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UNIVERSITY OF VIRGINIA

School of Engineering and Applied Science

The University of Virginia's School of Engineering and Applied Science has an undergraduate en-
rollment of approximately 1,500 students with a graduate enrollment of approximately 600. There are 160
faculty members, a majority of whom conduct research in addition to teaching.

Research is a vital part of the educational program and interests parallel academic specialties. These
range from the classical engineering disciplines of Chemical, Civil, Electrical, and Mechanical and Aero-
space to newer, more specialized fields of Applied Mechanics, Biomedical Engineering, Systems Engi-
neering, Materials Science, Nuclear Engineering and Engineering Physics, Applied Mathematics and Com-
puter Science. Within these disciplines there are well equipped laboratories for conducting highly
specialized research. All departments offer the doctorate; Biomedical and Materials Science grant only
graduate degrees. In addition, courses in the humanities are offered within the School.

The University of Virginia (which includes approximately 2,000 faculty and a total of full-time student I
enrollment of about 17,000), also offers professional degrees under the schools of Architecture, Law,
Medicine, Nursing, Commerce, Business Administration, and Education. In addition, the College of Arts
and Sciences houses departments of Mathematics, Physics, Chemistry and others relevant to the engi-
neering research program. The School of Engineering and Applied Science is an integral part of this
University community which provides opportunities for interdisciplinary work in pursuit of the basic goals
of education, research, and public service. 3
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FINAL REPORT TO CONTRACT #DAAA21-89-0027

INTEGRATED FUNDAMENTAL RESEARCH ON CURRENT COLLECTION

Reporting Period February 1989 to September 1992

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. Under sponsorship of this

contract twenty three papers were published in the international literature, as listed in the last section.

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. Last not least, development of a novel metal fiber material for sliding

electrical contacts has been continued with much success. This is expected to become very useful for

making metal fiber brushes for homopolar motors/generators as well as for EML armatures. By any

objective measure, the results of this program have been valuable.

PRINCIPAL RESEARCH TOPICS AND RESULTSI
Studies on the Behavior of Adsorbed Layers and Lubricants on Sliding Interfaces (Nos.1,4,6,10,12,13,14,16)

From research in our own laboratory (see No. 19 in the reference section) it had been known for

I more than fifteen years that under "clean" conditions in the atmosphere, there are two monolayers of

I water 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, as also the fact that those two

monolayers of water provide the theoretically lowest possible film resistivity for sliding contacts, nam-ely

U - 10' 2
KI.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 con-

tacts. However, it was seemingly mysterious how these could be present so reliably, provided only that

adequate moisture levels were maintained and chemical attack by other gases, e.g. of oxygen on copper

was avoided, seeing that the thickness of adsorbed moisture on the free surfaces varies widely with

I humidity.

The research of these past three years has answered that question: If adsorbed fluid films are

I squeezed out under pressure, they order into parallel layers once their thickness is reduced below several

3 nanometers. From then on, increasing pressure squeezes the fluid layers out stepwise. Now, all but the

last two layers are expelled by pressures prevailing at typical contact spots, i.e. comparable to that of

I the hardness of the softer of the two contacting materials, while those last two layers cannot be expelled

3 even at very much larger pressures.

Refs. 1, 6, 10, 12, 13, 14 and 16 present the above facts and discuss numerous related effects of

adsorbed moisture on the behavior of sliding contacts. Specifically examined were, among others, (i)

I the contribution to sliding friction made by the adsorbed moisture layers as a function of load and sliding

"speed, (ii) the small, gradual increase of the film thickness at contact spots with slid'rg speed which yet

results in a significant increase of the film resistivity a and thus the contact resistance and (iii) stick-slip,

I which is a quite frequent by-product of those layers. U -

Publication 4 concerns graphite lubrication of metals. That iK, iritical, of course, for the widely

used electrical brushes made of compacted mixed metal and griyhite powders. The functioning of that .
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graphite lubrication, too, strongly depends on moisture. That is known since WW II, because electrical

brushes made of graphite "dust" and become abrasive, unless a minimum of moisture is available, which

became a serious problem in high-flying air,;raft and in space applications. Yet the mechanism by which

3 moisture facilitates graphite lubrication was unknown. #4 documents that this comes about through

adsorption films at the basal planes of graphite (as well on metals in accordance with the previous

paragraph) as follows:

3 The adsorbed moisture lowers the surface free energy of the basal plane of graphite so that it

3 becomes shearable at stresses typically lower than the shear strength of the lubricated metals, while

without adsorbed moisture the stress necessary to shear the graphite is substantially higher than for the

I metals. Further, adsorbed moisture films on graphite and on metal bond together so that the graphite

I 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 l.'nellae, much like

a pack of playing cards. Only when thus the graphite layer at any particular contact spot has become

3 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 which form the bulk of the wear debris that can be collected and from the analysis

3of which the above process was inferred. In the absence of moisture, however, the graphite 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

3 their basal plane nearly normal to the interface. These act much like the cutting tool in a lathe and

3 produce characteristic slivers of metal wear debris. - A summary of this work is also contained in ref. 19,

an invited paper on the occasion of the Holm Achievement Award to the Principal Investigator.
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Studies on the Sub-Surface Deformation of Materials at Sliding Interfaces (Nos.2,3,5,7,8,15,17,18,20,21,23)

An extremely important aspect of sliding electrical contacts is wear. Even the best electrical

brushes in regard to electrical performance will not be acceptable if their wear life is too short, and this

is a particular challenge for metal fiber brushes, the focus of interest in this project, since 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 under such conditions

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 microstructure (see reference No. 2).

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 general (Nos. 3, 15, 17), and

in particular for multi-slip and large deformations (Nos.7, 8, 18, 20), as well as for high strain rates

(No.5), 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 discovery

(Nos.21 and 23), such layers can greatly add to the strength of a material but also cause worksoftening,

i.e. an instability. It may be noted here that the numerous publications referred to in the present section

have not added significantly to the cost of the project but are more of a kind of bonus since almost no

salary support was involved.
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Studies on Optimal Running of Electrical Brushes (Nos.9,11,19,22)

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 paper No.19. 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. Papers 9, 11 and 22 relate to such

testing. Specifically, No.11 describes a system for long-term brush testing in controlled atmospheres,

including pre-programmed changes of speed and current strength, with automatic data collection on

resistance and wear. 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,

E Paper No.9, which establishes the ability of metal fiber brushes to perform satisfactorily under

3 commutation, required a different experimental set-up and was practically completed before the start of

the present project.

I In No.22 the automated testing equipment together with a newly developed mister by David

3 Makel was used to determine the optimal conditions for the application of moisture, requisite for the

double molecular layer of adsorbed water discussed in the first part of this section. Wear rates were
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3 lowered to what now appears to be a theoretical minimum at the least for copper on copper. It appears

to arise through ion migration caused by the current, but more research is needed for verification.

Prospects are bright that further lowering of wear rates without significant loss of electrical performance

3 is possible by the use of other metals in lieu of copper.

I
Development of a New Metal Fiber Material For Sliding Electrical ContactsI

3 A major part of the funding was expended on the development of an improved metal fiber brush

material. This effort had begun 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". It is this;

3 For lowest possible electrical resistance and wear rates, metal fibers should be very thin, e.g.

i 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 ("An Electric Brush and Method of

E Making", D. Kuhlmann-Wilsdorf, C.M. Adkins, and H.G.F. Wilsdorf, U.S. Patent #4,415,635, November

I 15, 1983; "A Versatile Electrical Fiber Brush and Method of Making", D. Kuhlmann-Wilsdorf, U.S.

Patent #4,358,699, Nov.9, 1982). however, the length of the fibrous part of such brushes if constructed

I painter's style is evidently only a few millimeters, and even minor wear will cause their performance to

E 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

I



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 are now able to make some

such material and that among others it could be enormously useful for EML armatures.

PAPERS PUBLISHED

1. "Stick-Slip/Smooth Slip as a Function of Ambient Gases and Pressures, Disproving

Previous Models of Adhesive Wear", C. Gao, D. Kuhlmann-Wilsdorf and D.D. Makel, in New Materials

Approaches to Tribology (Eds. L.E. Pope, L.L. Fehrenbacher and W.O. Winer, Materials Research

Society, Pittsburgh, PA, 1989), pp. 397-404.

2. "Determining Subsurface Stress Distributions in Tribological Samples from LEDS

Dislocation Cell Sizes", Y.Zhu and D.Kuhlmann-Wilsdorf, Mat. Sci. Engr. A 113 (1989), pp. 297-303.

3. "Theory of Plastic Deformation", D. Kuhlmann-Wilsdorf, Mater. Sci. and Engr. Al 13

(1989), pp. 1-41.

4. "Microstructural Instability in Metal-Graphite Lubrication Films", D. Kuhlmann-Wils-

dorf and D.D. Makel, Proc. U.S.-India Workshop on Metastable Microstructures, Goa, India, 3/30/1989

- 4/2/1989, in the press.

5. "Dynamical Effects in the Mesh Length Theory of Workhardening", D. Kuhlmann-

Wils&..rf, Acta Metall., 37 (1989), pp. 3217-3223.

6. "On Stick-Slip and the Velocity Dependence of Friction at Low Speeds", C. Gao and

D. Kuhlmann-Wilsdorf, Trans. ASME, J. of Tribology, 112 (1990), pp. 354-360.

7. "Theory of Workhardening Applied to Stages III and IV", D. Kuhlmann-Wilsdorf and

7



IN. Hansen, Metall. Trans. 20A (1989) 2393-2397.

8. "Deformation Structures in Lightly Rolled Pure Aluminum", B. Bay, N. Hansen and

D. Kuhlmann-Wilsdorf, Mater. Sci. and Engr., A 113 (1989), pp. 385-397.

9. "Commutation with Metal Fiber Brushes", D. Kuhlmann-Wilsdorf and D.M. Alley,

I IEEE Trans. Components, Hybrids and Manufacturing Technology, L2 (1989), pp. 246-253,

10. "Adsorption Films, Humidity, Stick-Slip and Resistance of Sliding Contacts", C. Gao

I and D. Kuhlmann-Wilsdorf, ICEC - IEEE Holm 90 (1990 Holm Conference on Electrical Contacts,

I IEEE, Montreal, Aug. 20-24, 1990, IEEE, Piscataway, NJ 1990), pp. 292-300; see also IEEE - Trans.

Comp. Hybrids and Manuf. Techn., 14 (1991) pp. 37-44.

I 11. "Automated Apparatus for Lonp-Term Testing of Electrical Brushes", D. M. Alley,

I L. J. Hagen, D. Kuhlmann-Wilsdorf, D. D. Makel and C. G. Moore, ICEC - IEEE Holm 1990 (1990

Holm Conference on Electrical Contacts, IEEE, Montreal, Aug. 20-24, 1990, IEEE, Piscataway, NJ,

1990), pp. 278-284; see also IEEE - Trans. Comp. Hybrids and Manuf. Techn., 14 (1991) pp. 31-36 .

12. "Observations on the Effect of Surface Morphology on Friction and Sliding Modes",

C. Gao and D. Kuhlmann-Wilsdorf, in "Tribology of Composite Materials", (Eds. P.K. Rohatgi, P.J. Blau

and C.S. Yust, ASM Intl., Materials Park, OH 1990), pp. 195-201.

13. "Experiments on, and a Two-Component Model for, the Behavior of Water Nano-

Films on Metals", by C. Gao and D. Kuhlmann-Wilsdorf, in "Thin Films: Stresses and Mechanical Pro-

perties Ir", (Mater. Res. Soc. Symp Proc., 188, Eds. M. F. Doerner, W. C. Oliver, G. M. Pharr and F.

R. Brotzen, Mater. Res. Soc., Pittsburgh, PA, 1990), pp. 237-242.

14. "On the Tribological Behavior of Adsorbed Layers, Especially Moisture", Chao Gao,

D. Kuhlmann-Wilsdorf and Matthew S. Bednar, Wear of Materials - 1991 (Ed. K. C. Ludema and R.

G. Bayer, Am. Soc. Mech. Eng., New York, 1991), pp. 433-441; see also Wear, 149 (1991) pp. 297-312.

8



15. "Correlation Between Dislocation Microstructure and Static/Dynamic Stren;th of

I Metals", D. Kuhlmann-Wilsdorf, in "Modeling the Deformation of Crystalline Solids" (Eds. T.C. Lowe,

A.D. Rollett, P.S. Follansbee and G.S. Daehn, TMS, Warrendale, PA, 1991), pp. 105-124.

16. "Moisture Effects Including Stiction Resulting from Adsorbed Water Films", Chao

I Gao, Doris Kuhlmann-Wilsdorf and David D. Makel, Trans. ASME J. of Trib., 114 (1992) pp. 174-180.

17. "Geometrically Necessary, Incidental and Subgrain Boundaries", D. Kuhlmann-Wils-

I dorf and N. Hansen, Scripta Met. et Mater., 25 (1991) pp. 1557-1562.

1 18. "Microstructural Evolution in Rolled Aluminum", o,. Bay, N. Hansen and D.

Kuhlmann-Wilsdorf, Mater. Sci. Engg., in the press.

1 19. "Uses of Theory in the Design of Sliding Electrical Contacts", D. Kuhlmann-Wilsdorf,

I ICEC-IEEE Holm 91 (37th Holm Conf. on Electrical Contacts, IEEE, Chicago, Oct. 6-9, 1991), pp. 1-24.

20. "Evolution of FCC Deformation Structures in Polyslip", B. Bay, N. Hansen, D.A.

Hughes and D. Kuhlmann-Wilsdorf, Acta Met. et Mater., 40 (1992) pp. 205-219.

3 21. "Theory of Worksoftening in High-Performance Alloys", D. Kuhlmann-Wilsdorf and

I H.G.F. Wilsdorf, phys. stat. sol., (b) 172 (1992) pp. 2 3 5 -24 8 .

22. "Improved Sliding Electrical Brush Performance Through the Use of Water Lubric-

N ation", D.D. Makel and D. Kuhlmann-Wilsdorf, ICEC-IEEE Holm 92 (38th. Holm Conference on

I Electrical Contacts, IEEE, Philadelphia, PA, Oct. 19-21, 1992), in the press.

23. "Grain Boundary Hardening, Worksoftening and LEDS in MA Alloys", H.G.F.

E Wilsdorf and D. Kuhlmann-Wilsdorf, in "Modelling of Plastic Deformation and Its Engineering

3 Applications", (Eds. S. I. Andersen, J. B. Bilde-S6rensen, N. Hansen, D. Juul Jensen, T. Leffers, H.

Lilholt, T. Lorentzen, 0. B. Pedersen and B. Ralph, Ris4 National Laboratory, Roskilde, Denmark; 13th.

I Ris4 Intl. Symp. on Materials Science, Sept. 7-11, 1992) pp.511-517.

*9



DISTRIBUTION LIST

1-5 U. S. Army Armament
Research, Development and Engineering Center (ARDEC)
Building 329
Picatinny Arsenal, NJ 07806-5000

Attention: Mr. Leo Tran, SMCAR-FSA-E

6 Department of the Army
U. S. Army AMCCOM
K. Gabash, Contracts Officer
AMSMC-PCW-D(D)/Building 10
Picatinny Arsenal, NJ 07806-5000

7- 18 Administrator
Defense Technical Information Center
ATTN: Accessions Division
Cameron Station
Alexandria, VA 22304-6145

19 Director
U. S. Army Materiel Systems Analysis Activity
ATTN: AMXSY-MP
Aberdeen Proving Ground, MD 21005-5066

20 Commander
Chemical Research, Development and Engineering Center
U. S. Army Armament, Munitions and Chemical Command
ATYTN: SMCCR-MSI
Aberdeen Proving Ground, MD 21010-5423

21 Commander
Chemical Research, Development and Engineering Center
U. S. Army Armament, Munitions and Chemical Command
ATTN: SMCCR-RSP-A
Aberdeen Proving Ground, MD 21010-5423

S22 Director
Ballistic Research Laboratory
ATTN: AMXBR-OD-ST
Aberdeen Proving Ground, MD 21005-5066

I
I
I



23 Chief
Benet Weapons Laboratory, CCAC
Armament Research, Development and Engineering Center
U. S. Army Armament, Munitions and Chemical Command
AYI7N: SMCAR-CCB-TL
Watervliet, NY 12189-5000

24 Commander
U. S. Army Armament, Munitions and Chemical CommandATTN: SMCAR-ESP-L
Rock Island, IL 61299-6000

1 25 Director
U. S. Army TRADOC Systems Analysis Activity
ATTN: ATAA-SL
White Sands Missile Range, NM 88002

Ms. Charlotte Luedeke
Administrative Contracting Officer
Office of Naval Research Resident Representative
2135 Wisconsin Avenue, N. W., Suite 102
Washington, DC 20007

26-27 E. H. Pancake

28 - 29 Dr. D. Kuhlmann-Wilsdorf

30 W. A. Jesser

S* SEAS Postaward Administration

31 SEAS Preaward Administration Files

*Cover Letter

JO#4698:phU


