friction coefficient also tended 

toward a constant value at high currents. 

Figure 8, the variation of contact resistance between 

the brushes and the stainless steel disk with changing cur- 
rent, shows a similar form as that shown in Fig. 7, namely 
a tendency towards a value of 0.5 ohms at high currents. 

Friction Coefficient and Contact Resistance 

Comparison of Fig. 3, 5, and 8, shows that both the 
contact resistance and the coefficient of friction varied in 

the same way as the current is increased. This similarity 

in behavior is shown by plotting values of contact resis- 
tance against coefficient of friction for increasing current 
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Fig. 6—Variation in contact resistance with applied voltage for brushes 
sliding on aluminium under a light load. 
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Fig. 7—Variation in contact resistance with current for brushes running 
on aluminium.
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Fig. 8—Contact resistance against current for brushes sliding on stainless 
steel. 

(Fig. 9). It can be seen that there is a linear relationship 

between the contact resistance and the coefficient of fric- 

tion. This relationship clearly indicates a strong connec- 
tion between these two independent parameters—possibly 

a common dependence upon the real area of contact? This 

will be discussed later. 

The Wear Rates 

The wear rate of the brushes was the most difficult 

parameter to measure, mainly because of the very small 

wear which took place. Also, at any given load and cur- 

rent, the wear rates of the brushes running on aluminium 

varied over quite a large range of values. Owing to these 

factors, only general trends could be found from the wear 

data. 

At a load of 0.6N and with zero current passing through 

the brushes to the aluminium disk, the average wear rate 
of the brushes was 3.0 x 10-1 mm*/mm sliding. No in- 

crease in wear rate of the positive brush could be de- 
tected up to a current of 2.0A. The average value of the 

wear rate of the negative brush increased with current. 

At a current of 2.0A, sparking occurred under the nega- 
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tive brush, thereby causing a very large increase in wear 

rate. 

With a load of 1.6N, the wear rate appeared to follow 
a similar pattern as with the 0.6N load, although the wear 

rates at the heavier load were unexpectedly lower. Once 

again, the wear rate of the negative brush was greater 

than that of the positive brush. 

The wear rates of the brushes at loads of 4.7N and 

10N were very erratic, and no steady value could be ob- 
tained. Owing to the very wide range of wear rates, no 

significant change in wear rate with load or current could 

be detected. Once again, the very high wear rates at the 

high currents were probably due to arcing beneath the 

brushes. 

By comparison with the wear rates of the brushes run- 

ning on aluminium, the wear rates of the brushes running 

on the stainless steel were low and well behaved. Figure 

10 shows the wear rates for brushes loaded at 4.7N against 

a stainless steel disk. No increase in the wear rate of the 

positive brush could be detected, but a steady increase in 
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Fig. 10—Variation in wear rate of brushes sliding on stainless steel 
with current.
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the wear rate of the negative brush took place as the cur- 

rent was increased. It should be noted that the wear rates 

obtained from running on stainless steel are an order of 

magnitude Jess than those obtained on aluminium and are 

' comparable with those of brushes running on copper. 

Why should the wear rate of brushes running against 

aluminium be so much more than that of brushes against 

stainless steel or copper? The abrasive nature of alumin- 

ium oxide could be contributing to the increased wear. 

One possible way of investigating the relative wear be- 

havior is to study the relative surface topographies using 

a technique with a very wide range of magnifications and 

a comparatively high resolution, namely, scanning electron 

microscopy. The following section deals with just such a 
study. 

Relative Surface Topographies 

A very large number of micrographs were taken during 

the experiments. A selection of micrographs has been 

chosen which show the general changes which took place 

in the generated surfaces as the conditions of sliding were 

changed. 

The surfaces of the aluminium disks. At a load of 

1.6N and with no current flowing through the brushes, 

the surface generated on the aluminium appeared smooth 

and uniform. Scanning electron microscopy revealed that 

the aluminium surface was covered by a smooth, layered, 

graphite film as shown in Fig. 11(a). 

The passage of current through the brushes tended to 

break up the graphite film into smooth islands or ridges 

standing above surrounding rough regions. Figures 11(b) 

and 11(c) show typical areas of the positive track after 

the passage of a current of 1.0A. The film laid down upon 

the surface has a much more ragged appearance than with 

no current passing. 

After a current of 5.0A has been passed through the 

brushes, the film has been almost completely broken up 

into smooth islands as shown in Fig. 11(d). 

The effect of increasing the load was also to break up 

the graphite film. Figures 12(a) and 12(b) show the sur- 

faces generated by loads of 4.7N and 10N respectively, 

with no current passing. 

The effect of current at these higher loads was to break 

up the graphite film and roughen the aluminium surfaces. 

The extent of the break-up of the film with a load of 4.7N 

after a current of 1.0A can be seen in Fig. 12(c). Figure 

12(d) shows the surface at the same load, but after a cur- 
rent of 5.0A. At this high current, very little smooth graph- 

ite film remains on the surface except in isolated islands. 

The rough areas surrounding these islands appear to con- 

sist of loose debris, and areas where the underlying alu- 

minium has bubbled through the graphite, as shown in 

Fig. 13(a). 

At the highest load, 10N, the passage of current had 

the same effect as at the lower loads. The highest attain- 

able current before catastrophic wear of the brushes took 

place was 3.0A. Figure 13(b) shows that, under these con- 

ditions, the surface was of the same appearance as in Fig. 

12(d). 

At a current of 5.0A, catastrophic wear of the brushes 

occurred, and severe damage was caused to the aluminium 

surface. No smooth areas of film could be found. The sur- 

face consisted mainly of areas where either the graphite 

film or underlying metal had been deformed into the wave- 

like appearance of Fig. 13(c). 

The surfaces of the brushes run against aluminium. 

The surface of the brushes after running was all of the 

  
Fig. 11—Effect of passage of current upon topography of aluminium 

surfaces. 
Fig. 12—Effect of load and current upon the topography of the 

aluminium.
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Fig. 13—Effect of load and current upon the topography of the 
aluminium. 

same appearance. A thin graphite film was formed on the 

running surface, and provided that catastrophic wear of 

the brushes did not take place, changes in load and cur- 

rent had no significant effect upon the nature of the sur- 

face. 

Figure 14(a) shows the surface of a brush run under 

a light load, 1.6N, with no current passing, and Fig. 14(b) 

Smooth graphite film 

Transferred aluminum 
particles 

  

Smooth graphite film 

Transferred aluminum 
particles 

  
(b) 

Fig. 14—Typical brush surfaces after running on aluminium       

shows the surface of the positive brush under a heavy 

load, 10N, and a current of 3.0A. There was very little 
difference in the surfaces of the brushes under these two 

different conditions. Under all running conditions, it was 

usual to find a large number of bright particles on, or em- 

bedded in, the brush surface. These can be seen clearly in 

Fig. 15(a), which relates to a brush which has been run 

at a load of 4.7N with no current. Electron probe micro- 

analysis reveals that these particles are aluminium trans- 

ferred from the disk surface to the brush. Figure 15(b) 

shows a backscattered electron micrograph of the surface 

of the same brush as in Fig. 15(a). Figure 15(c) shows 

a photograph of the distribution of X-rays emitted from 

aluminium over the same area. 
The surfaces generated by running on stainless 

steel. A typical area of the film formed on stainless steel 

at a load of 4.7N and current of 5.0A is shown in Fig. 

16(a). A complete film of graphite covered the surface 

and very little underlying metal could be seen. The raised 

islands were very smooth, and a common feature of the 

film was cracking and blistering of the smooth regions, as 

in Fig. 16(b). 

As in the case of brushes running on aluminium, the 

surfaces of the brushes running on stainless steel were 

composed of a laid-down graphite film. The only signifi- 

cant difference between the brushes running on the dif- 

ferent metals was the absence of metallic debris on the 

surface of the brushes run on stainless steel. 

DISCUSSION 

It is very clear from the foregoing that the solid lubri- 

cant properties of electrographite brushes are considerably 

Transferred aluminum 
particles 

(c) 
Location of transferred aluminum Transferred aluminum 

Fig. 15—Surface of brush after running on aluminum and the distribu- 
tion of aluminium on the surface as revealed by electron probe micro- 

analysis,
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Raised islands on 
graphite film 

  

Smooth region of 
graphite showing 
area flaking away 
from film 

  

(b) 

Fig. 16—Typical surfaces formed upon stainless steel 

modified by the passage of current through the contact 

region between the brush and the slip ring. In fact, for 

the two contact materials used in these experiments, the 
effect of current seems to be beneficial as far as the co- 

efficient of friction is concerned. The similar effect of cur- 

rent upon the contact resistance is also beneficial from the 

point of view of the ability of the system to collect cur- 
rent. Unfortunately, the position is not so good when one 
considers the high wear rates of the brushes at high cur- 

rents, especially when running against aluminium. This is, 

of course, the main reason why aluminium has tended to 
be rejected as an alternative contact material to copper 
in electrical machines. 

The key to the friction and wear behavior of electro- 
graphite brushes when used under electrically conducting 
conditions probably lies in: (1) the breakdown of the 
oxide film present on the contact material at low currents, 
and (2) the abrasive nature of both the oxide particles 
and the electrographite wear particles. Undoubtedly, alu- 
minium oxide particles are much more abrasive than the 
cuprous and ferric oxide particles expected to be present 
when copper and steel materials are used in slip rings. 
Hence the high relative wear rate for the electrographite- 
aluminium system. The conditions under which metal ox- 
ide films break down are clearly the most important fac- 
tors governing the use of that metal as a contact material. 
This is where the study of the contact resistance is most 
relevant. 

The variation in contact resistance with current between 
the electrographite brushes and the aluminium and the 
stainless steel disks, follows the same pattern as the be- 

havior of similar brushes running on copper. Bickerstaff 
(1) has shown that a low-voltage ohmic region exists on 
copper, provided that the voltage across the interface does 

not exceed 0.1v. 

The method of conduction of electricity from the brush 
to a copper disk is well understood (5). The ohmic region 
at low voltages is attributed to the electric current pass- 
ing through a thin oxide layer (7) which is broken down 
when the field strength across the interface exceeds the 
breakdown strength of the oxide. After this initial break- 
down, an increase in current causes enlargement of the 

electrical contact region by fritting (4) and the resistance 

of the contact is further reduced. The similarity between 

the contact resistance—current curves for copper, alumin- 
ium, and stainless steel indicates that the same mechanism 
of oxide film breakdown operates in each instance. The 
low value of the contact resistance which persists when 
the current is reduced after breakdown, suggests that the 

aluminium oxide film does not immediately reform. This 
could be due to the action of the sliding brush. The ap- 
proach of contact resistance to a constant low value at 
high currents is probably due to the complete disruption 
of the oxide film. This would cause the electrical contact 
area to approach a constant value, perhaps a value close 
to the area of mechanical contact. 

The similarity in the behavior of contact resistance and 

coefficient of friction and the linear relationship between 

them at medium currents suggest that breakdown of the 

oxide film may also be responsible for the reduction in 

friction as the current is increased. The rapid approach to 

equilibrium upon increasing the current could be due to 

the immediate breakdown of oxide. The slow reoxidation 

which takes place upon reduction of the current would 

then cause the slow rate of increase in friction. 

Comparison of the micrographs obtained by scanning 

electron microscopy of the surfaces found upon aluminium 

and stainless steel suggests that the wear mechanisms are 

not the same. 

A characteristic of the surface formed upon the stain- 

less steel was the relatively smooth film formed by several 

layers of graphite. Break-up of this film appeared to be 

preceded by cracking and blistering, suggesting that a 

fatigue mechanism was responsible. 

The film formed on aluminium, however, was very ir- 

regular. Melting and deformation of the underlying alu- 

minium was apparent. These features indicate that that 

failure of the graphite film on aluminium may be due to 

softening or deformation of the substrate resulting in 

movement and break-up of the film. This idea is supported 

by the detection of large amounts of aluminium transferred 

to the brush surface. 

The large difference in topographies found under differ- 

ent conditions did not appear to have much effect upon 

either the friction or contact resistance, but could be re- 

lated to the wear rate. In the case of stainless steel, a 

smooth, complete graphite film was laid down. Due to the



200 J. FisHer, K. J. CAMPBELL, AND T. F. J. QUINN 

support of the underlying metal, the deformation taking 

place at the interface between the brush and laid-down 
film was probably elastic, thereby causing the wear of the 

brush to occur by a fatigue mechanism. In the case of 

brushes running on aluminium, plastic deformation of the 

underlying metal would result in the film being unsup- 

ported. The deformations at the surface are no longer elas- 

tic, and rapid break-up of the film on both the aluminium 

disk and the brush would take place. An increase in cur- 

rent, or load, would result in increased plastic flow of the 

aluminium, which may be responsible for the increase in 

wear rate. 
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