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INTRODUCTION

The aim of our research has been to add to basic understanding in the area of current
collection with particular emphasis on topics likely to benefit practical objectives. These were 1.
Studies on the be-havior of adsorbed moisture on sliding interfaces. 2. Investigation of the role
of adsorbed moisture in graphite lubrication. 3. Studies on the sub-surface deformation of
materials at sliding interfaces. 4. Development of a system for the automatic testing of electrical
brushes. 5. Development of a new metal fiber material for sliding electrical contacts. All of the
results obtained advance our knowledge of electrical contacts, and some are very useful for the
design and operation of electric contacts, especially metal fiber brushes and EM L armatures, as
pointed out in the respective sections "Practical Significance".

PRINCIPAL RESEARCH TOPICS AND RESULTS

Studies on the Behavior of Adsorbed Moisture on Sliding Interfaces (Refs. 1 through 8)

From research in our own laboratory' it had been known for more than 15 years that under
"clean" conditions in the atmosphere, there are two monolayers of wat3r between the contact
spots of sliding metals. The importance of these layers for inhibiting cold-welding and thereby
disastrous wear rates had been clearly recognized throughout, as also the fact that those two
monolayers of water provide the theoretically lowest possible film resistivity for sliding contacts,
namely a _ 10"12Q.m2. It had therefore been clear for many years past that the maintenance of
those two monolayers of adsorbed water are critical for the good performance of unlubricated
sliding metal contacts. However, seeing that the thickness of adsorbed moisture on free
surfaces varies widely with humidity, it was mysterious how the discussed two monolayers could
be present so reliably, provided only that adequate moisture levels were maintained in the
ambient atmosphere and that chemical attack, e.g. of oxygen on copper, was avoided.

The research of these past three years has answered that question: Confined between
macroscopically contacting solid surfaces, thick adsorbed fluid films are squeezed out under
pressure. Following ordinary draining, with increasing pressure the films order into parallel layers
once their thickness is reduced below several nanometers. From then on, with increasing
pressure the fluid layers are squeezed out step-wise, with the requisite pressure increments for
reducing the number of layers rising. At moderate pressures only two layers remain but the
expulsion of those last two molecular layers requires pressures much higher than prevail at typical
contact spots, i.e. comparable to the hardness of the softer of the two contacting materials. The
condition of a contact spot is then as depicted in figure 1 of ref.2.

The above facts are presented in refs. 2 - 8 which discuss numerous related effects of
adsorbed moisture on the behavior of sliding contacts. Specifically examined were, among others:
1. The contribution to sliding friction made by the adsorbed moisture layers as a function of load
and sliding speed; 2. the small, gradual increase of the film thickness at contact spots with sliding



speed which yet results in a significant increase of the film resistivity a and thus the contact
resistance and 3. stick-slip, which is a quite frequent by-product of those layers.

The pertinent measurements were made in the hoop apparatus of which a diagram may
be seen in figure 2. It consists of a vertical hoop (H), i.e. a short piece of hollow tubing, rotating
on horizontal rollers (R). The sample (S) slides in a circumferential shallow track (T) cut into the
hoop. Through the hoop rotation the sample is carried upwards on an increasing slope until it
slides back down at a critical inclination, driven by gravity. The sample position, and hence the
momentary slope, is determined from the attendant rotation via a piece of polaroid material (P)
mounted on top of the sample. The angle of the polaroid material is monitored through the
intensity variation of a light beam (LB) passing through it on its way from a light source (L) and
an analyzer to a photosensitive diode (D). The applied load at the interface between sample and
hoop track is applied through disk-shaped weights (W) with cylindrical holes which are slipped
over horizontal rods attached to the sample holder. They rods are carefully positioned such that
the center of gravity of the sample assembly and including whatever weights may be applied
lies very close to the interface. If this were not done, the sample assembly could either topple
over, if the center of gravity were too high, or would execute oscillations which would severely
interfere with the measurements.

The samples were mostly metal fiber brushes made of thousands of 50pro thick gold-
plated copper fibers sliding in a humidified but otherwise inert atmosphere on a gold-plated track.
These conditions were chosen so as to study the effects of the adsorbed moisture film on elastic
contact spots, without interference by complications due to chemical attack and constriction
resistance. By way of explanation: When in metal-metal sliding the number of contact spots is
made very large and the normal force per contact spot very small, as in our samples, the average
pressure on the spots falls below the hardness of the softer of the two metals. If so, the spots
remain elastic instead of being plastically deformed as in the overwhelming majority of all metal-
metal sliding systems. However, the plastic deformation at the contact spots, in fact in the sub-
surface region on the softer side, tends to control the coefficient of friction and therefore makes
the study of the behavior of the adsorbed moisture via its contribution to friction impossible with
plastic contact spots.

Depending on conditions, the samples executed harmonic oscillations, stick-slip motions
or irregular/smooth sliding. Examples of these types of motion are seen in Figure 3 of ref.7
which illustrates how they depend on humidity between 20% and 90% and sliding velocities
between 0.05cm/sec and 2.8cm/sec, under 0.5N = 50gwt load in nitrogen at ambient pressure
and temperature. Note the tendency for smooth sliding at low humidity and high load, the
tendency for harmonic oscillations at high speeds and high humidity, and pronounced stick-slip
at high humldity and low speeds. A similar set of curves obtained for a much higher load showed
a slow dependence on load (and thus contact spot size since the number of contact spots is in
essence fixed by the number of fibers in the sample).

Very large numbers of such curves and correlated contact resistances were recorded
automatically in digitized form. The essential conclusions drawn from these are as already stated,

2



namely that a double molecular layer of water separates the two sides at contact spots with an
accumulation of water pushed ahead and a depleted zone gradually filled-in behind contact spots
as indicated in figure 1. After the outlines of the model of figure 1 were established, the careful
analysis of additional data was used to infer the dependence of the three major contributions to
friction on relative humidity and sliding speed. In line with the model of figure 1, these major
contributions are friction between the two layers at the interface, viscous flow of the displaced
moisture about the contact spots, and increased contact spot area through the pseudo-pressure
exerted by menisci. In addition, increasing speed causes excess water molecules, beyond the
two monolayers, to be trapped at the contact spots. That excess lowers friction directly at the
interface. Correspondingly, the gradual draining of that excess increases friction during rest
periods.

Some major results are shown in Figs.3 to 6 from ref.8. Specifically, stick-slip indicates
decrease of friction with speed at small velocities, smooth sliding indicates increasing friction with
speed, and oscillations indicates speed-independence of friction. All three conditions can be
realized, depending on speed and humidity as seen in figure 3. This wide variety is due to the
complex relationships between the different contributions made to friction in accordance with
figure 1. These include friction between the double layer of molecules, viscous flow about the
spots, effects of meniscus formation and excess molecules trapped, or "buried", between the
double layers. Menisci tend to increase friction, in fact depending on contact spot size, partly
through the accumulation of extra moisture about the spots and partly through the effective extra
pressure exerted by their surface tension. By contrast, "buried" molecules tend to lower friction
much like sand on a road, and their concentration rises with speed in an effect reminiscent of
hydroplaning. During rest periods, excess molecules drain out. The speed of such draining rises
with decreasing contact spot size and with increasing local pressure. Also meniscus form-ation
depends on time and contact spot size. It takes place during rest periods by the attraction of
adsorbed moisture from the vicinity of the contact spots and motion destroys menisci.

Add to these complexities the effect of "shear thinning"to which we shall return presently,
and all our data, including many more not specifically presented in this report but found in the
cited publications, can be explained. In fact the progress of the research was the reverse, of
course, in that a great mass of data, including typically resistance measurements taken
simultaneously with friction data, were analyzed and parameters were varied purposefully to
check out developing hypotheses before the theory summarized above was completed.

Specifically regarding the data in figure 3, the slow draining of excess buried molecules
which increases friction during rest periods, is the key for understanding the dependence of stick-
slip on sliding speed as well as on humidity. The requisite rest periods for lowering friction via
draining of excess molecules decreases with sliding speed. Therefore stick-slip becomes less
pronounced and ultimately ceases with increasing average sliding speed. However, with
decreasing humidity, adsorbed layers outside of spots become thinner and the discussed trapping
of excess molecules at the interface decreases until such trapping and therewith stick-slip
ceases.
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For appreciating the influence of other components of the model besides draining of
"buried" molecules, turn to figure 6, showing the dependence of the friction coefficient (p) on
speed (v). The expected linear increase of p with v, in accordance with Newtonian behavior of
the fluid flow in the flow pattern of figure 1 at right, can be seen at slow speeds.

The decrease of p beyond the maximum at about 2 cm/sec was an unexpected surprise.
After due consideration of all aspects of the measurements it has been explained by viscosity
reduction through "shear thinning". That effect occurs through the alignment of the molecules
along flow lines at high shear rates. This is very familiar for chain molecules but it is also
expected for water on the basis of this writer's earlier theory of melting9 1 °. If this interpretation
is correct, as we believe it to be, not only does the fluid film behave much like an ordinary fluid,
but the "shear thinning" effect is otherwise experimentally undocumented for water. The reason
that we may see it here is that the required shear rates in the cases of simple liquids are very
high indeed, which they are about the very small contact spots in our samples, e.g. at 1cm/sec
sample speed in the order 104/sec.

The overall dependence of friction on humidity is also more complicated than the expected
monotonic rise with humidity due to increasing thickness of the adsorbed fluid film. Instead, as
seen in Figs.3 and 4, initially the friction decreases with humidity, accompanied by a rise of
contact resistance. This combination of observations indicates a minor increase of film thickness
due to excess "buried molecules" beyond the two monolayers that are in equilibrium at rest, which
are trapped through increasing speed as already mentioned, and that their presence decreases
friction, acting much like sand or gravel on a road. Lastly, a full interpre-tation of all of the
results requires one further effect, namely the capillary action of the meniscus which forms about
each contact spot except at quite low humidities. In fact, the surface tension and local curvature
at the menisci cause an extra pressure, as if the load per contact spot were increased. Including
all of the outlined effects, all of the data can be explained.

One may be skeptical how reliable a theoretical model of such relative complexity can be.
However, it is clear that with the possible exception of shear thinning all of the discussed effects,
i.e. 1. Newtonian flow about the contact spots, 2. squeezing out of excess moisture between the
spots, 3. trapping of excess molecules with increasing speed and thus increase of the remnant
film thickness between the spots with increasing relative velocity, 4. increase of film thickness
with increasing spot -'ize at same pressure, 5. formation of menisci and the excess pressure
caised by them, must be there physically. Correspondingly, any model not taking those effects
into consideration cannot be very realistic, and our model has been vindicated by the fact that
it is in harmony with all of the very complex data and relationships. This is ever more convincing
because the data are still considerably more extensive than presented in Figs.2 to 6, including
additionally very detailed hysteresis loops of friction versus speed within any one stick-slip cycle
and, above all, correlated contact resistance measurements for all experiments. The
observational basis for the model is thus altogether much more complex and extensive than can
be discussed in this final report, and the reader is referred to the cited publications. Therefore
we are very pleased with the ground covered and the insights gained, having confidence that the
model as it now stands is reliable.
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Practical Significance - Adsorbed moisture is about us all the time, on virtually every
surface we see, touch or use at ambient temperature. Except under stringent precautions or
relatively high work-ing temperatures, moisture films will therefore be present on all surfaces. As
we may now deduce from the discussed research, those unseen but ubiquitous moisture films
are enormously important not only for electrical contacts but in our daily lives. Evidently, they are
largely responsible for the remarkable fact that in our surroundings, firstly untreated surfaces do
not stick together and, secondly, coefficients of friction range between p-0.2 and p-O0.7. In
regard to plastic contact spots it should be added here that these, too, are prevented from
sticking by adsorbed moisture but that in their case the above range of friction coefficients is
explained by the conditions of subsurface deformation (see ref. 11).

The importance of the non-stick condition and limited range of friction can hardly be
overestimated: We tend to take it for granted, and our daily activities depend on it, that we can
hold a cup, walk on flooring, put on clothing, etc. etc. without either all surfaces sticking together
like flies on fly paper, or slipping as on ice. Those would be the conditions for p > 1 and p <
0. 1, respectively. It is therefore very fortunate that moisture films are almost always incidentally
present on electrical contacts and automatically provide protection against cold-welding while
offering very nearly the minimum possible film resistance. Practically, for sliding electrical
contacts we might wish for smaller p values than provided by moisture films. Yet the discussed
research convinces us that it is pointless to search for conditions that will provide such lower p
values, except if we are prepared to use artificial lubricants and as a consequence have to
accept much higher contact resistances. The only alternative would be electrically conductive
lubricants unless one is able to limit the lubricant film thicknesses to about 0.5nm or less.
Specifically, grap-ite or MoS 2 lubrication can roughly halve the friction but the product of film
thickness and resistivity is so large that it increases the contact resistance several-fold.

We thus conclude that incidental or deliberate water lubrication is an excellent option for
high-performance contacts in which large current densities have to be transmitted at low loss.
It would be a great boon, and it is not impossible although unlikely, to identify a lubricant which
for such purposes is still superior to adsorbed water. Superiority in this connection would mean
either offering a reduced coefficient of friction without a great film resistivty increase or, even
more importantly, useability to higher temperatures and/or lower ambient pressures than adsorbed
moisture. Since our research has revealed what the needed properties of such a lubricant would
have to be, we have given this possibility a great deal of thought already. So far have been
unable to come up even with a distant competitor and are pleased, instead, to have optimized
water lubrication..

Investigation of the Role of Adsorbed Moisture In Graphite Lubrication (ref.12)

Graphite lubrication of metals is of critical importance for the extremely widely used
electrical brushes made of compacted mixed metal and graphite powders. This fact caused our
interest in trying to more deeply understand the functioning of graphite lubrication, even more
so because graphite lubrication of metals also strongly depends on moisture. Namely, as has
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been known since WW I, electrical brushes made of graphite "dust" and become abrasive unless
a minimum of moisture is available. In VMN II this became a serious problem in high-flying aircraft
and in space applications. Although ways have been found to work around that difficulty, partly
by eliminating sliding contacts, partly by substituting molybdenum disulphide, the mechanism by
which moisture facilitates graphite lubrication remained unknown. We have studied the problem
and, as ref. 12 documents, the effect comes about through moisture adsorption films at the basal
planes of graphite (as well on metals in accordance with the previous section) as follows:

The adsorbed moisture lowers the surface free energy of the basal plane of graphite so
that it becomes shearable at stresses typically lower than the shear strength of the lubricated
metals. By contrast, without adsorbed moisture the stress necessary to shear the graphite is
substantially higher than for the metals. Further, adsorbed moisture films on graphite and on
metal bond together so that the graphite adheres to the metal. In the presence of adsorbed
moisture, therefore, the contact spots of metals are protected by graphite layers which in the
course of sliding shear into ever thinner lamellae, much like a pack of playing cards. Only when
thus the graphite layer at any particular contact spot has become very thin will the underlying
metal shear, too. Thereby fresh metal surface becomes exposed to which fresh graphite adheres
and the process repeats. The result are "pads" of very thin alternating layers of graphite and
metal. These pads, once they are sheared off, form the bulk of the wear debris that can be
collected. In the absence of moisture, however, the r.-aphite is harder than the metal and does
not cling to it but abrades it. A certain amount of metal abrasion takes place in any event through
graphite particles which accidentally become embedded in the metal surface with their basal
plane nearly normal to the interface. These act much like the cutting tool in a lathe and produce
characteristic slivers of metal wear debris. In fact, the above process was inferred from a
careful analysis of wear debris obtained from samples run under different sliding conditions. A
summary of this work is also contained in ref.1, an invited paper on the occasion of the Holm
Achievement Award to the Principal Investigator.

Sub-Surface Deformation of Materials at Sliding Interfaces (Refs. 13 through 23)

An extremely important aspect of sliding electrical contacts is wear. Even the best
electrical brushes in regard to electrki performance will not be acceptable if their wear life is too
short. This is a particular challenge for metal fiber brushes, the focus of interest in this project,
since in line with the preceding sections they are unlubricated. A better theoretical
understanding of the processes which give rise to unlubricated wear is therefore urgently needed.
Central here is the generally accepted fact that wear arises from sub-surface deformations at and
about the contact spots. Our own research has shown that to a first approximation, and certainly
before the formation of any particular tribo-surface films, this sub-surface deformation is the same
as that which takes place in bulk under similar conditions of stress and strain. In fact, based on
this insight one may deduce the distribution of sub-surface stresses in worn samples from the
microstructure13.

From the above set of circumstances derives the interest in this project for expanding the
under-standing of correlations between microstructure and plastic deformation in general141 6. Of

6



particular concern in this connection are multi-slip and large deformations17"2 , as well as high
strain rates2", since these conditions are characteristic for the sub-surface strains of tribological
samples. Another correlated interest is in the involvement of very thin layers of contaminants
which may become trapped at the contact spots, e.g. of adsorbed water or oxygen. According
to a quite recent discovery22" 2 , such layers can greatly add to the strength of a material but also
cause worksoftening, i.e. an instability. It may be noted h3re that the numerous publications
referred to in the present section have not added significantly to the c€)st of the project but are
more of a kind of bonus since almost no salary support was involved.

Practical Significance - In constructing high-performance sliding metal-metal contacts we
must try to reduce sub-surface deformation at contact spots as much as possible since this
inevitably gives rise to hardening and wear. The above research proves that the mechanical
response of the tribo layers at contact spots conforms to the general behavior of dislocations.
"It follows that the option of reducing the contact spot sizes and loads to the point of elastic
deformation (compare Ref. 1), so as to inhibit dislocation generation and motion, remains the most
desirable for wear rate reduction . However, in accordance with the section on adsorbed
moisture, contact spot reduction below, say, 1prm diameter, is probably useless on account of the
excess "buried molecules" that will result and will unduly increase the contact resistance. The
value of the research in this section lies thus in providing a sound basis for making this type of
judgement.

Automatic Brush Testing and Studies on Optimal Running of Brushes (Refs. 1, 24-26)

For the practical success of electrical brushes a number of conditions have to be met.
The impact of theory in achieving success in meeting some of these is contained in ref.1. First
and foremost, electrical brushes should be non-toxic, have low electrical bulk and contact
resistance, have adequate wear life, and be applicable at low enough loads that they do not
damage the slip-ring and do not cause large amounts of friction heat. Depending on conditions
they should have resistance to incidental contamination of the running surfaces, adapt to reversal
of running direction, be capable to be run at high speeds and/or be capable of running on
commutators.

A wide range of tests with detailed data collection and preferably extending over days or
weeks is required to assess those various aspects of brush performance. References 24-26
relate to such testing. Specifically, ref.25 describes the system for long-term brush testing in
controlled atmospheres which has been designed and built in our laboratory. It includes the
facility to make pre-programmed changes of speed and current strength, with automatic data
collection on resistance and wear. The schematic of the apparatus may be seen of the front page
of ref.25 and is reproduced as figure 8.

A considerable part of the whole effort under this project has been spent on developing
that system of which we now have two mildly different versions in our laboratory. These testers
are invaluable and without them much of our work would have been virtually impossible. Albeit
the research in ref.24, which establishes the ability of metal fiber brushes to perform satisfactorily
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under commutation, required a different experimental set-up and was practically completed before
the start of the present project.

Examples of the test records obtainable with the equipment are shown in Figures 9 and
10 extracted from ref.25. They concern a pair of copper-graphite brushes under 5N normal force
on each brush sliding on a polished copper substrate at 10Om/sec speed at an average 10 Amp
current that was reversed every hour. i-igure 9 records a "ramping", i.e. an interposed brief
current/voltage curve during the 20hr test. As will be seen, the anodic, i.e. positi,,e brush has the
higher resistance which establishes itself rather fast but not instantaneously. Also note the non-
ohmic behavior of the contact resistance. This is a sure sign of ionic conduction and in order to
judge this aspect rampings are performed.

The similar slopes of the curves for the left and right brush in figure 10 indicate the
dimensionless wear rate of 4x10' 0 which is close to the top performance of monolithic metal-
graphite brushes, but dropping off with speed and current density. The vertical offset between
the two curves in figure 10, seemingly indicating an initially high wear rate of the left brush, is
due to wearing-in and may be discounted.

Practical Significance - The development of novel electrical brushes requires long-time
testing in which under controlled currents and speeds electrical losses, friction and wear are
recorded automatically, since personal record keeping is expensive and not less reliable. Until
the development of the described apparatus no suitable equipment was available. Itis confidently
expected that it will prove very valuable in our and many other laboratories in the future.

Development of a New Metal Fiber Material for Slidin.J Electrical Contacts (Ref. 26)

A major part of the funding was expended on the development of an improved metal fiber
brush material. This effort had begur, much earlier and was concurrently supported by the David
Taylor Research Center, Annapolis. It has not yet been published, partly because it is not yet
complete and partly because it may have commercial applications. Even so, at this stage
success seems assured in overcoming a previous serious limitation of metal fiber brushes,
namely what we have dubbed "the mink toothbrush problem" as follows:

For lowest possible electrical resistance and wear rates, metal fibers should be very thin,
e.g. 20pm, while the optimal aspect ratio of length to thickness is about 100 and the optimal
packing fraction of fibers is about 20%, all as described in our earlier patents 7 -28. However, the
length of the fibrous part of such brushes if constructed painters style is evidently only a few
millimeters, and even minor wear will cause their performance to deteriorate sharply. It was
therefore decided to make metal fiber brushes in which fibers of the desired dimensions are
statistically interconnected among near-neighbors. Using rods of such material for brushes,
microscopically at the running surface the wanted electrical and wear behavior is obtained but
macroscopically the fiber material can have any arbitrary length and be worn through any arbitrary
distance without change in the local behavior. We are glad to report that we have been able to

8



make some highly successful metal fiber brushes of such material and that the same type of
material could be used for revolutionary EML armatures when the interstices are filled with a
suitable material.

Figures 11 and 12, taken from ref. 26, show test results obtained with a brush pair of the
above construction run at 1 5m/sec at a current of 100 Amps with deliberate water lubrication via
forced moisturization of an ambient CO2 atmosphere. As seen, the dimensionless wear rate is
different for the positive and negative brushes, namely about 6x10"11 and lx10".11, respectively.
This is either due to ion transport through the metal or to slow electrochemical attack of the
positive brush through OH.

The very large improvement of brush performance of the fiber brushes over the monolithic
metal-graphite brushes will be seen from comparing figures 11 and 12 with figures 9 and 10: In
spite of the much higher current density and higher speed of the fiber brushes, their
dimensionless wear rate is roughly ten times slower and their ohmic resistance is only a few
percent of that of the monolithic brushes!

Practical Significance - The performance of the newly developed metal fiber brushes is
very superior to that of the best commercially available brushes, namely monolithic metal-graphite
brushes. They are capable of very much higher current densities, have much lower electrical
noise, can be operated at much higher speeds, wear more slowly, and waste very much less
Joule heat than old-type brushes. They therefore should have a great future. Besides the
material can be adapted for revolutionary EML armatures when the interstices are filled with
suitable materials.

CONCLUSION

Overview

In line with the traditions of university research as well as with the initial proposal for the
project which is herewith concluded, most of the very valuable results have been published in the
open literature so as to be of maximum benefit to others. As a consequence, under sponsorship
of this contract twenty three papers were published in the international literature. Below, they
have been listed in chronological order of their completion. In the same order and with same
numbering, the title pages of those papers, and thus also their abstracts, are reproduced on
subsequent pages. Their perusal can add information beyond that contained in the present report.
Additionally, thirteen invited lectures and eleven contributed lectures on various aspects of this
research were delivered at Universities, Research Laboratories and International Conferences by
the Principal Investigator and co-workers.

Not so far published, with a view to be reserved at least with some adequate lead time for
the particular benefit of our sponsors, i.e. DARPA and the Navy Annapolis laboratory who co-
sponsored this work, have been our development of the novel metal fiber brush material. This
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could have very great benefits, firstly, for the development of improved armatures for rail
launchers in accordance with a proposal presented to Picatinny Arsenal in the summer of 1992
and, secondly, for the development of homopolar motor/generator ship drives. We continue to
work on the latter project.

Publications Written Under the Sponsorship of the Present Project in Chronological Order
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Research Society, Pittsburgh, PA, 1989), pp. 397-404.
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10. "Adsorption Films, Humidity, Stick-Slip and Resistance of Sliding Contacts", C. Gao
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STICK-SLIP/SMOOTH SLIP AS A FUNCTION OF AMBIENT GASES AID PRESSURES
DISPROVING PREVIOUS MODELS OF ADHESIVE WEAR

CHAO GAO, BORIS KUHLMANN-WILSDORF and DAVID D. MAKEL

Department of Materials Science, University of Virginia, Charlottesville, VA

ABSTRACT

Five different slip modes have been identified for bundles of copper
fibers sliding on a smooth copper substrate in atmospheric air, argon and
nitrogen at pressures from atmospheric to 0.01 Torr. These are stick-slip,
variable sliding, intermittent stick sliding and two kinds of smooth sliding,
one apparently a basic property of clean surfaces and the other due to contam-
inants. These forms of sliding are rather persistent once established, and
they follow some trends. Specifically, low-pressure smooth sliding is coord-
inated with a value of the coefficient of friction (p) near 0.15 and is
seen when the surface film is exceptionally thin, while intermittent stick
sliding appears to be due to "pads" on the substrate surface, and variable
sliding to small particles caught in between the fibers and the copper sub-
strate. However, the five slip modes are erratic in that under the same con-
ditions one or another or yet a third may be observed, even though the electr-
ical contact resistance (R) depends rather reproducibly on time, load, veloc-

ity, ambient atmosphere and pressure. That dependence indicates an equilibrium
between film destruction through sliding and film formation, overwhelmingly
through the presence of oxygen. In the stick-slip mode the difference
between psttic and pkti tic appears to be roughly proportional to Y -
0.15, i.e. cne excess of lqe average value of the friction coefficient above

0.15 , being about 20% for V = 0.3 and vanishing near i = 0.15. During slip
episodes, R spikes roughly in proportion to their magnitude. Some tentative
interpretations are offered, based on the concept that y consists of three

additive components, namely due to the bulk (vR ,k ) due to debris (Jebrjs),
and due to scoring of surface films ( PF' ) Vany rate, the conclusion that
the results contradict all previous modflT of "adhesive" wear is inescapable.

INTRODUCTION

The conventional model of "adhesive" wear, based on the extensive pion-
eering work of F.P. Bowden and 0. Tabor (1,23 and Holm E33, beginning in the
nineteen thirties, is that of isolated contact spots formed at statistical
interferences of asperities on the two sides. The model assumes that at the

contact spots the two sides adhere via not further specified adhesive forces,
and that the overall area of the contact spots is determined by the hardness
(H) of the softer of the two sides and the normal force (P) pressing the sur-
faces together as

A = P/H (1)

The magnitude of the coefficient of friction (W) is then accounted for by a
finite shear stress, say S, necessary to break the adhesive bonds, or to shear
an adhesively bonded interfacial film. for a requisite total tangential force
of

PT SA SP/H (2)

thus yielding
PT/p T S/H (3)

Uk kIS. 9. |10oL M. VO 14. • O19" Mo0g amfeo wk,
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Determining Subsurface Stress Distributions in Tribological Samples from
Dislocation Cell Sizes in Low Energy Dislocation Structures*

Y. ZHUt and D. KUHLMANN-WILSDORF

Department of Materials Science. University of Virginia. Charlottesville. VA 22901 (U.S.A.)

T. IMURA4.
Department ofMetalh•um. Nogoya University. Nagoya (Japani

(Received December 12. 1988)

Abstract the typically predictable decrease in the scale of

The stress distribution that caused any observ- low energy dislocation structures with increasing
able low energy dislocation structure can be stress can often be used to determine the stress
inferred from the scale thereof For dislocation distribution.cnfellsd the empiricaleformulaeofFordiswithatitoe The particular case presented in this paper is acells .th e em p irical fo rm u la r -' IO G b /L , w ith r th e t d of h e s b u ac s r ss i t i u i n i n h n
resolved shear stress, L the average dislocation cell studc of the subsurface stress distribution in thin
diameter. G the shear modulus and b the Burgers copper and a-brass foils that had been subject to
vector, is especially usefid in this regard. As an friction in a crossed-rods apparatus while glued
example, it was applied to the subsurface disloca- onto a hard steel rod. The object was to find out to

tion cell size distribution underneath the wear scar what extent the tribological behavior of bulk

on a copper Jbil 0. 1 mm thick that had been glued material, surface coatings and modified surface

onto a steel rod and then tested in a crossed-rods layers such as through ion implantation. for
apparatus. The result confirms the theoretical example. can be simulated in that or similar

expectation that the minimum required thickness, apparatuses by means of thin foils that are suit-

when foils are used to simuktte the tribological able for subsequent transmission electron micros-

behavior of bulk material, is at least twice, and copy iTEM) examinations.
more sajely three times, the average contact spot The problem to be addressed is that thediameter. mechanical behavior of surface layers subject to

sliding friction can be modified by the hardness
1. Introduction and plastic deformability of the underlying mater-

ial since, typically, plastic deformation at contact
Frequently. it is of considerable interest to spots and underneath wear tracks penetrates by.

determine the stress distribution which caused a about one contact spot diameter into the subsur-
particular plastic deformation without any real- face 11. 21. It was therefore expected that, to
istic possibility for direct measurement, e.g. after simulate the behavior of bulk parts, the foil thick-
a non-reproducible occurrence, and/or when ness ought to be at reast twice. and more safely
requisite input parameters for a theoretical calcu- three or more times, the expected diameter of the
lation are unknown. Examples are explosive contact spot. in order to be sure that the speci-
deformations and subsurface deformations men size does not falsify the results. Also. it
caused by friction and wear. In such situations, seems reasonable to conduct such simulations
whenever the microstructure can be investigated, with rods of a hardness similar to that of the

underlying material in the actual case. Even so. a

"Paper presented at ýhe 2nd International Conference on so far unknown extra safety margin. i.e. from a
Low-4nergy Dilocatton Structures. Charlottesville, VA. theoretically seemingly sound value of double
August 13-17. 1989. the contact spot diameter to three or more time%.

tPrcent addrcss: Brookhaven National Laboratory. is suggested because of unavoidable momentary
Upton. NY 11973. U.S.A.

'Preent addres: Aichi Institute of Technology, Toyota- fluctuations of the contact spot size about its
City, Aichi. Japan. average value, e.g. as through local variations in

11921-509 i/9.9/S3.511 0 E,,vier %.oquoia/Prined in The Netherland%
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Theory of Plastic Deformation:- properties of low energy dislocation
structures*

D. KUHLMANN-WILSDORF

Department of Materials Science. University of Virginia. Charlottesville, VA 22901 (U.S.A.)

(Received February 3. 1989)

Abstract actions in polyslip resulting in microbands and
Work-hardening phenomena are based on the affecting texture formation, and (ii) creep without

very fundamental principles (i) that at the position stress dependence of dislocation densit. are
of every dislocation axis the respective resolved
shear stress cannot exceed the friction stress,
including the self-stress of bowing dislocations. 1. Introduction
and (ii) that always that structure forms which Undeservedly, work-hardening theory has the
among those accessible by the dislocations mini- reputation of being difficult or obscure. This is
mizes stored energy per unit length of dislocation not true, at any rate not for the mesh length
line. Such dislocation structures have been named theory of work hardening, the foundation and
LEDSs. The corresponding work-hardening theory, basic equations of which have remained
the mesh length theory, is applicable to all unchanged since its inception in 1962 [11. No
materials deforming via gliding'dislocations and to significant additions had been made to it between
all n'pes of deformation. Results previously 1966 (21 and 1980 131, but there have been
achieved with the mesh length theory are sum- several important developments recently [4-71.
marized, and a number of new developments are The theory has been variously surveyed in past
discussed. Depending on the dislocation structures references [8-101. Some significant recent results
formed. the work-hardening behavior differs, are not included in any of these. Even more
Easily intersecting glide causes dislocation cell importantly, although from the outset (I] and
structures with almost dislocation-free cell interiors consistently throughout the position has been
delineated by dislocation rotation boundaries, taken that all types of materials, deformations and
Pronounced planar glide causes Taylor lattices dislocation structures may be interpreted by
characterized by local planar order parallel to the means of the mesh length theory, whether in uni-
one or perhaps two most highly stressed glide directional or fatigue-type deformation 12, 8, 91
planeWs), no systematic lattice rotations, and provided only that deformation occurs through
overall uniform dislocation density. The most dislocation glide, detailed discussions in regard to
-widely observed basic features of work harden- work hardening have been restricted to one-
ing are explained in general terms. Specific appli- phase materials which.develop a dislocation cell
cations are indicated for layer-type crystals, h.c.p. structure.
single crystals, single-crystal and polycrystalline In the past, polycrystals, multiphase materials
pure f c.c. metals and a-brass-type alloys, precipi- and those deforming with Taylor-type dislocation
tation-hardened materials and steels. Included are structures, as result from planar glide, have been
the different stages of work hardening, dynamical neglected. Therefore it seemed worthwhile to
effects in low temperature plasticity, tie general specifically include such materials and summarize
characteristics of grain boundary strengthening the present stand of the theory in regard to uni-
and the hall-I'etch relationship. In addition, directional strains as comprehensively and
proposed explanations for (i) glide system inter- succinctly as possible. adding some facets not

Paper presented at the 2nd International Conference on previously published. References are kept to a
Low-Enerey I)Oklocation Structures. Charlotiesvile. VA. minimum for brevity and since the literature prior
Augus• 13-17. 1989. to the mesh length theory was thoroughly sur-
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MICROSTRUCTURAL INSTABILITY IN METAL-
GRAPHITE LUBRICATION FILMS

D. Kuhlmann-Wilsdorf and D.D. Makel

Department of Materials Science. University of Virginia
Charlottesville, VA 22901. USA

INTRODUCTION

Sliding friction and wear occurs at a restricted number of contact spots whose total
area typically is related to the impression hardness of the material (H) and the normal
force across the interface (P) as

A = PiH ()

Thus the microscopically contacting area, i.e. A, is normally very much smaller than
the macroscopic area of contact between the interacting surfaces, and the local pressure
at the contact spots, averaging H, is very much larger than the macroscopic pressure.
It is thus the behaviour at the contact spots which determines the coefficient of friction,
the interfacial electrical resistance and the wear rate.

Research on friction and wear is complicated by the fact that during sliding the
interface at the contact spots is almost never accessible to direct investigation, and
post-hoc inspection rarely even reveals as much as the position, let alone the number
and size of the contact spots, which tend to move about the interface in any event.
Matters are further complicated because microscopically the two sliding materials
are not in direct contact even at the contact spots but are separated by one or more
interfacial film, sometimes through deliberate lubrication, sometimes through
spontaneous reactions at the interface. Thus the elusive interfacial films often control
the friction and wear behaviour. In view of the wide-ranging use of graphite as a
solid lubricant, both for general purposes and for monolithic (one-piece) electrical
brushes, interfacial films which are formed in the course of graphite lubrication are
of particular interest. This interest is still heightened because of the peculiarity of
graphite to require moisture or, lacking this, at the least some other condensable
vapour, without which graphite loses its lubricity. In that condition graphite tends
to wear away at a catastrophic rate through "dusting" and can act as an abrasive.

The phenomenon of dusting of graphite first aroused urgent concern in World
War II, when essential electric motors and other equipment relying on graphite brushes
failed in high-flying aircraft. As is discussed here, the dusting phenomenon is
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DYNAMIC EFFECTS IN THE MESH LENGTH THEORY
OF WORKHARDENING

D. KUHINIANN-WILSDORIF
Department of Materials Science. University of Virginia. Charlottesville, VA 22901. U.S.A.

(Receiv'ed 15 December 1988: in rer'ised form 17 .taY 1989)

Abstract-According to the mesh length theory of workhardening. low-temperature strain rate effects in
materials exhibiting a dislocation cell structure are due to the simultaneous operation of a number X of
super-critically bowing links in the averagte, typically roughly equaaxed. cell of diameter L The
corresponding length of mobile dislocations per cell is then LX. Delining g = U.r with Tthe average link
length in the cell walls, dislocation cell breakdown is expected for X. z 0.31l. on the criterion that at
the most 50% of all cell wall dislocations may be simultaneously destabilized and therefore at most 10%.
of all possible dislocation sources may be activated simultaneously since each destabilizes four adjoining
links besides itself. When X = X_.., thie mobile dislocation density within the cells is about 30% of that
in the walls. but significant interactions and thus extra hardening is expected only if the dislocation density
in the cell interiors is about sixteen times the cell wall dislocation density. Therefore the mobile dislocations
can add little, if anything. to the permanent strain hardening. However, on account of the decrease of
average source length with increasing X' a transient increase of flow stress and workhardening coefficient
arises which typically amounts to a few percent per ten-fold increase of strain rate. Mobile dislocations
remaining in the cell interiors decrease the elastic modulus and can give rise to anelastic creep as well as
to recovery effects. Numerical estimates are in good agreement with observations.

Reisumi-Sclon Ia theorie de Ia lorigueur de maille du durcissenient par icrouissage. les effets de vitesse
de deformation a baste temperature dans les materiaux ayant une structure de dislocation cellulaire sont
dt~s a l'action simultaneie d'un nombre X de chainons en courbure siur-critique dans la cellular movenne.
approximatavement equiaxiale. de diametre L. La longucur correspondante de dislocations mobiles par
maille est donc LX. En posant g = L;T Tetant la longueur movenne des chainons dans les parois des mailles.
]a rupture des mailles de dislocations est attendue pour A' 0.3 g' en se basant sur Ie critcre swivant:
au maximum 50%/ de toutes les dislocations de paroi peuvent Etre simultanement destabilisees el par
consequent au plus 10% de toutes les sources de dislocations possibles peuvent etre activees simultanement
puisque chacune deistabilise les quatre chaines attenant a celle-ci. Quand X' = X_,.~ la densite de
dislocations mobiles a U'intenieur des mailles est environ 30% de celle des parois. mats des interactions
importantes et donc un durcissement supplementaire ne sont attendus que si Ia densite de dislocations aJ
l'intirieur des cellules est environ 16 fois celle des parois. Donc les dislocations mobiles ne peuvent que
peu participer a l'irouissa-ge permanent. Cependant. par suite de la decroissance de la longucur de source

* moycrine lorsque Xaugmente. on observe une elevation transitoire de la contrainte d'i&oulement plastique
et du coefficient de durcissement par ecrouissage. Cette augmentation est typiquement de quclques %. si
Von mulutipi par 10 Ia vitesse de deformation. Les dislocations mobiles restant ai l'inteneur des mailles
diminuent Ie module elastique et peuvent donner lieu a un fluage anilastique aussi bien quai des effets
de restauration. Les estimations numeriques sont en bon accord avec les; observations.

Zusammenfassung-Nach der Maschenlangentheorie der Verfestigung folgen die Diehngeschwindigkeits-
effekte in Materialien mit Zellstruktur bet ticfen Temperaturen aus der gleichzcnteen Aktivitat eincr Anzahl

VXvon uiberknrtisch ausgeba uchten Verbi ndungsversetzungen in der mitt leren. typischerweiseetwa gleichach-
sigen Zelle mit Durchmesser L. Die entsprechende Lange beweglicher Verseizungen pro Zelle ist dann L.Y.
Mite = L 'T wobei Tdie mitilere Linge der Verhindungsverseti~ung in den Zellwainden ist. kann der erwartete
Zusammeribruch der Zelle mitr, ý 0.3 g2 beschrieben werden. Kntenium ist. daB maximal 50%1 saimilicher
Versetzungen in der Zcllwand glcichzeitig destabilisiert werden konnen. welches bedeutet. dalI maximal
10% sammtlicher Versetzungsquellen gleichzcitig aktiviert werden konnen. da Jede vier benachbarte Verhin.
dungsversetzungen destabilisiert. Bc1 X~ = X_ ist die mobile Vcrsetzunetdichte innerhalb der Zellen etwa
30%,1 derienigenr in den Wanden: allerdin ' s wird tine betrachtliche Wcth-.clwirkung und damul cine Yusatz-
liche Vcrlestigung nur erwartel. wenn die Verscmzungsdichte im Zellinneren etwa sech~ehnmial groller ist als
die Versctzungsdichte in der Zellwand. Diher konnen bewegliche Versetzungen nur wenig. wenn ubcrhaupt.
zu der vorhandenen Verlestigung beitragen. Betrachtet man jedoch die Abnahme des mittieren Quell-
durchmexters mit zunehmendem X'. dann ntril etne vorubergehende Zunahme des Verfestigungskoeitlzien.
len auf. der typischerweise cinige Prozent bei einer 7ebnfachen Dchnunesrate i't. M.-wegliche Verselzunlren.
die im Zellinnern bleiben. verringcrn die Elistuiliatskonstante und konnen zu anelastischemn Kriechen und
zu Erholungsclfckten fiuhren. Numerische Abschaizungen stimmen mit Beobachtungen gut uberein.

INTRODULCTION AND BASIC EQUATIONS tion cell structure (1, 21 (the most common of' all
stress-screened dislocation structures, whose

According to the mesh length theory of workhard- acronym is LEDS for Low-Enef py Dislocation Struc.
cning applied to materials deforming with a disloca- ture 13. 41), there exists a one-to-one correspondence

3217
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Reprinted from April 1990, Vol. 112, Journal of Tribology

On Stick-Slip and the Velocity
Dependence of Friction at Low
Speeds

C. Gao Stick-slip is commonly ascribed to a difference between the static and dynamic coef-

ficients of friction or at the least a strong negative slope of the friction/ivelocity0. Kuhlmann-Wilsdorf curve at very small relative speeds. Other types of variable sliding have been ascribed
to irregularities in localfriction coefficients, to the excitation of resonance frequen-
cies in oscillatory systems, and to local heating at contact spots. In the course ofDepartment of Materials Science. ongoing studies of metal-metal friction and contact resistance in the hoop ap-

University of Virginia. paratus, stick-slip, smooth sliding, somewhat disturbed harmonic oscillations, and aCharlottesville, VA 22901 novel type of sliding dubbed "negative stick slip" have been examined. The coeffi-

cient of friction (IL) is again found to drop with decreasing ambient pressure, and
the velocity dependence of & determined directly from smooth sliding in vacuum
shows an unexpected steep rise at low velocities. Both of these observations are in
contradiction with the adhesive model of wear. Negative stick-slip suggests a still
more complex A ( vd) dependence which, however, appears to be compatible with
the measurements. At any rate, negative stick-slip cannot be explained by any
previously proposed models.

Introduction

Stick-slip is a widely observed phenomenon that has a does not depend on a negative slope of the friction-velocity
number of significant practical consequences, especially in curve. Lastly, in this brief survey of irregular or stick-slip
connection with potentially oscillatory systems, e.g., the violin modes previously treated in the literature, one may mention
string excited by a bow. The most widely accepted cause for oscillations due to variations of the coefficient of friction on
stick-slip is a difference between the values of static and account of local heating which reduces the shear strength at
dynamic coefficients of friction, wherein the static coefficient the contact spots (Maksimov, 1988).
(,u,) is larger on account of adhesive bonding (Bowden and Oscillations of sliding systems and stick-slip are generally
Tabor, 1973; Rabinowicz, 1965). highly undesirable in technological applications. The elucida-

According to Rabinowicz (1965), also significant local tion of the responsible mechanisms can therefore be valuable
variations in the value of the coefficient of friction can give in efforts to reduce their incidence, a point specifically ad-
rise to stick-slip, provided that there be only one or a very few dressed by Shobert (1965), Rabinowicz (1965) and Holm
contact spots. In addition to "regular stick-slip" caused by a (1967). Granting this, there is evidently still much to be
sizeable difference between the static and dynamic coefficients learned, since in ongoing experiments in this laboratory,
of frictiin, and "irregular stick-slip" ascribed to local varia- variable slip has been observed under conditions which are not
tions of the friction coefficient at low number of contact explained by any of the mentioned hypotheses. Specifically,
spots, Rabinowicz (1965) discusses one further type of the number of contact spots in those experiments is very large
variable sliding, namely "harmonic oscillations" which accor- so that variable stick-slip of the kind discussed by Rabinowicz
ding to him are predicated on a decrease of friction with in- cannot arise. Next. due to the large number of contact spots
creasing velocity. Should a technologically important example and low speeds, local heating at contact spots is entirely
of such be the "whistling" and "chattering" of electrical negligible. Finally, a new form of irregular sliding, dubbed
brushes (Holm, 1967; Shobert. 1965). however, then they are "negative stick-slip" characterized by sudden accelerations
due to an excitation of resonance frequencies in an oscillatory from an almost constant sliding speed and apparently never
system, since as discussed by Shobert (1965) and Holm (1967) before reported, has been observed, as will be further dis-
brush chatter, like the squealing of chalk on a blackboard, cussed below.

The Hoop Apparatus
COnrnbuied by the TriboloMy Division of Ttm Asniscui So"mwy ot e
MscsiAxscm ENausvuas and presented at the STLE/ASME Joint Triboloy In addition to the practical considerations -emphasized
Conference. Fort Laudcrdale. Fla.. October 16.19. 1989. Manuscnpt rectived above, the study of stick-slip is highly worthwhile because it is
by ibe Tribology Diviio March I. 1919. Paper No. 89-Trib-41. a promising tool for a deeper understanding of the processes
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Theory of Work-Hardening Applied to Stages IlI and IV

D. KUHLMANN-WILSDORF and N. HANSEN

Stage IV has become the accepted name for that work-hardening stage within which large plastic
strains can occur at a very low, virtually constant work-hardening rate, as exemplified by cold
rolling and wire drawing. By contrast, in the preceding stage III, the work-hardening rate de-
creases sharply with strain, whereas in the still earlier stage II, the work-hardening rate is also
almost constant but has a high value. The classical paper by Langford and Cohen", on drawn
iron wire is now recognized as one of the earliest studies of stage IV. Already in 1970. a detailed
theoretical analysis of that work based on the mesh length theory was presented'2 ' which has
stood the test of time. although in it the Langford and Cohen experiments were considered to
represent stage II on account of the operation of similitude and the almost constant work-hardening
rate. The present paper re-examines the 1970 theoretical interpretation in terms of stage IV
behavior, which necessitates reinterpretation of stage Ill. Included in the present interpretation
are more recent insights regarding dislocation behavior in so-called LEDS, low-energy dislo-
cation structures. It is concluded that stages It and IV differ, because in stage II. cross slip is
insignificant, while in stage IV, it is unlimited. Accordingly, cross slip is gradually established
in the course of stage Ill. However, similitude appears to operate in all three stages. By ex-
tension of the argument regarding stages Ill and IV. it is seen that stages V and VI could follow,
including similitude, through the establishment of climb.

I. INTRODUCTION As early as 1970. the results obtained by Langford and
To the traditional three stages of work-hardening (of Cohen"l' were the subject of a theoretical analysis basedTowthei rdt stagesIisobserved o fly wor-haderondtiong .( on the mesh length theory of work-hardening.i- and were
which stage I is observed only under special conditions, found to be in close agreement with that. Now that stage
e.g.. single crystals in single glide), stage IV has been IV has become of current interest, and. in particular, since
sade recently.w it is characterized by an almost con- dislocation behavior has been recognized to be under-stant low work-hardening rate and its ability to accom- stood most readily in terms of LEDS.t"' it seemed useful

modate large strains, as in wire drawing, torsion, or tor d that analysi in lit sm tsewrollng~t.•7]to review and expand that analysis in light of this new
rollinz.lea rn development. Actually, in the mesh length theory. the

Idealized, the experimentally observed work-hardening recognition that dislocations tend to arrange in mutually
coefficient. 0 = dr/dy, in stages 11, Ill. and IV may be stress-screened structures (thereby minimizing their en-
representedi'sl as in Figure 1. if r is the resolved shear ergyswhch stheues othe LnDS cnept has

strss nd th reolvd sea stain or eqivaenty. ergy, which is the essence of the LEDS concept) has
stress and w the resolved shear strain, or. equivalently, long been held as important.I•'°" Recently. however, that
ad th/de withue eng theerin rostr picaTheyerms applid ss concept has been considerably refined and elaborated.
and e the true engineering strain. The terms 0f and 0, In the earlier analysis.'2 1 the various geometrical pa-
M. and r. and = and - are related via the Taylor factorh rameters necessary for the quantitative application of the
M, such that ay Mr, e ,/M, and -"= M2.5 with mesh length theory were extracted from the experimental
typically M r- 2.5 to 3. results by Langford and Cohen."' including a large num-

It has been reportedd'- that for different testing tern- ber of original full-size micrographs kindly supplied byperatures and for several metals, the hardening rate at these authors. The work is now recoienized as a case of

the transition from stage Ill to stage IV, 0,, scales with stage but Tially is term ed ae a behorf stage IV, but initially it was termed stage If behavio,421
the stress at the transition, 71, or the stress at which 0 on account of the nearly constant work-hardening coef-
would extrapolate to 0, r. In that case, since in stage ficient. It was found that simititude upcratcd throughout
IV the work-hardening coefficient remains nearly constant, the strain range investigated." 2' i.e.. the dislocation

O1v - 0, `iv C T , 177 structures could he derived from each other through a
shrinking in scale inverse to the stress which formed them.

with O,v the hardening rate in stage IV and c a constant The objective of thc present paper will be to apply the
between 0.05 and 0. I. Equation I I I was substantiated in theoretical analysis of this earlier paper"' and the under-
Reference 6 by means of a table based on various data lying basic theory"I~ to stage IV behavior, including
in the literature, one of these being the study by Langford Eq. jI I.
and Cohen"' on tensile testing of iron wire after drawing
to different engineering strains.

!1. TIHE WORK-1IARDENING COEFFICIENT
D. KUILSIANN-WII.SDORF. Univermity Protesor of Applicd IN THE NIESII LENGTH THEORY

Science. is with the Dcpanrment of Matcnals Science. University of Very preponderantly in all types of dislocation for.
Virginia. Charlottesville. VA 22'1)0. N. HANSEN. Dcpartmenl IWit.
is with the Metallurgy Dcpartment. Rise National Laboratory. DK- mation, whether through crystal growth. epitaxy. trans-
4000 Roskilde. Denmark. formations, or plastic deformation. dislocations are trapped

Manuscnpi submitted November 4. 1988. in the form of LEDS.'"'It which are free of long-range
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Deformation Structures in Lightly Rolled Pure Aluminium*

B. BAY

The Engineering AcademtY of Denmark. Department of Mekchanical Engineering. Lvongbt (Denmark)

N. HANSEN

Department of M1etafiurw,'v Ris0 National Laboratory. 4000~ Roskilde (Denmark)

D. KUHLMANN-WILSDORF

Department of Materials Science. University of Virginia. Charlottesville. VA 22901 (U.S.A.)

(Received November 20. 1988)

Abstract been reported [1. 2. 31. These are (i) ordinary
The islcaton micure f 11' olld ~ dislocation cells. defining mutually lightly mis-

minum s f~e ofsubta tilon-ag e streases oriented volumes of almost dislocation-free
mindtus is are lof subsandislocg-angen stresses material with misorientation across the individual

and husis loweneg' islcatin srucure cell boundaries of normally up to 2*; (ii) dense
(LEDS). It consists of ordinary cell walls, dense dsoainwls(D s hc r ilcto
dislocation walls WDD IVs) and inicrobands disl ounaries withsay about thic ree timslohaighe
which are stretched out. along DDIWs and are budre ih aaottretmshge

compsedof mallpanakeshaed clls Inone average relative misorientation across them, and
composedlof samalle pancake-,Isapedrells.und one extending from several to many times farther than

partculr saplestudedM~s ereb~in inthe ordinary dislocation cell walls, so as to form one
orientation of shtear bands, although they are not continuous boundary for several or even many

obsevedmacoscoicaW Snce he D~sand dislocation cells; (ill) microbands (MBs) of a
MBs appear together as if forming one general length similar to DDNV.s but composed of
feature they hate been dubbed DD l1'-MVBs. The
structure can be explain on tvo hypotheses: (i) All pack-hpdm hsalecls hihefn

volme lemntsencosd b DDH'S inludng a common boundary or narrow zone passing
voIus. aeblockns ofndiloaeid cel Its, sring then between regular dislocation cells. wvherein one to
Ms.am e obintonk of dsactioe g elde systemsgwhice four such small pancake-shaped cells (SPCs) may
however, are fewver in number than would be form the thickness of the B. Fgaps beiseen
nzeeded to satisfy the Taylor condition fittly, for thie SPsaebigd yDD .FtreIsn
reason that the rate of: work hardening increases idealized rendering of the types of dislocation
with increasing number of simultaneously acti- substructure elements named above.
vated glide systems. (ii) A/s are formed later than
the DD IVs on which they are situated. They
complement the deformation due to the earlier cell
block~s towards a better approximation of the
Taylor condition. It is considered ithat M18s assumne DI
the orientation of shear bands when the strain in
them leads to geomnetrical softening.

1. Introduction r

Three elements of dislocation substructures in Fig, 1. Idealized micro~tructure in a thin (%sit loom a ionei.
tudinal %ection of an I.c.c. metal %uch a% alumonium. litmerlightly rolled pure aluminium have previoulsly rolline. including )DDV% and NtlB% which are dutbbed
Dt)W-MI1% when occurnnig in cmbination. DIM)W arc

*Paper prre~entd at the 2nd International Conference on houndane% delineating cl3% comporxed ol ordinary di~loca-
Low-Encrey I)i%l~cJiiofl Structures. Charloite%vtile. V'A. lion cells. NIBs are c.ompoowd ol Sl'C% in layer% ol I *to 4 lving
August 13- 17, 19849. side by %ode. I'he tolling direction is marked by an ar row rd.

(0921-509t3/849/S3.5(1 0 EIsevier Seiquoiajl'rinted in'The Netherlands,
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Commutation with Metal Fiber Brushes
DORIS KUHLMANN-WILSDORF AND DANIEL M. ALLEY

Abstract-For many years it has been widely held that metal fiber spots [2], [3], has the correlated consequence of potentially
brushes cannot be used on commutators because i) chopping action of very low wear rates. These were indeed achieved by Reichner
commutator bars would casue fiber breakage and catastrophic wear, ii) who obtained dimensionless wear rates of 5 x 10- 11 [7] and
current surges across adjoining bars would cause severe arcing and thus
fast erosion. Recent experiments with copper fiber brushes in a protective

argon atmosphere. using simulaled commutation as well running them as substrate in a protective atmosphere. independently, Boyer.

working brushes in an electromnotor. contradict both of these assump- Chabrerie, and S-int-Michel 191 obtained a 10 -ia wear rate at

dons. No fiber breakage was observed, arcing was only moderately 100 m/s for bronze fiber brushes, again in a protective
stronger than with carbon brushes, and the total dimensionless wear rate atmosphere. Finally, Sohre [10] reported virtually indefinite
In the motor was only about twice that on a polished copper rotor under lifetimes of fiber brushes used to conduct shaft currents under
otherwise comparable conditions. quite adverse conditions and at speeds up to 150 m/s.

INTRODUCTION Add to these potential advantages of metal fiber brushes the

T HE THEORETICAL performance limits of metal fiber ability to achieve very high speeds 3), [(111 and extremely low

T brushes are very high indeed, especially if the fiber electrical noise levels (3], and it is obvious why the replace-

diameter is made less than, say, 20 pum and the packing ment of monolithic graphite or metal-graphite brushes by

fraction F, i.e., the percentage of the macroscopic brush area metal fiber brushes is intrnsically very desirable. Albeit,

which is occupied by fiber ends, is made relatively high but suitable metal/atmosphere combinations to adequately control

compatible with adequate fiber flexibility, say, 30 percent or the interfacial film over long periods of time have not yet bee

so. In that case, electron tunneling about the periphery of developed, except for the quite low current densities encoun-

contact spots makes a sizeable addition to the direct conduction tered in shaft current conductance 1101.

through the contact spot area which would be computed for ANTICIPATED IMPEDIMENTS TO USING FIBER BRUSHES ON
elastic load-bearing Hertzian contacts. COMMUTATORS

Holm ill was the first to consider the peripheral electron
tunneling effect and found that it increases strongly with The several difficulties variously encountered with mono-

decreasing contact spot radius. However, for contact spot radii lithic brushes, which prompt the desire to find a substitute,

as contemplated by Holm, i.e., 5 pm or more, the contribution include erratic wear rates, occasionally too high resistance

of peripheral tunneling currents to the total conduction is causing unduly high voltage drops and thus heating, high

negligible. For metal fiber brushes, on the other hand, the electrical noise, and at any rate limited capability to perform at

contact spots can become so very small that the effect is not speeds above, say 25 m/s. If therefore metal fiber brushes

only sizeable but becomes dominant [21-[6). Fig. I demon- should become practical in the future, one may confidently

strates this foran assumed film resistivity of aF = 10-'2 fil.m expect that they will outperform monolithic brushes in these

which for clean metal surfaces is typical [21-[4]. respects. However, it has long been supposed that, for two

The extremely high current densities and/or low contact reasons and in principle, metal fiber brushes cannot replace

voltages which in this manner can be achieved at least in monolithic graphite or metal-graphite brushes when commuta-

principle are not the only attraction for attempts to transform tion is involved. If so, the potential use of metal fiber brushes

metal fiber brushes from a laboratory curiosity into a would be severely restricted. Therefore, the ubject of the

technological reality. Rather, the basis of the described high present study was to test the effects of commutation on fiber

contribution of tunneling currents, namely the existence of a brushes.

very large number of elastic (as contrasted to plastic) contact Metal fiber, or better metal wire, brushes were standard
equipment until the introduction of monolithic graphite

Manuscript received April I. 1983: revised February 21. 1989. This paper brushes. It seems that the difficulties encountered in commuta-
was presented at the 34th Meeting of the Holm Conference on Electrical tion with metal wire brushes were a potent reason for the
Contacts. San Francisco. CA. September 26-29. 1988. This project was phasing out of metal wire brushes. to the point that their earlier
initially stimulated by D. J. Lefebre. Naval Sea Systems Command.
Presently. it is sponsored by the Office of Naval Research, Research Projects prevalence was forgotten. Nowadays, the old metal wire
Agency tM. Peterson. Tribology). Arlington. VA. and by the Defense brushes are only occasionally seen, more in museums than in
Advanced Research Projects Agency WP. Kemmey. 7TO). Arlington, VA. actual practice.

D. Kuhlmann-Wilsdorf is with the Departnment of Materials Science,

University of Virginia, Charlottesville, VA 22901. The initial reason for the reintroduction of metal fiber
"D. M. Alley was with the Depanrment of Materials Science. University of brushes 121-16j, 191. at least in regard to 12] and 131, was their

Virginia. Charllotteville. VA 22901. He is now with Mantin Marietta. Ocean predicted superior performance for fibers thin enough to yield
Systems Operation. Glen Bumie, MD 21061.

IEEE Log Number 8927561. elastic rather than plastic contact spots. This was indeed

0148-6411/89/0600-0246$01.CO @ 1989 IEEE

"21



Ref. 10

IEEE TRANSACTIONS ON COMPONENTS. HYBRIDS. AND MANUFACTURING TECHNOLOGY, VOL. 14. NO. 1. MARCH 191 37

Adsorption Films, Humidity, Stick-Slip, and
Resistance of Sliding Contacts

Chao Gao and Doris Kuhlmann-Wilsdorf

Abstract-The effect of humidity on gold-plated contacts has been
studied in the hoop apparatus using a solid slider and fiber bundles. The
specimens slide smoothly (for significantly positive dal/du). execute
harmonic oscillations (for du/dt near zerol, or stick-slip (for signiai-
cmtlty negative didu). High humidity and low speed favors slick-slip.
low humidity, and high-speed smooth sliding. The tendency for stick-slip
is greater for a solid slider than for fiber bundles. Tbe electrical resis-
taince is indicative of an about O.S-nm thick adsorption film at the

contact spots, independent of coefficient of friction, sliding miode, or

ambient atmospbere including vacuum. Minute traces of contaminants
can inhibit the humidity elfect. The observations are explained on the L
model. that of adsorbed films. all but one monomolecular layer on each
side are squeezed out from between load-bearing areas, and that the
excess molecules flow about the contact spots during sliding. Electrical W

noise is due to minor variations of film thickness at the load-beaning
areas. It is larer for a solid slider than for fiber bundles, and larger for

stick-slip than other sliding modes.
Keywords -Contact resistance, adsorption films. humidity, electrical

noise.

I. INTRODUCTiON Fig. I. In the hoop apparatus the sample (S) sluids within tUe metal hoop

AS A MATTER of practical know-how it is well known that (H) which is kcix rotaing at constant speed via the driving rod (R). On the
other side of R the hoop is supported by a ball bearing ( B). The momentary

-- electrical brushes perform better when the ambient auno- angular position oi S is monitored by use'au of a beam of pokarized light

sphere is humid. Humidity causes a reduction of electrical (LB) from a fixed light source IL) which passes through a polaroid (P)

contact resistance, and in the case of brush materials containing atop S onto a photodiode 4D). The normal force between S and H is

graphite, reduces wear and decreases friction. In some recent controlled by cylindncal weights (W) slipped onto horizontal rods shaped to
papers, the well-known effect of humidiy as an essential ingre- let the center or gravity of S. P. rods. and W be in line with the intertace.

e The sample is kept from faling out of the hoop by a barrel-shaped groove
dient of graphite lubrication 1lJ-[3) has been explained in terms (7) and/or a light guide constraining P which is not shown. Also not

of bonding between adsorbed water films and metal, on the one shown arc light wires and contacts for measuring the contact resistance.

hand. and graphite on the other hand [41, [5].
The parallel effect of moisture on metal-metal contacts is still altogether on the order of 10000 meters of sliding at speeds up

unexplained. Here, too, humidity was found to be helpful in to 3 cm/s on one and the same gold-platings.

decreasing contact resistance, but friction is mildly increased, as The apparatus permits using controlled atmospheres at normal
was found from studies of metal fiber brushes 161-[81. In order pressure and bow, down to less than 0.01 tori. Various
to fill in this gap in our knowledge, a series of experiments were different atmospheres and different pressures were employed
made in the hoop apparatus which is described in 191-1l 11. Fig. accordingly, but while with copper samples oxygen-free gases
I illustrates its principle, namely that a rotating hoop provides and vacuum pressures have distinctly different effects than labo-
what in essence is an infinitely long inclined plane on which a ratory air or oxygen 181, [11) no significant such differences
sample slides. were found with the gold-plated samples. Therefore, the data

In view of ihe potential value of any knowledge pertaining to reported herein differentiate according only to humidity which

metal fiber brushes as well as on account of our extensive past indeed had distinct effects as will be seen. but independent of the
experience. metal fiber brushes were tested, and for comparison
purposes. a solid sample. Gold-plated copper was used for both er gas.
samples and substrate in order to avotd complications through
oxidation, and normal forces were made so low that wear rates fl. EXPERIMENTS AND RESULTS

are negligible over the whole extent of the tests, involving Somewhat surprisingly, it was soon found that the behavior of
the sample as well as the contact resistance depended more

Manuscnrp received April I. 1990; revised October 12. 1990. This work strongly on the velocity of the hoop than can be readily ex-
was supported by the Materials Division of the Office of Naval Research and plained. This is not obvious from Figs. 2 i0 4. which show the
by the Defense Advanced Research Projects Agency. This paper was pre- resistance (R), coefficient of friction ip). and flectrical "noise'"
sented at the 36th IEEE Ilolm Conference on .lectrical Contacts, Montreal, (6R/R with 6R the difference between "e average extrema in
P.Q.. Canada. Augusu 20-24. 1990.

The authors are with the Depanment of Matcnals Science. University of R(l) curves from the average value). re%petvelv, as a functioft
Virginia. Churlonesville. VA 22901. of both humidity (Hf) and hoop surfa•c velocity (vv). The

IEEE LoS Number 9041234. sample was A triangle of similar bundles of 2800 each gold-plated
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Automated Apparatus for Long-Term Testing
of Electrical Brushes

Daniel M. Alley, Member. IEEE, Linda J. Hagen, Doris Kuhlmann-Wilsdorf. David D. Makel. and
C. Grady Moore Im

Abstruct-The meaningful evaluation of electrical brushes, and even - T-
more so the development of novel electrical sliding contacts, can require X I U-X

testing for days. weeks, or months during which a variety of characteris- X saI sXIR s.P.

tics should be monitored under perhaps several different operating I 1 111€1 111 Lr,

conditions. Normally this would involve a prohibitive input of man-
power. and consequently long-term brush tests tend to be less than to Of DATA

satisfactory. In response to this need, an automated testing system has r_ S-...
been developed in which a personal computer both controls test pLrame-

ten for a matched brush pair running on the same rotor according to a
preselected program, and stores lest data. Specifically controlled are the
brush forces, brush polarity, and the current. Specifically monitored are
the voltage drops across each of the two brushes, their wear, and the ST _'AC Arotor temperature. Additionally, "traverses", meaning brief periods of SICNM. SICUMJ w, Sam DawD.. c WV
ramping the current up and down between pre-selected limits while
measuring the associated voltage drops, can be programmed into the
tests. The duration of the various phases in complex lesting programsq as
well as the intervals between data taking can be varied between seconds DIG( AL

and months, but the system is switched off automatically when the
voltage across either of the two brushes or the rotor temperature exceeds wwTIOTMi SN

a preselected value. The accumulated data can be recalled in various
graphical representations and program changes can be made at any time Fig. I. Schematc of the architecture of the apparats including its major
without interrupting the test. c oma onenhe anchteir interonntins.

Keywords-Brush testing, automation. components and their interconne-tons.

1. ITrMODUCrION This paper describes an automated apparatus which fulfills the
indicated needs by combining the brush test apparatus of 11 ]- [3]R OUTINE testing and, in particular, development of im- with a microcomputer which continuously controls the brush

proved electrical brushes require control of the conditions force, current magnitude, and current direction while taking and
which influence the brush/rotor interface, and accurate measure- storing voltage drop, rotor temperature. and wear rate data. In
ment of the performance parameters, not infrequently over order to prevent accidental damage to the apparatus or destruc-
extended periods of time. The apparatus first described in [11 tion of the brushes, the computer automatically aborts the test if
and 121 and further discussed below, has proved to be very temperature or voltage drops stray outside of preset ranges. For
effective in meeting these requirements by allowing accurate example, above some critical temperature. graphite-containing
control of sliding speed, current, brush force and atmosphere, brushes are rapidly destroyed by dusting.
and by providing for the measurement of the voltage drop at the
interfaces and the wear rate during testing. This apparatus. II. SYSTEM ARCHITECTURE
however, must be continuously monitored and adjusted by a
trained operator, thereby limiting the practicable duration of A. Overall Plan
tests. The schematic of the system, shown in Fig. 1. comprises six

Numerous brush testing devices have been constructed by major components: 1) the testing box, 2) the dc power supply
other researchers, e.g., [41-[131, some of which automatically for brush current. 3) the analog - digital converter, 4) the
take data and can be left unattended for long periods of time. "'high current relay box", an assembly of control relays, 5) the
The present goals, however, include a higher degree of auto- microcomputer, and 6) data storage. A descnrpton of the com.
matic operating parameter control, more test scheme flexibility, ponents follows.
signal monitoring for the assessment of possibly damaging con- 1) Testing Box: For brevity, the rotor and brush assembly.
ditions. and algorithms for efficient data storage. including the environmental enclosure in which it is housed as

shown in Fig. 2, has been called the testing box. This includesManuscript received April I. 1990; revised October 12. 1990. This paper all the hardware needed for adjusting the brush positions, adjust-
was preented at the 36th IEEE Holm Conference on Electrical Contacts, ing the brush forces, regulating the rotor speed, measuring the
Montreal. P.Q.. Canada. on August 20-24, 1990.

D. M. Alley was with the Univeristy of Virgina. Charlottesville. VA. He rotor temperature, providing a current path through the brushes
is now with Martin Marietta. Ocean Systems Operation. Glen Bumte. MD and rotor, and measuring the brush/rotor voltage drops. The
21061. design of this system has been described in III and has since

L J. Hagen. D. Kuhlmann-Wilsdorf. D. D. Makel. and C. G. Moore II proven to be very successful.
are with the Department of Materials Science. University of Virginia.
Charlottesville. VA 22901. h) Power supplyr Two alternative ac cuirem suppliese for

IEEE Log Number 9041233. high and for low brush currents. are available. The low curren
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OBSERVATIONS ON THE EFFECT
OF SURFACE MORPHOLOGY ON
FRICTION AND SLIDING MODE

Chao Gao, Doris Kuhlmann-Wilsdorf
Department of Materials Science

University of Virginia
Charlottesville, Virginia 22901. USA

ABSTRACT ements are teamed in the so-called "hoop appara-
tus" (11-14). The reason for this is that the

Effects of humidity, surface roughness and con- number of contact spots can be made so high that
tact spot size was studied in the hoop apparatus the electrical resistance is controlled by the
using a solid slider as well as bundles of 50pm interfacial films while the generally unknown
diameter metal fibers (simulating a composite "constriction resistance" is negligible. There-
with a matrix very much softer than the rein- fore even subtle changes in very thin adsorbed
forcements). All surfaces were gold-plated in films can be monitored on a moment-to-moment ba-
order to minimize problems through oxidization, sis, with sampling frequencies as high as 1OOHz.
a constant normal force of 0.45N was applied, Available results confirm a long-held con-
and hoop speeds varied between 0.02 and 2.8cm/ viction that among surface films, adsorbed mois-
sec. Even though unspecified adsorbed contamin- ture plays a decisive role, at the least for
ants of less than one molecular layer on each "clean" surfaces in the atmosphere. Correspond-
side can have strong effects on the coefficient ingly, studies of metal fiber bundles in the
of friction, contact resistance and mechanical hoop apparatus have the potential of greatly
noise, no systematic differences between these furthering our understanding of monomolecular
could be detected for the two different samples, adsorbed water layers as well as other adsorpt-
in spite of the fact that the contact spot size ion films. In the context of the present con-
is about lpm for the fiber bundles and 30 pm for ference this is only of secondary interest,
the solid slider. The only clear-cut effects are however. Instead, the potential of friction and
(i) a markedly decreased tendency of the pseudo- resistance changes associated with adsorbed
composite for stick-slipping, and (ii) much moisture as a tool for studying possible tribo-
greater electrical noise for the solid slider, logical effects of surface and contact spot mor-
It appears that, at least in this case, stick- phology are exploited. For that purpose, in the
slip was due to ordering of monomolecular water context of the present conference, metal fiber
layers while the sample passes over them. For bundles may be seen as a model fiber-reinforced
this effect, either sample or contact spot size composite with extreme difference between the
differences could be responsible. Surface rough- hardnesses of matrix and reinforcements.
ness differences, which were rather small in any
event, did not noticeably influence the results. EXPERIMENTAL CONDITIONS

METHOD AND MATERIALS - The experiments were
conducted in the hoop apparatus (11-13), i.e. on

INTRODUCTION samples sliding within a short section of a
horizontal metal tube which uniformly revolves

ELECTRIC METAL FIBER BRUSHES have much about its center axis. In order to avoid com-
promise for practical applications (1-9). Trib- plications due to metal oxidation (12), the hoop
ological studies of bundles of fine metal fibers as well as the samples were of gold-plated cop-
have therefore practical merit. Independent of per. The fibers, of 50m diameter, were formed
practical considerations, however, metal fiber into three 3mm diameter bundles of 2650 fibers
bundles are excellent samples for the study of each, and the solid slider was 2.lxl.7x 0.35cm.
fundamental tribological behavior including pro- All of the experiments reported herein were
perties of adsorbed surface layers and wear chip performed in laboratory air at ambient pressure
formation (10). Optimal use is made of this op- but with the humidity controlled as variously
portunity when mechanical and electrical measur- indicated. This is no significant restriction
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EXPERIMENTS ON, AND A TWO-COMPONENT MODEL FOR, THE BEHAVIOR OF 13

WATER NANO-FILMS ON METALS

CHAO GAO AND 0. KUHLMANN-WILSDORF
University of Virginia, Dept. of Materials Science, Charlottesville, VA 22901

MRS Meeting, San Fxancizco, Ap'ti2 16-19,1990

ABSTRACT Sympo.i=un on THIN FILMS: STRESSES and MECH-

ANICAL PROPERTIES,

Experiments on contact resistance and coefficient of friction of fiber
bundles on a solid substrate in the hoop apparatus are reported, conducted in
air at different humidities. The results suggest a two-component model in
which a double molecular layer of adsorbed water exists at contact spots but
thicker layers, depending on humidity, outside these. During sliding, there-
fore, rapid flow of adsorbed water molecules must take place about the con-
tact spots. The combined effects of the moisture at the contact spots and of
shear thinning of the moisture flowing about them can explain the results.

INTRODUCTION

Strong interest in the tribological behavior of recording heads and
disks, as well as the development of techniques for the study of exceedingly
thin films on atomistically smooth surfaces [1-3], has given rise to a wealth
of new research into the mechanical behavior of surface films in the nano
meter range. Impressive papers in this area have been reported at the recent
STLE-ASME conference in Ft.Lauderdale, Oct. 16-19, 1989, for example, L4-6].
From these, as well as much'previous less detailed evidence, it is clear that
adsorbed water, in particular, can control or modify tribological behavior.
Thus quite typically, high humidity in the ambient atmosphere increases the
coefficient of friction [4,7,8] as also shown in Fig.1 for tests on samples
that form the basis of the present paper.

Previous papers on the effects of adsorbed moisture tend to fall into two
categories, those in which detailed studies are made on films while sliding
speeds are in the micrometer per second range (a good literature survey on
these is contained in £5]) and those which rely on less detailed measurements
but in more realistic velocity ranges (e.g. in regard to "stiction" [7, 8]).
As a result there is a large gap between knowledge of atomistic behavior of
films at very low speeds and tribological behaviors of practical interest,
e.g. at the high speeds of magnetic flyer/disk systems. The hoop apparatus,
on which several papers have already been published [9-13], promises to fill
this gap in that rather detailed measurements can be made, including on mono-
molecular films, and speeds can be varied between about 100 pm/s and 3cm/s.

EXPERIMENTAL METHOD

The hoop apparatus was used with the same sample configuration previously
described [12,13]: Three parallel copper fiber bundles, mounted in a holder,
and each consisting of 2650 about 1 cm long, 5Om thick fibers, were slid
end-on within the hollow of a rotating, horizontal thin-walled copper tubing.
In order to avoid complications of oxidation, both fiber bundles and tubing
had been gold-plated. The three bundles were arranged in a holder in the form
of a triangle with its apex in leading position and base parallel to the tube
axis in trailing position, thereby defining a stable sample/hoop interface
for sliding. As in previous studies, the angular position of the "sample"

25



k- 8th International Conference

I _ On Wear of Materials
April 7-11, 1991

Hyatt Orlando, Florida

ON THE TRIBOLOGICAL BEHAVIOR OF ADSORBED LAYER&

ESPECIALLY MOISTURE

by

Chao Gao, Doris Kuhlmann-Wilsdorf and Matthew S. Bednar

Department of Materials Science

University of Virginia

Charlottesville, VA 22901

ABSTRACT v relative velociry between sample and hoop
v hoop spe

The action of adsorbed molecular films, and in particular of adsorbed fluid film
moisture, to affect friction and sliding mode was studied in the hoop e momentary angular posion of sample on hoop

apparatus. The samples were bundles of 50/sm thick gold.plated eq equilibriumvalueofein harmonic motion
copper fibers sliding on gold-plated copper. Le. under gravity inside a , angle of immersion of a-spot in adsorbed fluid film

gold-plated vertical copper hoop rotating at uniform speed about its d1  wetting angle between fluid and contact spot

horizontal cylinder axis. The results confirmed previous observations ,, average difference between e& and•k during one test

that the incidence of stick-slip increases with decreasing hoop speed Spk contribution to m due to fluid how about contact spots

and with increasing humidity. - in the present study in a nitrogen ,Is contribution toi. by capillary action at contact spots

atmosphere. Also. stick-slip increases with increasing normal force . coefficient of friction
and is much more persistent for bulk samples than for fibers. Addition- js value of 1 corresponding to equilibrium value of 8

al information had been gained previously through detailed examina- Pave time average of jA
tions of the momentary contact resistance. The data suggest that. ;apvelie averge of t
although the thickness of adsorbed moisture films increases with 'kP value of it correspondific ton. i.e. to = arc tan o" ~kinetic coeffcient orf riction. i.e. to c ftinue motion

humidity, at contact spots all except one molecular layer on each side 'US static coefficient of friction. i.e. to start motion

drain out. regardless of humidity. Two contributions to the coefficient a surface tension against air of adsorbed fluid

of friction (IL) result: (i) The displaced water flows about the spots and
thereby adds an increment SIk which rises with humidity. At slow
speeds 6uk is proportional to sliding speed but shear thinning of the INTRODUCTION
fluid causes a decrease of Bfk at higher speeds. (ii) Capillary action of
the moisture miniscus about the spots effectively adds to the applied Previous studies of samples in the hoop apparatus have re-

normal force and thereby increases p by an increment 4ps. Relaxation vealed very intriguing effects of average sliding speed and humidity on

effects arise because neither moisture drainage nor eqilibration of the the incidence of stick-slip in the hoop apparatus (1-5). In summary of

miniscus is instant. The resultant different dependences of 69k and 8S% rather extensive measurements it was found that stick-Alip is sup.

on time. speed and on the spot size appear to explain the observations, pressed beyond some limiting average sliding speed in the order of a
few cm/sec. that in humidified but otherwise inert gases stick-slip

NOMENCLATURE increases with relative humidity regardless of the specific composition
of the ambient atmosphere. and that the tendency for stick-slip in-

s contact spot (or "a-spot) radius creases with increasing size of the contact spots. Simultaneous mens-
A+ normal component of a-spot area immersed in fluid urements of the electrical contact resistance revealed spikes during slip

D hoop diameter episodes and slow decreases during rest periods, but otherwise relative

F fluid drag of sphere moving in a uniform fluid insensitivity to hunudity.
F capillary force on a-spot due to fluid film
Fd fluid drag on contact spot due to adsorbed film A model to acount for this behavior, and at the same time
F normal component of surface tension force interprete the behavior of adsorbed molecular layers during unlubri.
g acceleration due to gravity cated sliding in general and moisture in particular. was begun to be
H humidity developed (3.5) but remained still incomplete. Also. as the under-
L normal force between sample and hoop standing of the crucial parameters developed only gradually, the earlier
n exponent (n =-2 and 3 for plastic and elastic a-spots) data were not systematic. The intent of the present paper therefore is.
N number of contact spots of a sample firstly, to present a more systematic set of data and summarize the
P total load between sample and hoop experimental results: secondly. to expand and refine the modeL

Pa average load per contact spot
pL Laplace pressure due to meniscus This research is very important for a variety of reasons, besides

R radius of asperity forming contact spot fundamental theoretical interesL Most basically. adsorbed molecular
radius of curvature of meniscus about contact spot layers on solids are ubiquitous except after thorough cleaning and
period of harmonic sample motion in hoop degassing in high-vacuum. In our surroundingl o.'gen and water are
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Abstract

The action of adsorbed molecular films, and in particular moisture, to affect friction and
sliding mode was studied in the hoop apparatus. The samples were bundles of 50 j.m
thick gold-plated copper fibers sliding on gold-plated copper, i.e. under gravity inside a
gold-plited vertical copper hoop rotating at uniform speed about its horizontal cylinder
axis. The results confirmed previous observations that the incidence of stick-slip increases
with decreasing hoop speed and with increasing humidity, in the present study in a nitrogen
atmosphere. Also, stick-slip increases with increasing normal force and is much more
persistent for bulk samples than for fibers. Additional information had been gained previously
through detailed examinations of the momentary contact resistance. The data suggest that,
although the thickness of adsorbed moisture films increases with humidity, at contact spots
all molecular layers except one on each side drain out, regardless of humidity. Two
contributions to the coefficient of friction p. result.

(i) The displaced water flows about the spots and thereby adds an increment 6p.
which rises with humidity. At slow speeds bg1 is proportional to sliding speed but shear
thinning of the fluid causes a decrease in 5p.ý at higher speeds.

(ii) Capillary action of the moisture meniscus about the spots effectively adds to the
applied normal force and thereby increases p. by an increment 3I8.,. Relaxation effects arise
because neither moisture drainage nor equilibration of the meniscus is instant.

The resultant different dependences of Bt4 and 8;4 on time, speed and on the spot
r size appear to explain the observations.

1. Introduction

Previous studies of samples in the hoop apparatus have revealed very intriguing
effects of average sliding speed and humidity on the incidence of stick-slip in the
hoop apparatus 11-51. In summary of rather extensive measurements it was found that
stick-slip is suppressed beyond some limiting average sliding speed in the order of a
few centimeters per second, that in humidified but otherwise inert gases stick-slip

increases with relative humidity regardless of the spccilic composition of the ambient

atmosphere, and that the tendency for stick-slip increases with increasing size of the
contact spots. Simultaneous measurements of the electrical contact resistance revealed
spikes during slip episodes and slow decreases during rest periods, but otherwise
relative insensitivity to humidity.

*Paper presented at the International Conference on Wear of Materials. Orlando, FL,
U.S.A.. April 7-11, 1991.
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Abstract

In plastic deformation. glide dislocations mutually trap into positions of stable force equilibrium.
i.e. into low-energy dislocation structures (LEDS). In LEDS near-neighbor dislocations mutually
screen their respective resolved shear stress components to the level of the frictional stress (r,)
or less. As a result, the flow stress rises with dislocation density q as 7 = .o + aGbv/q where G is
the shear modulus, b the Burgers vector and 0.1 -< a _< 1 depending on dislocation density and
LEDS type. According to the LEDS principle, dislocations approach the LEDS of lowest energy
per unit line length accessible to them. "Forest dislocations" arise in response to dislocation
stresses and facilitate LEDS formation. The three most common LEDS are: (i) Dislocation cell
structures, since 1914 known to crystallographers as the "mosaic block structure". They are
composed of dislocation rotation boundaries (approximately) obeying Frank's formula. (ii)
"Taylor lattices", i.e. quasi-uniform dislocation distributions without net Burgers vector content of
which fatigue "loop patches" are the one-Burgers-vector form. (iii) Maze structures geometrical-
ly resembling cell structures but composed of multipolar boundaries without net Burgers vector
content and thus not associated with relative crystal rotations. They are frequently seen in fa-
tigue. The "ladder structure" in persistent slip bands is a one-Burgers-vector maze structure. As a
result of the LEDS principle. Taylor lattices tend to transform into into cell structures, in fatigue
via maze structures. Operation of the LEDS principle on wall-end stresses causes (i) the charac-
teristic shape of maze structures with many T- and L-shaped wall joints. (ii) the mosaic block
structure in lieu of isolated cells in a common matrix and (iii) the stress dependence of the aver-

* age cell size D - KGb/(,r - ir) with K - 10, independent of deformation conditions. In cell
structures the workhardening coefficient is d7/dy=G/3/2g with g the cell diameter in units of the
average link length and /3 the trapped dislocation fraction. With increasing dislocation density g
decreases from -- 100 to about 15. while /3 shrinks from about unity ultimately to zero. In tests,
workhardening curves and fatigue hysteresis loops were found to closely conform to the theory.
The LEDS theory also readily explains precipitation hardening, the dependence of yield stress
on obstacle spacing, pre-yicld anclasticity, the Hall-Petch relationship and strain-rate effects.

Introduction

The theory of mechanical strength and workhardcning is intrinsically simple and has over the
years been dzvclopcd in considcrable detail, to the point that few unsolved problems remain (I-
3). Even so, the range of pertinent phenomena and details of dislocation behavior arc formidable
so that the appearance of complexity if not obscurity has persisted in the minds of quite a few
researchers. The goal of the present paper is, therefore, to aid in the wider understanding of the
theory by presenting only the basics, and these as succinctly and clearly as possible.
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Moisture Effects Including Stiction
Resulting From Adsorbed Water

Chao Gao Films
D. Kuhlmann-Wisldorf Stiction resulting from moisture effects at small elastic contact spots has been iden-

tified and studied using bundles of fine, gold-plated copper fibers sliding on a gold-
plated copper surface. The relevant measurements were made in the hoop apparatus

D. D. Makel which permits simultaneous monitoring of the momentary coefficient of friction
and electrical contact resistance. Previous studies made with the hoop apparatus

Department of Materials Science. haveshown that under the action of high local pressure. adsorbed moisture is expelled
University of Virginia. from between the contact spots leaving only one monomolecular layer of adsorbed

Charlottesville, VA 22901 water on each of the contacting surfaces. Additional details of the observations are
varied and permit a refined analysis. Stiction results during periods of very slow
motion or rest through local energy reduction at the spots as excess water is slowly
drained in the course of molecular ordering of the two absorbed layers. Complex
variations of kinetic friction with humidity and sliding speed are explained through
the interplay of excess molecules between the contact spot surfaces, meniscus for-
mation, fluid drag about the spots, and shear thinning in that flow.

Introduction
The tribological and electrical behavior of surface films have spots (Gao and Kuhlmann-Wilsdorf, 1990a; Holm, 1967). In

recently received a great deal of attention in three areas; 1) the this condition the contact resistance (R) under normal force
prevention of damage to magnetic head/disk systems caused P becomes
by stiction (Bhushan and Dugger, 1990; Li et al., 1989; Liu R 7FH
and Mee, 1983). 2) the determination of the effects of surface P (!)
films on scanning tunneling (STM)/atomic force (AFM)
(McClelland and Mate, 1988; Schneir et al., 1988; Mamin et with H the impression hardness of the softer side and P/H
al., 1986) and surface force microscopy (Alsten and Granick, equal to the area for stationary plastic contact, which is about
1988; Homola et al., 1989; Chan and Horn, 1985), and 3) the the same as for the kinetic contact case provided / is small
optimization of sliding conditions for high current density (say less than 0.5) (Mcfarlane and Tabor, 1950). Also, the large
collectors (Johnson, 1986; Adkins and Kuhlmann-Wilsdorf, number of contact spots which results from the use of our
1979; 1980). metal fiber brushes makes the changes in both number and

Both in the laboratory and in daily life, adsorption films on size of the contact spots statistically insignificant in regard to
solid surfaces are unavoidable except when the surfaces are the interfacial resistance. Furthermore, since the local contact
carefully cleaned and degassed in ultra high vacuum (Bowden pressures at the constant spots approach or equal the pressure
and Throsell, 195 1); and on nonreactive surfaces in the normal necessary for plastic flow, this results in a somewhat uniform
atmosphere water is the most prevalent adsorbate. For gold- pressure distribution between the contact spots, except in the
plated surfaces, previous studies (Gao and Kuhlmann-Wils- peripheral regions where the contribution to the contact re-
dorf, 1990a, 1990b, 1991) conducted using the hoop apparatus sistance is not dominant.
have revealed that for friction and interfacial electrical resist- .Throughout these and previous investigations the film re-
ance the most sensitive experimental variables are humidity sistivity oF between contact spots of gold-plated surfaces has
and sliding speed, with secondary effects caused by applied been experimentally determined to be near 10-a 1 im' within
load. It was also found that for gold-plated samples and sub- a factor of 2 or so, regardless of the experimental conditions
strates, atmospheres of clean air, argon, nitrogen, carbon diox- (Adkins and Kuhlmann-Wilsdorf, 1979; 1980; Simmons. 1963).
ide, oxygen and vacuum down to about 0.01 Torr all yield This value of film resistivity is indicative of an electron tun.
essentially the same results. neling film with a thickness of 0.5 * 0.1 nm between the

The advantage of the present geometry, which employs bun- contact spots (Adkins and Kuhlmann-Wilsdorf, 1979; Gao and
dies of gold-plated fibers, is that it renders the constriction Kuhlmann-Wilsdorf, 1990a; Holm. 1967), corresponding to a
resistance negligible due to the large number of the contact two monomolecular layer thick water film since, in our tests,

water is obviously the most prevalent adsorbate on the clean
Contrnbuted by the TriboloMy Division for publicaton in the JOURNAL OF gold surfaces. Because the film resistivity is extremely sensitive

Tiumowov. Manuscript received by the Tribology Division March 19. 1991; to the separation distance, as clearly described in reference
remsed manuscript received Aujut 1991. Associate Editor: S. Jahanmir. (201, the average number of monomolecular layers at the con-

174 1 Vol. 114, JANUARY 1992 29 Transactions of the ASME
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Introduction

In the course of polyslip, materials deforming via dislocation motion break up into mutually misoriented
volume elements on three levels. The most pervasive and of smallest scale is the "mosaic block structure"
formed of mutually misoriented dislocation cells separated by dislocation cell boundaries. On the other
end of the scale, already the first published micrographs on slip lines, in the classic paper by Ewing and
Rosenhain (1), document the break-up of crystal grains into domains with different operative slip system
combinations. These domains are clearly caused by stress variations due to the interference among
neighboring grains. Geometrically as well as from other early slip line evidence (1-3) it is apparent that
there are typically more than ten but less than one hundred domains per grain, in each of which com-
monly three to five slip systems operate simultaneously. Likewise it is obvious that interpenetrating glide
on different combinations of slip systems, causes lattice rotations which initially increase fast with strain
but sooner or later lead to a final orientation depending on the selection of operative systems, e.g. <112>
parallel to the tensile axis in double glide of fcc single crystals. As a direct geometrical consequence,
boundaries must arise between the different domains. The boundaries are undoubtedly somewhat
diffuse initially but presumably sharpen up with strain.

Related pioneering observations document the evolution of those lattice misorientations within grains
in the course of straining, partly obtained with the Berg-Barrett method (4,5), partly with direct x-ray
reflexes (6-9), and partly through metallography, notably by Wood and co-workers (6,7). All of the
studies demonstrated that plastic deformation of polycrystals leads to the break-up of grains into volume
elements of mutually misoriented material giving rise to fragmentation of x-ray spots and clearly visible
tilts on an initially smooth metallographically polished surface, on a scale much larger than dislocation
cells.

An additional form of fragmentation but on an intermediate scale, namely into "cell blocks" (10-13) which
are typically much smaller than the domains, has been discovered only recently. This break-up was
recognized through the observation of "dense dislocation walls" and "microbands" (11,14) which, on
account of their much greater length and associated rotation angles, geometrically must delineate volume
elements larger and more strongly misoriented than individual cells. Mathematically such misorien-
tations can be explained only through the operation of different selections of glide systems within the
so delineated volume elements, i.e. the cell blocks.

Sharp boundaries across which the combination of slip systems and associated lattice misorientations
change, and which may be reasonably identified with cell block boundaries, were indeed observed in
early electron microscopical observations of aluminum single crystals (15-17) and also on copper and
silver (18), see Fig. 1; but their true nature and origin was not recognized until now. More recent
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Abstract

The evolution of the microstructure of cold-rolled pure aluminium (99.996%) was studied by transmission electron
microscopy (TEM). extending a previous study that was limited to 30% strain (e = 0.36). The present work concentrates
on rolling strains from 50% (e=0.69) to 90% (e= 2.3). The observations are explained through the governing principle
that, in the course of polyslip, grains break up into volume elements within each of which fewer slip systems operate
simultaneously than required by the Taylor model. The boundaries between the volume elements accommodate the
lattice misorientations arising from the correspondingly different glide. They are therefore geometrically necessary
boundaries and in TEM they appear variously as dense dislocation walls, different types of microbands and subgrain
boundaries. The morphology and the spatial arrangement of the geometrically necessary boundaries were characterized
and it is discussed how these boundaries form with inoreasing strain as an integral part of the microstructural evolution.

1. Introduction selection of simultaneously acting slip systems differ
between neighbouring volume elements and that in

In a recent paper [11 the microstructural evolution every element the number of slip systems is in general
during the plastic deformation of polycrystals was smaller than that required by the Taylor model [8] for
analysed in terms of two governing principles: (i) a microscopic strain accommodation.
continuous subdivision of grains into volume elements Fewer slip systems lead to a reduction of dislocation
deforming through different combinations of slip sys- intersections and thus fewer jogs and lower flow stress
tems and (ii) mutual trapping of dislocations into low at the expense of less perfect approximation to homo-
energy configurations (LEDS). Good agreement was genous deformation. However, the constraints between
found between these principles and transmission the differently oriented grains will, with locally fewer
electron microscopy (TEM) observations for a number simultaneously operating systems, lead to the corre-
of medium or high stacking fault energy materials sponding subdivision into volume elements with
deformed by different modes to low and medium increasingly different lattice orientations but which col-
strains [1-7]. The governing principles should also lectively closely approximate homogenous strain. The
apply to materials deformed to high strains but experi- subdivision appears to take place on a smaller and
mental observations in the strain range from 0.7 to 2.3 smaller scale beginning with relatively few domains per
are scarce. This range was covered in the present grain at small strains to many cell blocks and finally to
experiments where the microstructural evolution was a large number of subgrains as the predominant
analysed in cold-rolled pure aluminium (99.996%) arrangement at large strains. Each volume element is
deformed 50%-90%/o by cold-rolling, characterized by its own combination of slip systems.

therefore by different lattice rotations with strain, and
the dislocation boundaries between the elements arise

2. Governing principles out of geometrical necessity. It is therefore suggested
[91 that such boundaries should be termed geometri-

In refs. 1 and 3 it was suggested that a governing cally necessary boundaries (GNB) in order to dis-
principle of plastic deformation is that the number and tinguish them from ordinary cell boundaries which are

0921-5093/92/S5.00 31 0 1992 - Elsevier Sequoia. All rights reserved
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USES OF THEORY IN THE DESIGN OF SLIDING ELECTRICAL CONTACTS

Doris Kuhlmann-Wilsdorf
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Ragnar Holm has pioneered the broadly-based use of theory for under-
standing, and hence improving, electrical contacts. The present paper dis-
cusses subsequent such uses in four areas: (i) Studies of monolithic metal-
graphite brushes for determining their operating limits. (ii) Development of
high-performance metal fiber brushes based on theoretical considerations.
(iii) Developing a computer program for calculating contact spot tempera-
tures, being the principal determinant of top brush performance. (iv)
Studies of microscopic processes at a-spots including adsorbed layers, with
the aim of optimizing the operating conditions of sliding contacts.
Key Words: Metal-graphite, fiber brushes, flash temperature, adsorbed gases.

INTRODUCTION Research Goals
Since 1976, Dr. Salkowitz's initiative

Background has led to years of fundamental studies in
The association of the present writer's our laboratory, initially under sole ONR

name with that of Ragnar Holm through the sponsorship and later supplemented by funding

1991 Ragnar Holm Scientific Achievement Award from different other agencies, especially
will be a source of permanent satisfaction DARPA. That research aimed
and pride. Indeed, the impact of Ragnar
Holm's towering personality and pioneering (i) to investigate the previously best
work in the field of electrical contacts is candidate brushes, namely made of silver-
almost unique for any important area of graphite (Ag-C) with about 75% silver content

science and technology, perhaps comparable by weight, in order to provide a base from
only to the similarly dominant influence of which improvements should be made;
Wilhelm Roentgen and his work on the evolu-
tion of the science and technology of x-rays (ii) to reveal theoretical lower limits

at the turn of this century. for contact resistances;

In each case, it was the combination of (iii) to develop methods for the effi-

a brilliant mind, rigorous application of cient computation of the "flash temperature",
scientific principles, uncompromising reli- i.e. the local temperature at contact spots,

ance on theoretical understanding and untir- under a very wide range of conditions, since
ing work, which made the contributions of it was suspected from the outset that brush
these men incisive. Therefore, trying to performance is sensitively dependent thereon;

convince the present audience, at a Holm
Conference, of the importance of theory in (iv) to more deeply understand the
tandem with experimental research for the conditions which affect mechanical friction
development of electrical contacts would and wear at the lowest possible contact
indeed compare to carrying owls to Athens or resistance.
coals to Newcastle. This paper will therefore
take that shared conviction for granted and Outline of Mawor Results Obtained
will simply seek to illustrate it by means of As will be discussed in greater detail
a few examples which have preoccupied this later, the most important results obtained so
writer for the past fifteen years or so. far, in our laboratory within the above four

areas, include the following:
Four principal topics will be discussed.

Each of these is connected to the project (i) Clarification of time-lag effects
which brought this writer to do research on through temperature induced changes in the
electrical contacts, in 1976 on the initia- surface films of Ag-C brushes (1-3); expan-
tive of the late, admiringly remembered Ed sion of the performance limits of such brush-
Salkowitz, then head of the materials divi- es beyond the previously known range (4,5);
sion of the Office of Naval Research in and demonstration of the mechanism through
Arlington. This project was the development which moisture facilitates graphite lubrica-
of a homopolar motor/generator for Navy use. tion (6-8).
At the time it was foundering for want of the
requisite current collectors (i.e. "brush- (1i) The development of metal fiber
es"). According to design specifications brushes (9-13) and demonstration that, on
they should have been able to operate long- account of their small contact spot diame-
term with dimensionless wear of at most 10'10 ters, these have the theoretically lowest
at a speed of 40m/sec and a current density possible contact resistance (11-17) amonq all
of 2000 Amps/inZ, with a total loss of no moving and/or releasable contacts when cow-
more than 0.25 watt per brush per ampere ered with one monomolecular layer of adsorbed
conducted; - specifications wh~ch are yet to gas on each side, preferably water vapor
be achieved, one may add. (10). The correlated film resistivity in that
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OVERVIEW NO. 96

EVOLUTION OF F.C.C. DEFORMATION STRUCTURES
IN POLYSLIP
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Abstract-The microstructural evolution during polyslip in f.c.c. metals is investigated by the examples
of Al. Ni, Ni-Co alloys and an AI-Mg alloy, deformed at room temperature either by rolling or by torsion.
The principles governing this evolution appears to be the following: (a) There are differences in the number
and selection of simultaneously acting slip systems among neighbonng volume elements of individual
grains. In any one volume element (called a cell block), the number of slip systems falls short Df that
required for homogeneous (Taylor) deformation, but groups of neighboring cell blocks fulfil the Taylor
criterion collectively. (b) The dislocations are trapped into low-energy dislocation structures in which
neighbor dislocations mutually screen their stresses. The microstructural evolution at small strains
progresses by the subdivision of grains into cell blocks delineated by dislocation boundaries. These
boundaries accommodate the lattice misorientations. which result from glide on different slip system
combinations in neighbouring cell blocks. The cell blocks are subdivided into ordinary cells and both cell
blocks and cells shrink with increasing strain. All observations appear to be in good accord with the
theoretical interpretation. However, some problems remain to be solved quantitatively.

Risumi-On etudie l'ivolution microstructurale pendant Ic glissement multiple dans les metaux c.f.c.. dans
des alliages d'AI. de Ni. de Ni-Co et de Al-Mg, deformes a la temperature ambiante soit par laminage.
soit par torsion. Les principes qui gouvernent cette evolution sont les suivants: (a) Ii exisie des diffirences
dans le nombre et le choix des systemes de glissements simultanement actifs parmi les elements de volume
"entourant les grains individuels. Dans un element de volume quelconque (appele bloc cellulaire) le nombre
de systemes de glissement n'atteint pas celui que requien la deformation homogene (Taylor). mais des
groupes de blocs voisins remplissent collectivement le critere de Taylor. (b) Les dislocations sont piegees
dans des structures de dislocations de basses energies dans lesquelles les dislocations voisines constituent
mutuellement des ecrans de contraintes. L'6volution microstructurale aux faibles diformations consiste
en une subdivision des grains en blocs cellulaires delimites par des parois de dislocations. Ces parois
accommodent les d6sorientations du reseau. qui risultent du glissement sur des combinaisons de diffirents
systemes de glissement au voisinage des blocs cellulaires. Ces blocs sont subdivises en cellules ordinaires
et tant les cellules que les blocs cellulaires retrecissent lorsque la deformation augmente. Toutes les
observations semblent en bon accord avec I'interpretation theorique. Cependant. al reste i resoudre
quantitativement quelques problemes.

Zusamnmenfasmung-Die Entwicklung der Mikrostruktur in k.f.z. Metallen wihrend Vielfachgleitung wird
an den Beispielen Al, Ni, Ni-Co-Legierungen und einer Al-Mn-Legierung, verformt bet Raumtemperatur
dutch Walzen oder in Torsion. untersucht. Das dieser Entwicklung unterliegende Prinzip scheint wie folgt
zu scin: (a) Es bestehen Unterschiede in Anzahl und Auswahl der gleichzeitig aktivierten Gleitsysteme in
benachbarten Volumelementen der einzelnen K6rner. In jedem Volumelement (genannt Zellblocki ist die
Zahl der Gleitsysteme geringer als die ffir homogene (Taylor-) Verformung erforderliche. aber Gruppen
benachbarter Zellbldcke erfullen kollektiv das Taylor-Kriterium. (b) Die Verselzungen werden in
Konfigurationen niedriger Energie, in denen benachbarte Versetzungen ihre Spannungsfelder gegenseitig
abschirmen. eingefangen.

I. INTRODUCTION to a structure consisting of cclls or subgrains. The

profuse jogging and kinking at low strains, which

The development of deformation microstructures in gives the visual impression of tangling, is due to

f.c.c. metals at low homologous temperatures has dislocation point defect interactions and is not signifi.

been studied extensively in single crystals and poly- cant except at the lowest stresses 18]. Additionally.

crystals [e.g. Refs 1-14). For materials with a medium especially in polyslip, a number of larger inhomo.
or high stacking fault energy the earliest microstruc, geneities also characterize the deformed state.

lures develop with strain from "tangled" dislocations for example dense dislocation walls, microbands.
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In conventional allovs ductility decreases with rising flow stress to negligible silucs at some maximum
)icld stress Jr.)j, whereas higeh-performance alloys. e.g. formed through mechanical allo~ing or
nano-powders. can have much higher yield stresses with ductility. but tend to %orksoiten. A -simple
theory is presented. based on the LEDS concept, to account lor both of these behaviors: The flow
stress is r ro + const 1/0 with gy the dislocation density, and the workhardenine coct'tctenit is

z den,/d- + Cfl with P the rate of glide dislocation trapping. # depends on the specific LEW, formed
but always decreases with stress and can become negative (forT > r_. at artificially high t). Worksolitning
results when unconventional manufacturing methods have produced LEDS ttith metastable C. ;;nd~or
r,, values that are hiaher than conform to the LEDS generated through the consentional sira.ninig
conditions in testing or use.

In konventionellen Legierungecn nimmt die Duktilitat mit 7,unchmcndcr Festiekelt ab. um bci einer
obcren Spannung (r.) zu vcrschwindcn. Digcgecn k~inncn %%tesenfich hohere Strcekgrenzen mit
nennenswerter Verform barkeit dutch mechanisch-cs L-egicren oder Verwendung %on feinstpul vcrn
erzielt werden. aber solche Leitierungen neigen 7.ur Erwcichung durch Verformune. licide Erscheinungecr
k6nnen aufgrund des LEDS Konzeptes wie folgt erkkirt werden: Die Fliclispannune ist r = to + const

10i Q) Verscciunesdichie). und der Verfcstiguntskocfrtzicnt ist 1iz- de0 d-, -+I Of 1 Rate dier Ver-
w[7-ungszunahmei. /I h~inet von der spe7iFischcn LEDS ab. sinki .iher immer mit dier Spannung und
kann bet uberhohten Versetzungsdichten negattv werden. Erweichung kann deswceen dutch metastabile
LEDS mit zu hohen ro und/oder Q.Wertcn entstehen. wie sic etwa durch unkonventionaeli Hetstellungs-
methoden erzeugt werden.

1. Introduction

The LEDS flow-energy dislocation structurcl concept has~proven to be a very fruitful
guiding priaci fle for understanding plastic deformation and workhardenine [1. 21. According
to it. the dislocation content of crystalline materials approaches that amoni! all conficurations
accessible to them which most nearly minimizcs the free energyv per uinit length of dislocattion
line. When dislocations are relatively free to leave their elide pkines. they minimize their
energy by mutual trapping into dislocation rotation wallk [3 to 41. This is the reason for
the widely observed formation of cell structures, typically composed of dislocation rotati1on
walks variously distinguished as li) ordinary dislocation cell walls, and as 161i dense dislocation
walls (IDIDW\I. and (iil mincrobands I NIB*-.) of different types %hich toitetheir delincate cell
blocks CBMs0. wherein the manifold details depend on the type and --everity of the prrccding
plastic deformation 19 to 121.

The very general correlation of high yield strength and low ductility rif conventionally
produced alloys, which %cemingly puts an upper limit oin achievable Str Iength combined

11 Charlottesville, VA 229041. USA.
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IMPROVED SLIDING ELECTRICAL BRUSH PERFORMANCE

THROUGH THE USE OF WATER LUBRICATION
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ABSTRACT

Electrical and wear performance of sliding electrical contacts is critically dependent on the local contact s0ot
temperature resulting from Joule and frictional heating. Continuous operaaion under significant heat input rates

can raise the temperature to the point of severe performance degradation or catastrOphic failure. Using a novel
method of water application for both lubricating and cooling, greatly decreased wear rates and increases of the

useasle current densities in continuous operation have been achieved with metal fiber brushes. The method ma
expected to be similarly effective with other current collecting systems.

KEY WORDS: metal fiber brushes, water lubrication, high current dens" Collectors

BACKGROUND

Incentive for the Present Work This simplifies the well known relationship for total brush
resistance 0:1i)

Although the potentially superior properties of metal
fiber brushes. in particular low resistance. low noise, and high
speed and current density capabilities. have been demonstrated Rb = Re, + R eq.1
in numerous investigations (1-5), the development of practical
metal fiber brushes hat pCrove difficult. Experience in our
laboratory has established three particular problems: Q) fiber to
brushes tend to Change shape during long term tests. ii) long term
wear rates tend to be prohibitively high. and iii) the brushes have
little aDility to recover from minor perturbations such as temporary Rb Rf eq.2
overloading or excessive current

The present investigations have been focussed on

producing metal fiber brushes which avoid these problems without where R, is the resistance due to film resistivity. By definition.
( sacrificing their beneficial properties. Specifically. our goal has then. the measured resistance is described by

been to produce a current collection system with p(roperies which
will be described later. but theo technological advances which have
resulted from this work art believed to be of great importance to R = A eq.3
the field of sliding current collectors in general.

where 7, is the film resistivity and A is the tire area of contac'L
. Reasons for Cevelopino Metal Fiber Brushes Correspondingly, the power loss due to Joule heating (Oj is

defined by
Metal fiber brushes. whicht predate the now nearly

ubiquitous monolithic graphite based brushes, are. in thei
simplest form. a bundle of metal fibers held together at one end, )j - T'Rf
with the loose distal fiber ends contacting the moving substrate. G
Their primary advantages are direct consequences of the large , 1? °e eq.4
number of contact spots (on the order of I to 3 per fiber) whicn A
result from the local compliance of the indivdual fibers. In fact,
an approximately I cma metal fiber brush can have many
thousands of contact spots, as compared to between with I the current.
approximately I to 40 contact spots for a comparably sited The true area of contact IA) for fully plastic contact spots
monolithic graphite based brush (6.12). is generally described using the Meyer hardness Of the softer of

In a typical metal fiber brush the increase in the number the two contacting materials (H) and the normal load (P) (13)

of contact spots reduces the constriction resistance (R) to the
point of being negligible (1), and because the brushes consist of A
continuous metal fibers the resistance of the brush itself, i.e. the A eq.s
body resistance (RJ. is also lypilly negligible.
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ABSTRACT

According to a recent theory of worksoftening based on LEDS (low-energy
dislocation structure) considerations, worksoftening in high-performance
elloys is due to either reduction of an excess dislocation density or
reduction of the To component of the flow stress, at least a part of which
is the Hall-Petch stress. The stress-strain curves of mechanically alloyed
(MA) and extruded aluminum alloys for very high temperature applications
show distinct worksoftening of the type expected from T reduction. Also

0
the roughly linear decrease of the flow stress with temperature suggests
that it is dominated by To# and the very small grain size of -0.4pm impli-
cates grain boundary hardening. Since the grain size does not change with
straining, the worksoftening must thus be due to a decreasing Hall-Petch
constant. Surprisingly regular dislocation networks overlaid on the bound-
aries in deformed specimens, representing rotation angles of a few degrees,
suggest that this occurs through the gradual destruction of a continuous
coverage of the grain boundaries by an extremely thin layer of nominally
insoluble atoms, probably carbon, while the networks accommodate the mutual
rotations of grains during straining.

1. WORKSOFTENING THEORY

The simplified general formula for the flow stress, T, as a function of
dislocation density, 9. is

TV " To + G . ro + aGbVr (1)

with G and b the shear modulus and Burgers vector, respectively, and a a
numerical constant between about 0.2 and 0.6. The "frictional" stress ro
includes all parts of the flow stress which are independent of dislocation
density, and more often than not is small compared to T. Parts of ro may
be based on thermally activated processes while the oGbVq part is virtually
independent of thermal activation even under extreme conditions.

The LEDS theory of workhardening explains eq.1 in accord with all known
experimental evidence. According to it, grain boundary hardening ie a part
of ro as is precipitation hardening (Kuhlmann-Wiledorf 19S9) and the theory
accounts for the so often observed Hall-Petch relationship. i.e.
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Figure 1. Behavior of adsorbed moisture (and by implication any other adsorbed liquids)
at contact spots, depicted in crossection wherein individual molecules are shown as circles
at left, and in plan view showing the fluid flow pattern about moving contact spots at right
(fig.9 of ref.2)

H

BL

Figure 2. Schematic of the hoop apparatus according to figure 1 of ref. 5
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Figure 4. Average peak, i.e. "static" (.), and time-aver- Figure 5. As figure 4 but for irregular sliding at "high".
aged, i.e."kinetic" (0), values of the friction coefficient, speed (v-=2.8cm/sce) under otherwise same conditions,
during stick-slip at "low" speed (v = 0.05cm/sec) as a (ref.8).
function of humidity according to ref. 8.
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Figure 6. Average peak values (0) of the friction cocf- Figure 7. As figure 6 but for the time-averaged friction
ficient as a function of velocity for 90% humidity un- coefficient at 20% and 55% humidity.
der the conditions of figures 4 and 5. Stick-slip oper-
ates for 0 < v < 1.3cm/sec.
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BRUSH: Fiber Diameter: 18 microns
No. of Fibers: 22.400
Area: 81 sq. um.

1.0 SLIDING SPEED: 15 m/s
- Left CURRENT: 100 Amps

O.,9 Brush
0.8

'0.7 U Right Brush

V0 .6  ODS0o 0
0 o DI. * o

0.4 0E DCE pC
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0 200300 4
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Figure 11. Electrical resistances of left (0,,) and right (0,.) metal fiber brushes, with positive

(3,0) and negative (.,w) polarity. Generally, the positive brush has the smaller resistance
(ref.26)

BRUSH: Fiber Diameter: 18 microns
1000- No. of Fibers: 22. 400 k" .

Area: 81 sq. mm. I•.]
SLIDING SPEED: 15 m/s X
CURRENT: 100 Amps 0

800 COI0
S~Current Reversalto, ll b IM

Q) 800 g.z
R Ri ht BrUsh

0

200 300 400Time (hours)

Figure 12. Wear rates observed in conjunction with the the same test as for figure 11.(ref

26). The lower electrical resistance of the positive brush is associated with faster wear.
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