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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees. makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy. completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product. process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 



Table 1 
Table 2 
Table 3 
Table 4 

ERIP 613 FINAL REPORT 

LIST OF TABLES 

Target Industries 
L i s t  of Companies 
List of Laboratories 
List of Outside Organizations 

7 
9 
10 
12 



ERIP 613 FINAL REPORT 

ABSRTACT : 

Energy Related Inventions Program Number 613 was a two 
year program to commercialize a unique new wear material, 
Metal Reinforced Carbon Composite, MRCC. The program was 
designed to manufacture sample components of MRCC for 
evaluation by potential users and manufacturers. As a result 
of the program Burton Technologies Inc. and Rotary Power 
International are forming a joint company to manufacture, 
market and license MRCC materials to a wide range of 
industries. 
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EXECUTIVE SUMMARY: 

A two year program was undertaken to commercialize Metal 
Reinforced Carbon Composite materials in the US market. This 
family of materials has unique properties of low friction and 
wear, chemical resistance, and high temperature durability. 
The program was designed to manufacture sample components for 
evaluation by potential users and manufacturers. Laboratory 
specimens were also to be provided to outside laboratories 
for independent testing. Contacts were made with 25  
manufacturing or using companies and organizations. 
Laboratory tests were performed by 7 outside independent 
laboratories and a paper was published at the 1995 Society of 
TribologAst and Lubrication Engineers Annual meeting using 
data taken at 4 US government laboratories. In addition to 
the assistance provided by the Department of Energy through 
this grant, assistence was also received from 7 
organizations, private, state, and federal. 

The final status of the' program is that Burton 
Technologies is entering into partnership with Rotary Power 
International to form a joint company to manufacture, 
distribute and license MRCC products and technology. Serious 
evaluation of MRCC is underway at several of the companies 
contacted during this program. These companies are to be the 
first customers of the new joint company. 
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BACKGROUND 

Metal Reinforced Carbon Composite, MRCC, is a patented 
proprietary material developed by Burton Technologies Inc.. 
MRCC has a unique set of properties consisting of extremely 
low friction, very long wear, high chemical resistance, 
stability at high temperature, and the ability to maintain 
these properties in inert or vacuum atomspheres. Because the 
material is metal-fiber reinforced the thermal and electrical 
conductivity can be varied not only in magnititude but in 
direction as well by alligning the fibers along a selected 
axis. Data on MRCC were submitted to the National institute 
of Standards and Technology for evaluation and a 
recommendation was made to the Department of Energy to fund 
the commercialization of this material, this became Energy 
Related Inventions Program project Number 613. 

Prior to the DOE funding Burton Technologies had 
performed a broad material development program to explore the 
range of MRCC which grew from one formula to a whole family 
of materials with varying properties which could be tailored 
to particular applications. A complete list of these 
properties is included as Appendix D. As an example however 
the reinforcing material in the composite consists of 
continuous metal fibers of many meters in length. The weight 
content on these fibers in the composite material can range 
from 0.0% to over 90.0%. Therefore a wide range of material 
properties is available. 

In initial approachs to companies to introduce the MRCC 
materials, we had little success, because we only had the 
capacity to manufacture small laborarory-sized specimens. 
Companies were unwilling to test these samples without the 
assurance that they would be able to evaluate full-sized 
prototype components. The ERIP program was designed to cross 
that barrier by allowing us to manufacture full-sized machine 
components. 

There was some concern that the delays in obtaining 
government funding would cause the market opportunity to be 
missed. This was not the situation for two principal 
reasons ; 
1. No competing technology has been developed. 
2. The state of the US manufacturing economy in the early 
1990's was one of retreat rather than one of expansion, 
coming as it did near the end of a multi-year recession. 
The beginning of ERIP project 613 came just as the economy 
began to expand. Companies were still cautious and reluctant 
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even to try new technology but they were willing to listen. 

ERIP 613 targeted selected manufacturing companies where 
the pressures of the world markets were pushing the existing 
materials beyond their safe limits. 
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DESCRIPTION OF THE PROGRAM 

Program Goals: This program was designed to introduce 
Metal Reinforced Carbon Composite, MRCC, materials to 
potential manufacturers of components and devices. 
strategy for this introduction was to provide drop-in 
components manufactured from MRCC to be installated in their 
products for direct comparision with their existing parts. 
The industries that we had targeted as a result of prior 
experience are listed in Table 1 below. 

The 

TABLE 1 

1. Manufacturers of Brake and Clutch Friction Materials 
2. Manufacturers of Seals for Long-life/Hostile Envronment 
3. Manufacturers of Bearings for High Stress Applications 
4 .  Manufacturers of Compressors 
5. Manuacturers of Current .Collectors for Railroads 
6. Test Specimens for Outside Laboratories to Evaluate 

Description of Typical Company Contacts: At the 
beginning of the ERIP program we were in comtact with 
industrial companies in all of the fields listed in Table 1. 
.All of these companies had expressed interest in improving 
their products, and in all cases indicated that they were 
considering advanced designs which were material limited. 

reestablishing contact with all of these companies and 
extending the list of contacts to identify as many serious 
potential users of MRCC as we could. .As a result of these 
early contacts we were able to establish a standard size mold 
to manufacture MRCC blanks from which all of the differing 
components could be constructed, and which was compatible 
with our existing furnace and other fabrication equipment. 
We also renewed old ties and established some new contacts in 
Independent Laboratories, especially US Government 
Laboratories. The Government Laboratories are well respected 
world wide for the objectivity of their technical work. Even 
though we had amassed a great deal of technical information 
and test results on MRCC materials, the reassurance from 
favorable tests by independent laboratories was needed. 
Table 2 below lists the companies and laboratories contacted. 
In the cases of the industrial firms many of these contacts 
have still not come to any conclusion. This is not because 
of any failing of MRCC materials but a reflection of the 
cautious state of the companies themselves. Many of the 

- The early months on the ERIP program were devoted to 
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companies in Table 2 have been subject to a takeover or a 
reorganization during the course of this program. In some 
cases the divisions with which we were in contact were 
eliminated or were subjected to a mission change. 

We experienced four broad types of contacts with our 
target companies which are described below. Some of these 
were positive, some neutral and some negative. 

Frick Compressors was the most vivid example. We were 
invited warmly to a plant face-to-face visit in Pennsylvania. 
Less than 24 hours later when we arrived for the scheduled 
visit we were met with actual hostility, and a flat rejection 
of any sort of future discussions. Not being willing to 
drive across three states and return empty handed we did 
receive a verbal agreement for Frick to perform some simple 
but useful hostile fluid stabilily tests. We supplied coupon 
pieces of a grade of MRCC which we felt would be correct for 
their fluids. To our knowledge these tests were never 
performed. 

Westinghouse has been an example of another kind of 
dry-contact. In their case they have been reorganized more 
than once during our discussions, and although the quality of 
the contacts has been good, with clear communication and 
mutual understanding of the technical issues involved, even 
after at least two face-to-face meetings they have been 
unable to respond due to organizational concerns. These 
contacts are still alive and we have confidence that when the 
corporation stabilizes we will find a place there. 

A third type of contact is exemplified by 
PolyCorr/Advanced Polymer Technologies. This is a somewhat 
loose organization, as are many small manufacturing concerns. 
Although they were highly interested in MRCC technology and 
licensing discussions reached an advanced stage these 
eventually fell through because they did not really have the 
means to carry out their ambitions. 

There were also contacts where, after the exchange of 
technical information, we found that there was no real 
application for the MRCC materials. 

Then there was the best type of contact, a company with 
a need and the vision to to look beyond stop-gap fixes to 
real advances in their products. In the course of this 
program we also encountered these companies. 
Power International, W. R. Brown Company, Railroad Friction 

They are Rotary 
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Products, United Technologies, and TransTech. 

the rights to MRCC products and we are going into a joint 
venture to manufacture, license and distribute MRCC products. 

’ Rotary Power International has purchased an option for 

We have advanced beyond initi.al tests to advanced 
testing in the case of the other companies. 

Table 2 lists the companies contacted during the 
program. 

1. 
2. 
3. 
4. 
5. 
6. 
7. 

9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 

23. 
24. 
25. 

a.  

TABLE 2 
TransTech. of SC 
Frick Compressors 
Carbonne Lorraine of North America 
John Crane 
Timkin 
Exxon 
Carrier Corporation 
Westinghouse 
Rotary Power International 
Rotorex 
ThermoKing 
Kaydon Corporation 
Sullair 
Polymer Products Incorporated 
Advanced Polymer Technologies/PolyCorr 
Agie 
Carbon-Carbon Advanced Technologies 
United Technologies 
Schunk Graphite 
Railroad Friction Products 
Hitachi Seiki U.S.A., Inc. 
DaeWoo 

NASA Goddard 
NASA Greenbelt 
NASA Langley 

Other Organizations: 

Laboratory Contacts: We also contacted outside 
laboratories. The results of these contacts were very 
concrete. Through the Institute for Gas Technology and Dr. 
Jerry Wurm we established a relationship with W. R. Brown 
Compressor company, advanced our discussions with 
Westinghouse and a couple of its Divisions, and advanced our 
relationship with Rotary Power International to partnership. 
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With the results of experiments by Dr. Michael Dugger at 
Sandia National Laboratory, Dr. Ali Erdmer at Argonne 
National Laboratory, Dr. Peter Blau at Oak Ridge National 
Laboratory, and Dr. Harold Sliny at NASA Lewis Research 
Center we published a paper through the Society of 
Tribologists and Lubrication Engineers. This paper was 
presented in Chicago at the 50TH STLE Annual meeting in May 
of 1995. This has been a useful handout for technical 
properties taken independently. 

Additionally we are participating in a study at the 
North Carolina State University School of Veterinary Medicine 
evaluating MRCC and other advanced materials for use as 
prosthetic replacement bone joints. 
at the time of this report and the major thrust awaits 
funding. The initial stage of Invitro testing for tissue 
compatibility in underway. The biological information 
obtained from these experiments will be useful in future 
human applications. 

This program is ongoing 

Carbone Lorraine of North America has tested of MRCC for 
conductivity and other material properties, and is presently 
running brush tests. 

The testing by outside laboratories has been useful in 
providing independent technical information and in obtaining 
corporate contacts for business relationships. 

Table 3 lists the outside laboratories involved with 
this program. 

TABLE 3 

1. Sandia National Laboratory 
2. Argonne National Laboratory 
3. Oak Ridge NatPonal Laboratory 
4 .  NASA Lewis Research Center 
5. The Institute for Gas Technology at IIT 
6 .  North Carolina State University School of Veterinary 

7 .  Carbonne Lorraine of North America 
Medicine 

As the program ends both Dr. Dugger and Dr. Erdmir have 
requested further specimens for some advanced studies. 

page 10 
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Other Sources of Support: We have also utilized the 
assets that the ERIP program has made available to us. We 
have made great use of a flyer prepared by James Ball for 
National Institute for Standards and Technology which 
contains the magic words "endorsed by NIST". A copy of this 
flyer is in appendix A. Additionally we received an 
invistation to participate in the Innovative Concepts Program 
also sponsored by DOE at their show in Denver in March 1995. 
Turnout for the show was hampered by terrible weather, but we 
did get a second excellent flyer prepared by Battelle Pacific 
Northwest Laboratory. 
information than the NIST flyer but was easier for 
nontechnical people to understand. This has also been a 
useful handout. A copy of this flyer is also in appendix A. 
A third flyer and a new Logo has been prepared for us by 
Rotary Power International and a copy of this is also 
attached in Appendix A. 

This flyer contained less technical 

The Center for Innovation and Business Developement at 
the University of North Dakdta prepared a market survey for 
us exploring the fields of refrigeration and heat exchangers 
for corrosive fluids. this is of interest to the chemical, 
energy, and geothermal energy industries. (We have contacted 
this center recently to commision another study for 
mechanical carbon applications). This was a professional 
study and Jon Freelande has received permission from us to 
use the survey as a training example in his program. 

We have also received assistance from our local Small 
Business Technology and Development Center, the Industrial 
Extension service of North Carloina State University, and The 
Triangle University Consortium. They-have all provided some 
resources and information, mainly in the contacting of 
manufacturing companies with potential interest in MRCC. 

We have also been in contact with the Japanese External 
Trade Organization, (JETRO), which is a Japanese government 
organization charged with introducing American Manufacturers 
to Japanese Industrial Companies. This has resulted in six 
requests for information most notably from Hitachi Seiki. We 
were one of the few North carloina Companies presented at the 
1996 Annual JETRO show in New York this spring. Table 4 
lists the outside organizations which provided assistance to 
this ERIP program. 

page 11 
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TABLE 4 

1. 
2. 

3 .  
4 .  
5. 

6. 

7 .  

DoE/NIST Manufacturing Extension Partnership. 
Batelle Pacific Northwest Laboratory/ Innovative Concepts 
Program 
NC Small Bussiness Technology and Development Center 
Triangle University Licensing Consortium 
North Carolina State University Industrial Extension 
Service 
Center for Innovation and Business Development, University 
of North Dakota 
Japanese External Trade Organization 

Status at end of ERIP Program: 

Burton Technologies Inc. and Rotary Power International 
are jointly forming of a new corporation to manufacture, 
distribute, and license MRCd products and technology. 

Advanced testing is in progress with the W. R. Brown 
Company. 

United Technologies has included us in their new product 
program and have sent a purchase order for preproduction test 
components. 

are being supplied to Railroad Friction Products. 
Following initial large-scale tests advanced specimens 

An advanced bushing design is being supplied to NASA. 
A pantograph component is being supplied to TransTech. 

These companies are expected to be the first production 
customers of the new joint company. - 

page 12 
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SUMMARY: 

An ambitious program was undertaken to identify 
industrial companies which had advanced products on-the-board 
and were experiencing material problems in the areas of wear 
life, chemical resistence, high temperature applications, 
hostile or vacuum applicat'ions, or high electrical current 
capacity. Typically these would be applications where 
polymer materials had been pushed beyond thier envelope of 
operation. Once these opportunities were identified then 
drop-in componants would be made for side-by-side evaluation 
with the existing components. Companies were identified, 
tests were run, results were evaluated with the result being 
a joint venture between Burton Technologies Inc. and Rotary 
Power International to supply these markets. 

During the program assistence was received from national 
laboratories, industrial firms, government agencies, and 
others. In spite of this and all of the assistence provided 
by the ERIP program this was not a simple process. The 
business climate in the USA today is not one of innovation 
but rather one of increasing efficiency. In general product 
lines are not being advanced in design. instead ways are 
being sought to reduce costs of the existing products made 
with existing machinery. Evenntually we found forward 
looking partners who are interested in advancing their 
present field while expanding into new markets. We are 
looking forward to expanding the aplications for MRCC . 
materials. The firsr products to reach consumers will open 
the doors to many new applications. It will be interesting 
to see how wide the eventual applications,will be. 

Based on our evaluation of existing companies involved 
in materials manufacture the joint company should create 
about 100 new US manufacturing jobs. 

page 13 
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, I  Adaptable Metal Reinforced Carbon 
Composites 

Ralph A. 8t Gaines Burton 
Burton Technologies 
Patent No. 5,182,186 
ERlP 613 

- 

I This process produces a 
tailored composite material 
that can be used without . 
any lubricants, is 
compatible with high- 
temperature and hostile : 

chemical environments, and 
can be applied to large 
components and structures. 

Sponsored by 
Th. Eturgy Related Inventions Program 

of 
Tho Department of Energy 

and 
fh. National Institute of Standards 

and Technology 

Introduction 

Metal Reinforced Carbon 
Composites (MRCC) are a . 
new class of material made 
up of non-graphitic, 
continuous phase, 

unstructured carbon binder 
and continuous metal 
fibers. These composites 
are self lubricating,, 
chemically resistant, 
impervious, light weight, 
have controllable 
conductivity, and are' 
adaptable for applications 
up to  400°C in vacuum, 

:ambient, or hostile-chemical 
environments. 

Process Description 

This process is a simple 
single stage-pyrolysis of a 
resin formed greenbody. 
Machining can be 
performed on the 
greenbody or on the final 
fired component, 
depending on required 
tolerances. 

Material Properties 

SeIf Lubricating - when run.  
dry, has lower friction and 
wear than conventional 
materials when run 
lubricated. Use woids  
wear contamination of 
lubricant streams and 
eliminates potential for 
catastrophic failure in high 

speed rotary components. 

Impermeable - material is 
impervious to diffusion 
when used in seal systems, 
thus making it exceptionally 
useful in air conditioning 
and other high pressure 
chemical containment 
system components. 

- 1  

Chemically Resistant - t he  
binding matrix of MRCC is a 
continuous glassy phase of 
unstructured.caibon which 
is completely invulnerable 
against chemical attack . 
from most acids, bases, 
and other corrosives. 

Light Weight - MRCC can 
be made in grades which 
have 50% the  specific 
gravity of conventional 
carbon graphite copper 
materials. 

*' . 

Light weight composites 
are especially efficient in 
dynamic components such 
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a s  pistons and other 
moving parts. The MRCC 
process applies not only t o  
small parts, but also to 
large castings such. a s  
pump bodies and 
compressor cylinders. 

Controlled Strength and 
Conductivity - use of 

. continuous metal fibers 
. allow thermal and electrical 

conductivity material 
properties to b e  widely 
varied; thus opening up a 
host of applications. 

High Temperature 
Tolerance - Dynamic tes ts  
have verified the  integrity 
of MRCC materials for wear 
up to 425°F. Static tests 
subjected specimens to 
temperatures of 3000°F 
without loss of integrity. . 

Vacuum and Dry 
Atmosphere - the  ability to 
run in dynamic tribological 
applications without 
lubrication makes MRCC 
components ideal for 
aerospace and chemical 
applications. 

Economic and Market 
Potential 
This process produces a 
composite material 
consisting of a vitreous . 
carbon matrix containing 
convoluted fibers. The 
product has  an extremely 
high wear resistance, is 
tolerant to almost all hostile 
fluids and atmospheres, can 
be fabricated in large sizes, . *  

without difficulty, and has 
a higher electrical 
conductivity than 
competing materials. Any 

, r  

of the material Technologies does not. 
characteristics can be intend to manufacture 
optimized for specific specific.materials or 
applications by the choice components, however can 
of fiber in the matrix and by - arrange for t he  manufacture 
adjusting the  process of Component parts with 
parameters. other manufacturers. 

Applications ’ 

Applications for these 
tailored materials include: 

Current Collectors, 
including motor brushes, 
sliprings, railroad 
pantographs and other 
high temperature electro- 
magnetic applications 

Tip seals for rotary 
Engines, compressors. 

Seals, vanes, bushings, 
bearings, and gears. 

.a Heat Exchangers 
Prosthetics 

Future Directions 

Material samples have been 
tested by three independent 
laboratories and data are 
available for specific 
applications. 
A detailed market analysis 
of applications is also 
available for review by 
potential investors. 

This technology has  been 
evaluated and endorsed by 
the  National Institute of 
Standards and Technology 
(NIST) and its development 
sponsored in part by the  
Department of Energy as  
part of t he  Energy-Related 
Inventions Program. This 
information is provided 

Manufacturing Extension 

promote American 
economic growth and 
competitiveness through. 
the  deployment of 

Current Status 
Development of a family of 

materials has been. 

up t o  2” diameter and 8” in 
length can be produced . 
with current equipment. 
Larger components will 

I current equipment. Product technology. 
development in the  form of 
formula selection for . 
specific applications is now contact: . 
underway. 

* through the NIST 

completed. Specimens of Partnership network to 

require a Of the . Federally-sponsored 

For Additional Information, 

Gaines Burton 
Burton Technologies 

(91 9) 783-0035 (fax) 
(91 9) 783-0035 

Burton Technologies can 
provide drop-in prototype 
specimens for evaluation by 
equipment manufacturers 
with the  goal of direct 
licensing of the  process and 
material. Burton 

- -  
I ,  , -  



Adaptable, Metal- 
Reinforced Carbon 
Composites 

Ralph A. Burton and 
Gains Burton 
Burton Technologies 

An innovative process produces a 
tailored, composite carbon material 
that can be used to manufacture wear 

industries; and a tendency to boil off 
in aerospace applications. Using 
lubricants adds energy, maintenance, 

and structural components that do 
not require any lubricants. The proc- 
ess is compatible with high tempera- 

and supply costs, and creates 
environmental concerns. 

' tures up to 400°C and with hostile Concept Description 
environments. 

Cross Section of MRCC Grade 300 (-3OOX) 

Introduction 

Metal-reinforced carbon composites 
(MRCC) that require no lubricant are 
a new class of material made up of 
nongraphitic, continuous-phase, un- 
structured carbon binder and continu- 
ous metal fibers. A noteworthy ad- 
vantage of the MRCC process is that 
it can be applied not only to small 
parts, such as bearings and seals, but 
also to large'castings, such as pump 
bodies and compressor cylinders. 

The process for manufacturing the 
MRCC is a simple, single-stage 
pyrolysis of a resin-formed green- 

Moving parts fabricated from com- 
mercially available material generally 
require a lubricant. The use of lubri- 
cants can create several problems: 
explosions in the compressed gas 
industry; contamination of the fluids 
being pumped in the refrigeration, 
food processing, and chemical 

posite particles held together by bin- 
der or resin. Machining can be per- 
'formed on the greenbody or on the 
final fired component, depending on 
required tolerances. 

The MRCC material offers several 
desirable features: 

Self-lubricating - When run in a dry 
condition, the material has lower 
friction and wear than conventional 

' 

. body, Le., metal and carbon com- . 1 
I 
i 
I 

I 

I 

materials that are run lubricated. 
The chances of contamination of 
lubricant streams and the potential 
for catastrophic failure in high- 
speed rotary components, such as 
jet engines and large computer 
coolant systems, are almost 
eliminated. 



Impermeable - The material is 
impervious to diffusion when used 

' in seal systems, which makes it 
exceptionally useful in air- 
conditioning and other high- 

system components. 
. pressure, chemical-containment- 

Chemically resistant - The binding 
matrix of MRCC is a continuous 
glassy phase of unstructured car- 
bon, which is completely invulner- 
able to chemical attack from most 
acids, bases, and other corrosives. 

Lightweight - MRCC can be made 
in grades that have 50% of the spe- 
cific gravity of conventional, 
graphitekopper materials. These 
lightweight composites are espe- 
cially efficient in dynamic compo- 
'nents, such as pistons and other 
moving parts. 

Controlled strength and conductiv- 
ity - The continuous metal fibers 
allow for control of the properties 
of the thermal and electrical con- 
ductivity material. Selective cool- 
ing of high-temperature com- 
ponents opens up many possible 

- applications of the process. 

High-temperature tolerance - The 
integrity of MRCC materials has 
been verified for wear up to 218°C. 
No loss of integrity occurred when 
specimens were subjected to tem- 
peratures of 1,650"C in static tests. 

Vacuum and dry atmosphere - 
MRCC components do not require 
special atmospheres for high per- 
formance: the components' wear 
performance in a vacuum atmos- 
phere is actually superior to that in 
air. 

Economics and Market 
Poten t ial 
MRCC costs can be well under 
$1.75/lb, depending on the metal con- 
tent. Its cheapest competitor, elec- 
trode carbon, which is essentially a 
penciI Iead materiaI, costs over $Mb. 
The nearest performance competitor, 
chemical vapor deposition (a coating 
process for conventional materials), 
is very expensive. It costs about 
$1,000 to have a component coated 
with a thickness of a few thousandths 
of an inch-of almost an intangible 
weight. Another competitor, low- 
temperature diamond material, is too 
new to evaluate economically, but it 
is expected to cost many thousands of 
dollars per pound--if it is even feas- 
ible and/or practical to produce in 
large quantities. 

Any of thematerial characteristics of 
MRCC can be optimized for specific 
applications by choosing the appro- 
priate fiber in the matrix and by 
adjusting the process parameters. A 
detailed market analysis of applica- 
tions is available for review by poten- 
tial investors. These applications 
include 

current colIectors (motor brushes, . 
slip rings, railroad pantographs, 
and other high-temperature and 
electromagnetic applications) 

mechanical components (tip seals 
for rotary engines compressors, 
seals, vanes, bushings, bearings, 
gears, and piston rings for engines) 

biomedical needs (prosthetics and 
valves). 

Key Experimental 
Results 
Material samples have been tested by 
four independent laboratories: 
NASA and three U.S. Department of 
Energy laboratories. Information on 
these tests is available upon request. 

A family of MRCC materials has 
been developed by Burton Technolo- 
gies. Specimens of up to 2-in. diam- 
eter and 8-in. long can be produced 
now, and larger components will be 
possible when the equipment is 
scaled up. Formula selection for 
custom applications is under 
development. 

Future Development 
Needs 
Burton Technologies can provide 
drop-in prototype specimens for 
evaluation by equipment manufac- 
turers who may directly license the 
process and material. Burton Tech- 
nologies does not plan to manufac- 
ture specific materials or compo- 
nents, but can make arrangements 
with other manufacturers. 

For more information, contact 

Gaines Burton 
Burton TechnoIogies 
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EXECUTIVE SUMMARY 
- 

Overview 

Carbon-based composite materials have been utilized in a variety of applications, especially in the 
1990s. Despite higher costs, composite materials have been extremely successful because of 
outstanding performance characteristics. 

In the mid-l980s, growth for composite materials had reached 25 percent per year; however, demand 
has slowed to an annual growth rate of 6,2 percent due to substantial reductions in defense and 
commercial aviation industry. This decrease in demand would have been significantly greater, but 
composite prices have dropped allowing these materials to become more competitive in markets that 
were previously limited because of cost restrictions. 

. 

The subject invention, "Wear-Resistant Composite Structure of Vitreous Carbon Containing 
Convoluted Fibers, 'I is an innovative new material that substantially improves performance 
characteristics over existing composite materials. This innovation has the ability to operate in high- 
temperature and hostile environments, while still maintaining its desirable characteristics. 

Identified Market Potential 
. 

If industry experts' predictions are correct, a new record will be set in 1994 for total industry 
shipments of composite materials. North American shipments are expected to rise from 2.6 bilIion 
pounds in 1993 to 2.8 billion pounds in 1994. Steady production of durable goods, controlled 
inflation, low interest rates, stable oil prices, and expanded housing development are contributing 
factors in the increase. 

Industries subject to high corrosion rates will drive the demand for composite reinforcements upward 
by 1.1 percent. An estimated 337 million-pound market in 1993, this increase is attributed to 
improvements in infrastructure resulting from substitution of glass-reinforced pipes for metal pipes. 

Significant market potential exists in several market niches. At the request of the inventors, the 
compressor and heat exchanger markets were analyzed because of the significant potential and their 
relatively little knowledge of the market. 

Commessors 

In 1992, manufacturers' shipments of pumps and compressors totaled $5.157 billion (16.4 
million units), an increase of 1 percent from 1991 figures. These pumps and compressors are 
used in almost every major U.S. industry, ranging from heavy industrial applications to 
automobiles. 

b Corporations, such as Sullair Refrigeration, have had substantial difficulties keeping bearings 
and seals lubricated by oil where ammonia is the refrigerant (ammonia acts as a cleaning agent). 
Industry experts expressed a keen interest in the subject invention as they are currently looking 
for an alternative. 

Executive Summary Page ESi 
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Heat Exchangers 
- 

b The total U.S. market inL991, comprising all end-use sectors and all types of heat 
exchangers, amounted to $1.66 billion and is forecasted to reach $1.9 billion by 1995. 
Additionally, the European heat exchanger market offers significant potential, growing to 
$3.46 billion in 1994. 

b A significant market niche for the subject invention was found where heat exchangers operate 
in high-temperature and hostile environments, primarily in the chemical production industry. 
Presently, 15 companies are competing for $30 million in sales (approximately 300 units), in 
this high-profit and extremely competitive market niche. 

Competitive Environment 

Research and development efforts in the area of composites are irduous and expensive tasks. 
Researchers, especially in smaller technologydriven firms, often develop materials without identified 
market demand. Applications are pursued after the fact and are often very difficult to match with 
desired performance characteristics. 

Several applications that are in high-temperature and hostile environments, including both compressors 
and heat exchangers, are utilizing advanced-materials. These materials are expensive relative to their 
performance characteristics. 

BarriedKeys to Market Entry 

Because of the number of advanced materials currently available, potential users are often inundated 
with options and, consequently, attempts to commercialize the subject invention may be hindered. 
The development of a specification sheet detailing competitive advantages, performance properties, 
and product cost estimates will be crucial in order to educate potential customers. 

Qualified testing in specific environments will be necessary, although expensive, in order to prove the 
subject invention's suitability in new applications. Collaboration with private industry may be 
necessary to conduct this testing and also to manufacture the final product. Further research into 
these and other market niches wiI1 be necessary to successfully commercialize the subject invention. 

Executive Summary Page ESii 
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I. Introduction 
- 

The subject of this evaluation i s a  .wear-resistant composite structure of vitreous carbon containing 
convoluted fibers. The immediate market identified is in most mechanical devices with lubricated 
seals and bearings and devices that operate in high-temperature and hostile environments. Initially, 
composite materials were very expensive; therefore, only high-priced, high-technoIogy applications, 
such as defense and commercial aviation industries, were able to utilize these products. Process 
improvements and product innovations have allowed the price of composites to drop, thus becoming a 
viable option in markets that were previously limited. 

The combination of several characteristics distinguish the iubject invention from other composite 
materials: ' 

w It is a solid material that can be run without any lubricants, 
F compatible with chemical and hostile environments, 
F suitable in high-temperature applications ( > 4WF), and 

. w manufacturable in large sizes. 

Because the identified markets are so broad in scope, two market niches were selected and the 
research was focused in these areas: (1) compressors utilized in industrial and residential applications, 
and (2) heat exchangers that operate in high-temperatures and hostile environments. 

II. Technology Overview 

Significant demand, driven by large defense and aviation spending in the 1980s, spurred research and 
development efforts in the area of high-performance composites. Researchers in universities, small 
private firms, and large corporations focused their energies on developing new materials. Because of 
these efforts, many new products were developed. Growth peaked in the mid-1980s 'at 25 percent per 
year. As defense spending decreased, composite producers were forced to refocus their efforts on 
alternative applications in order to remain in business. These applications included automotive parts, 
sporting goods, and medical equipment. 

The subject invention is a method for making a composite material consisting of a vitreous carbon 
matrix containing convoluted fibers. The resulting product has better wear resistance, is tolerant of 
almost all hostile fluids and atmospheres, can be fabricated in large sizes without difficulty, and has a 
higher electrical conductivity than competing materials. Any of these characteristics can be optimized 
by choice of the fiber to be contained in the matrix and by properly adjusting the processing 
parameters. 

III. Market Overview 

The world carbon fiber composite market has been significantly impacted by the unstable U.S. 
economy. In the mid-l980s, growth had reached a peak of 25 percent per year, primarily the result 
of strong defense spending and high demand from the commercial aerospace industry. However, in 
the early 199Os, demand slowed to a growth rate of 8-9 percent and has further decreased to 6.2 
percent per year. Unlike the 1980s, this growth is attributed to gains in the production of durable 
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goods and the extended use of composites in transportation (Chemical News Report, 1993). 
Additionally, process improvements and product innovations have allowed composite prices to drop, 
thus becoming a viable option in-markets that were previously limited because of cost restrictions. 

The passing of the North American Free Trade Agreement could create expanded opportunities. If 
industry experts' predictions are correct, a new record will be set in 1994 for total industry shipments. 
North American shipments of composites are expected to rise from 2.63 billion pounds in 1993 to 2.8 
billion pounds in 1994. Steady production of durable goods, controlled inflation, low interest rates, 
stable oil prices, and expanding housing deveIopment are contributing factors in the increase, says a 
report from Owens-Corning (Chemical News Report, 1993). Additionally, as Latin American 
countries are adopting open-door economic policies, opportunities for growth are expected to 
significantly improve by 10.5 percent in 1994. 

- 

Since the late 1980s, U.S. composite manufacturers have been looking for new applications due to the 
decline in demand from the defense and aerospace markets, which is expected to decrease an 
estimated 6.8 percent in 1994. Commercial aircraft manufacturers are following the federal spending 
decline and delaying production orders. Aviation is the only market where an overall decline may 
occur in 1994. 

Industries subject to high corrosion rates will drive the demand for composite reinforcements upward 
by 1.1 percent. An estimated 337 million-pound market in 1993, this increase is attributed to 
improvements in infrastructure resulting from substitution of glass-reinforced pipes for metal pipes 
(Chemical News .Report, 1993). . 

The inventors of the subject invention have identified five initial target market niches for this 
invention: 1) railroad pantographs, 2) tip seals for rotary engines, 3) mechanical devices (seal plates, 
bushings, bearings, etc.), 4) fieat exchangers, and 5)  compressors. Because items 1 and 2 are 
relatively small industries wihh few manufacturers and item 3 is extremely large and broad, items 4 
and 5 were chosen by the inventors to examine further. There may be other market niches suitable 
for this material because it can be fabricated in large sizes, but they have not been identified. The 
following sections, therefore, offer an analysis of the heat exchanger and compressor markets. 

Compressors 

In 1992, manufacturers' shipments of pumps and compressors totaled $5.157 billion (16.4 million 
units), an increase of 1 percent from the 1991 figure of $5.119 billion (15.7 million units). Industrial 
pumps accounted for 42.7 percent ($2.2 billion), while compressors captured 40.3 percent ($2.1 
billion) of total domestic sales (US. Department of Commerce, 1992). These pumps and compressors 
are used in almost every major U.S. industry, ranging from heavy industrial applications to 
automobiles. 

Industry contacts identified a high level of dissatisfaction with materials that are currently utilized in 
compressors, both in residentid and commercial applications. A spokesperson for the Institute of Gas 
Technology (IGT), which is 'involved with the compressor industry, has been in contact with the 
inventors and has examined tbe subject invention. According to this individual, "The heating, 
ventilating, and air conditioning (HVAC) industry has a need and a desire to build non-lubricated 
compressors. This material's properties are very interesting if they can be proven in these 
applications. I' He also i n d i d  that other high performance materials presently available are 
extremely expensive and not reliable. . 
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Many key manufacturers in the compressor industry were contacted, such as Frick Company, Carrier, 
Sullair Refrigeration, and Trane Company. Manufacturers of products where the refrigerant was 
friendly to the compressor compgnents, primarily in residential markets, were not interested in an 
advanced material. However, in many industrial applications (petrochemical, pulp and paper, etc.), 
lubrication and wear of the components were a significant concern. 

Sullair Refrigeration, with sales of $100 million in the refrigeration industry, is a major producer of 
compressors used in residential and industrial applications. Ammonia is a primary refrigerant used in 
industrial applications and acts like a cleaning agent when in contact with seals and bearings. After 
the seals and bearings have extended contact with ammonia, the lubrication is removed, leaving metal 
on metal contact. An engineer from Sullair said that they currently use a thin film of oil to lubricate 
the seals. They have experienced substantial difficulty with keeping the seals lubricated, and they are 
currently looking for an alternative. 

The Frick Company in Waynesboro, Pennsylvania, a manufacturer of screw compressors and rotary 
vane compressors used in the refrigeration industry, echoed similar remarks. The Frick Company has 
been looking for a material that is hostileenvironment compatible. The refrigerant, ammonia-based 
R717, utilized in these compressors attacks the seal and bearing components. This spokesperson 
indicated that their search for new materials has lead them to PEEK plastics. This material has 
performed adequately; however, it "grows and expands" as it comes in contact with hostile chemicals 
and moisture. Because of this factor, the material must be machined to smaller dimensions, a tedious 
and expensive task. 

Heat Exchangers 

The total U.S. market in 1991, comprising all end-use sectors and all types of heat exchangers, 
amounted to $1.66 billion. A study by Frost & Sullivan forecasts the total market will be more than 
$1.9 billion in 1995. Additionally, the European heat exchanger market offers significant potential. 
Sales are expected to reach $3.46 bilIion in 1994. Germany represents the largest single European 
market, with close to a quarter of the sales; however, the highest levels of growth will be in Ireland, 
Austria and Spain (Frost & Sullivan, 1992). 

Heat exchangers are considered capital equipment, and, therefore, demand fluctuates with Iarge capital 
expenditures. Heat exchangers are used in many different industries in all economic sectors of the 
U.S., including industrial, commercial, and residential (Frost & Sullivan, 1992). Over the short-term, 
however, the market can fluctuate as end-user industries make large investments in plant and 
equipment compared to periods of little capital expenditures. 

Heat exchangers for mos; industries utilize materials such as aluminum, stainless steel, and titanium. 
These materials have adequate performance characteristics for low-temperature and noncorrosive 
environments. Industry representatives in these applications indicated that they are not pursuing. new 
materials at this time. For example, a spokesperson from Brown Fintube Company, in Houston, 
Texas, said that they will only work with materials that are weldable. Composite materials offer 
solutions they do not need and at a higher cost. 

A significant market niche for the subject invention was found where heat exchangers operate in high- 
temperature and hostile environments. These applications exist primarily in the chemical production 
industry and in certain applications within the petrochemical industry. A spokesperson from 
Carborundum Company - Metallics Systems Division, a subsidiary of British Petroleum located in 
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Solon, Ohio, said that they are currently manufacturing and selling heat exchangers geared toward the 
high-corrosive chemical production industry. 

This spokesperson indicated that'ihere is strong competition among the companies that produce heat 
exchangers. Presently, approximately 15 companies produce heat exchangers for this environment. 
Total sales for this market niche is $30 million from approximately 300 units and is experiencing 
slight growth. The Carborundum Company - Metallics Systems Division, a dominant manufacturer in 
this market, manufactures heat exchangers from two different materials. He indicated that if the 
subject invention performs as well as the inventors claim, it could provide his company with a 
significant competitive advantage. 

Applications in high-temperature and hostile environments dffer a relativeIy small market, but with 
high profit potential. Opportunities for the subject invention within the heat exchanger market may 
not be limited to this application as the technology is further developed. If performance factors 
outweigh the increase in cost, a significant opportunity may exist. It is also important to consider that 
market potential may exist in many other applications - piston eomponents, rotary pumps and 
engines, seals, bearings, rings, etc. These applications were not specifically examined because the 
subject invention has not proven it can be produced inexpensively enough to penetrate these markets. 

N. Competitive Environment 

Research and development efforts in the area of composite materials are arduous and expensive tasks. 
Researchers; especially in smaller technologydriven firms, often develop materials without identified 
market demand or a market segment. Their primary goal is often to improve performance 
characteristics, such as increased wear resistance, improved impactdamage resistance, strength 
retention, etc. Applications are pursued after the fact and are often very difficult to match with 
desired performance characteristics. 

Rensselaer Polytechnic Institute (RPI) in Troy, New York, in conjunction with General Electric 
Company's Research and Development Center, Ford Motor Company, and the National Institute of 
Standards and Technology, have been developing low- and intermediate-performance composites that 
are significantly less expensive than traditional composites. The research shows that low-performance 
composites could reach the market on a wide-scale basis within five years. The director of the 
composites center at RPI indicated that some are already being used in box beams behind auto 
bumpers. Once people become aware of the benefits of using composites, price will not be as major a 
concern (Farrell, 1992). 

Currently in residential and most industrial applications requiring only moderate performance 
characteristics, manufacturers are using conventional materials (stainless steel, titanium, aluminum, 
etc.) and are basically satisfied. The benefitdadvantages of the subject invention over conventional 
materials offer very appealing characteristics. However, according to a spokesperson from the Brown 
Fintube Company, industries using these conventional materials are conservative and resistant to 
change. For example, working with a material that is not welded would be a major change and, 
therefore difficult to incorporate. Additionally, cost considerations are of major concern. If the 
composite material is even slightly more expensive, it will be a hard sell. 

Alternatively, companies that work with 'higher-priced pumps, compressors, and heat exchangers were 
very interested in the subject invention. The Carrier Corporation, manufacturer of residential and 
industrial HVAC systems, indicated that they have looked at ceramics, plastics, engineered plastics, 
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and a few composites. Currently, they have not found a material that could meet minimum 
performance chafacteristics; temperature always being the limiting factor. An engineer from this 
company said that if the materia1,performs as the inventor claims and at temperatures in the 300 to 
400'F range, the Carrier Corporation wouId be anxious to examine the subject invention. 

Heat exchangers produced by the Carborundum Company - Metallics System Division are geared 
toward high-temperature and hostile environments, with primary applications in the chemical 
(including petrochemical) production industry. These heat exchangers operate at a maximum 
temperature of 35PF and are constructed with two materials. 

The first is an impervious graphite, which is resin treated. A spokesperson 'from this company said 
they produce this material internally and in its raw state costs $150 per square foot of heat transfer 
surface. The subject invention is not sufficiently developed in order to make a cost comparison. The 
majority of the Metallics Division's sales are derived from this product. The second material is a 
silicon carbide that can withstand any type of corrosive chemical, but costs $300 to $400 per square 
foot of heat transfer surface. The spokesperson indicated that if this composite has the necessary 
performance characteristics and if is less expensive, the Carborundum Cornp-any would be extremely 
interested. 

, 

Manufacturers that expressed an interest in utilizing advanced materials indicated they would need to 
thoroughly examine the product. The Frick. Company in Waynesboro, Pennsylvania, indicated interest 
in the product, but the following steps would need to be completed. 

1) Examination of a specifications sheet detailing performance characteristics and data, 
2) Testing to determine the capability of component materials utilized with the subject 

invention, 
3) Extensive cost analysis to determine factors such as alterations to the manufacturing 

process and raw material price, 
4) Durability/accelerated life testing to determine expected life under specific situations, and 
5) Negotiation of agreement between the invention's owners and the potential licensee. 

V. Market Barriers 

A. 

B. 

C. 

D. 

Significant research and development efforts have focused on developing new composite 
materials. Attempts to commercialize these materials have been numerous leaving potential 
users often overwlielmed. This factor may identify the subject invention as "just another 
composite material. " 

The subject invention's suitability for new applications is virtually unknown, because 
performance test data is unavailable for applied applications. 

Limited manufacturing capability may hinder the subject invention's ability to penetrate new 
markets. 

The general high cost of composite materials limits market applications. 

Market Assessment - WAR-RESISTANT COMPOSITE STUUCTURE. .. CONVOLUTED FIBERS Page 5 

c l  9 q  
I *  

*,> , 



DRAFT 

VI. Keys To-Success 

A. 

B. 

C. 

D. 

Development of a specification sheet detailing competitive advantages, performance properties, 
and product cost estimates will be crucial in order to educate potential customers. 

Qualified testing in specific environments will be necessary to prove the subject invention's 
suitability for applied markets. 

The establishment of a licensing agreement with a composite manufacturer will allow the 
inventors to meet potentially growing market demand. 

Further research into potential market niches will be necessary to successfully commercialize 
the subject invention. 

Vu[. Summary & Conclusions 

The subject invention appears to have significant potential in many markets. Significant interest was 
expressed by industry representatives within the two primary market niches examined. Given that the 
technology performs at levels claimed by the inventors, the heat exchanger market indicated especially 
strong interest. Due to the decline in defense and commercial-aviation spending, other markets less 
experienced with composite materials will need to be pursued. Emphasis on keeping the material 
inexpensive will be of primary concern in entering these new markets. 

Because the subject invention's suitability for new appiications is virtually unknown, qualified testing 
in specific environments will be necessary and expensive. Collaboration with private industry may be 
necessary to conduct this testing and also to manufacture the final product. Further research into 
these and other market niches will be necessary to successfully commercialize the subject invention. 
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PROJECT REVIEW 

To begin the market assessment process, the CIBD market assessment team reviewed copies of NIST 
evaluator Howard Robb’s Final Technical Review, NIST consultant Dr. John M. Kennedy’s Second- 
Stage Evaluation Report, and the submission made by the inventors, Ralph A. Burton and R. Gaines 
Burton. 

These materials enabled us to initiate the database search conducted through Dialog Information 
Services. The search specialist accessed many different groups of databases organized by broad topic 
area. The topic areas were then narrowed to related areas which were investigated further. At this . 
point, many resources were found directly relating to the topic of this assessment. Articles were found 
about trends in the development of advanced materials, and limited data about the overall composite . 
market in the U.S. 

Given the inforhation the database search provided and information from the inventor, several key 
contacts were identified, as well as journals containing related information. This information provided 
contacts with the following: 

manufacturers of composite materials, ’ 

potential users of the subject invention, 
trade and industry analysts and researchers, and 
academic instructors and researchers. 

Subsequent phone calls within each group resulted in many discussions with industry experts. While 
. conducting the phone interviews, individuals knowledgeable in this industry were easy to locate. This 

can be attributed to the considerable efforts to develop new advanced materials. Appendix A provides 
a list of the individuals who were able to assist in the assessment. These individuals, contacted by 
phone, proved to be the best source of information in accurately determining current industry trends. 

In summary, the final market assessment is a result of a combined effort involving both primary and 
secondary research methods. Each research approach - database research, literature review, and 
personal conversations - contributed significantly to the final assessment. Phone conversations with 
industry experts resulted in the most accurate and timely information for determining the competitive 
products and also provided the most comprehensive market demand data. The research team is 
confident that the detailed research and the final report accurately portrays the current market potential 
for the subject invention. 
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Metal-Reinforced Carbon 
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Xx@lional[V good friclion and wear measuremenls are rqorled 
penni.rsion of /bur n fllional hboraloriei for rnahklr designaled 
MRCC (metal reinforced carbon cornjlosiles). T h e  ucnrtalile rnal<nak 
OTP made from a low-wear, non-grupiiilic carbon mnlrix rCnlli melal- 
fiber rein forrment. Counterjices include austenilir and marlensilir 
slainless skek as well as silicon nilride and alumina. The eJ&s of 
high load, liigli lemperalure, and gaseous enuironmmts urt reporled. 

The princijlaljindings are: 

1. Rpmoual of iiumidily and almosplrnic oxygen have lillle $fir/ 
on friclion and wear /or MRCC sliding againsl a ceramic and 
a stainless skel. 

2. Wear of aluminum ox& riders on MRCC is kxupionalh low 
and no1 signijicanlh aj/eckd 5 a broad range of conlacf loads. 

3. Xhalion of lemperalure lo 260°C does no1 degrade lhe perfor- 
, mance of 4 4 0 4  ndms on MRCC dirks or mise fnclion 

signijcanlly. 

In small or hrge sizes 1he metal reinforced malnial is made in a 
single-pass PTOESS for approximale4 h e  same volume cos1 as ml 
iron. 11 i s  no1 limited 5 lhe diJusion processes cliaraclnislic of c h -  
ical uajlor deposilion. 11 is suficienli) rugged lo  sumiue healing in 
nilrogen well above the melling poinl of thejiben (1600°C) wilhoul 
loss of integrity or a major change of dimensions. 

KEY WORDS 

Carbon, Ceramic, Composites, Friction, Wear 

INTRODUCTION 

A versatile family of composites has been designated 
MRCC. The matrix, designated MRCCO, is a form of non- 
graphitic carbon, containing small amounts of bonded hy- 
drogen and hydroxyl groups. I t  was sclccted because i t  

Presented at the 50th Annual Meeting 
In Chicago, Illinois 

May 14-19,1995 
Final manuscript approved January 23,1995 

showed extremely low wear and friction in dry sliding. When 
MRCGO was slid on MRCCO. the friction coefficient v&ed 
around = 0.0'7 and the wear factor was near to lo-' mms/ 
N-m. This performance is close to that of lubricated contacts. 
For example, a brush operating at the sliding speed of 10 
m/s, with 9.8 N normal load on a 1 cm' contact face would 
have a wear rate of only 0.31 mm/year. (Tests with current 
up to 30 amp/cm' showed no effect of current on wear. 
within the scatter of typical measurements.) Inclusion of con- 
tinuous metal fiber provides a tough material that can be 
made in large sizes. 

In a pilot study (I) it was found ;hat friction and wear were 
dependent upon the counterface material and contact stress, 
but were not greatly affected by atmospheric oxygen and hu- 
midity. The MRCC did not exhibit "dusting" in dry, inert 
gas as graphitic materials would. This effect is of major sig- 
nificance, indicating that thc mechanism of lubrication is not 
the same as that f;r graphitic carbon. 

Dry sliding is emphasized here because it is the most severe 
contact condition and because MRCC provides' unique o p  
portunities for applications where lubricant cannot be used. 
At the same time, the materials respond well to lubricant and' 
are compatible with liquid metals, oils, water and hostile 
fluids such as strong acids and bases. For coupons of the 
matrix material, weight change was less than the authors' 
limit of measurement, for immersion in hydrochloric 
acid (pH = 2) and sodium hydroxide (pH = 11) at 20°C 
for 200 hours. 

The low wear rate and the atmospheric effects called for 
verification by independent laboratories with respected mea- 
surement systems and test techniques. The authors are grate- 
ful to those scientists who took an interest in the materials 
and incorporated a series of measurements into their exper- 
imental programs. 

When the pilot study was published. MRCC was designated 
"glassy" or "vitreous" carbon, because the material is non- 
graphitic. This emphasis on a structural similarity to other 
pyrolytically formed hard carbons is now considered to be 
misleading. The materials were winnowed from a broad 
group of such carbons and should be considered unique. 
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The range of tribological behavior of pyrolytically formed car- 
bons was pointed out by Dr. Paul Sutor, who summarized his 
own measurements on a range of “hard” carboils in a pub- 
lished discussion of Ref. (I). The differences among such 
materials are best delineated by measurements of the micro- 
structure and chemical composition. 

Vook et  al. (2) have examined the matrix material with a 
broad range of physical techniques, and found it has an X-ray 
diffraction pattern similar to that of lampblack. This is mark- 
edly different from that of the vitreous carbon reported by 
Cowlard and Lewis (3). Some H and OH were found to be 

. firmly bound into the structure and not tii;ven out by ele- 
vated temperature. The specimens had been baked in inert 
atmosphere for 24 hours at T > 700°C. 

The structural unit of the material was consistent with a 
hexagonal ring OF carbon, and the ‘crystallite size was found 
to be small (20 to 40&. It was thought to be consistent with 
then postulated, but not yet isolated, fullerenes. Although the 
characterization does not explain the source of the excellent 
tribological performance, it serves to define the physical state 
of the MRCC matrix. Although the material contains almost 
spherical voids, X-ray scattering data showed little evidence 
of significant porosity. 

In an effort to produce a highly conductive material for 
low-wear electrical brushes, copper alloy fiber was incorpo- 
rated in amounts up to 85% or  more by weight. These fibers 
were continuous (up to 1 meter in length) and approxi- 
mately 0.1 mm in diameter. When the fibers were oriented’ 
randomly, the electrical and thermal conductivity fell within 
the range of commercial metal-filled carbon graphite mate- 
rials. When aligned, resistivity along the favored axis ranged 
near 22 pohmcm for specimens with 10% volume fraction 
of copper. This is one decade lower than the resistivity with 
randomly placed fibers or infused metal. Thermal conductiv- 
ity with random fiber orientation was 0.15 W/”Ccm. The 
flexural strength of a similar set of specimens with random 
fiber orientation was 34.56 MPa (4949 Ib/in2). The density 
was 2.44 g/cc or -0.11 volume fraction. Figure 1 is a pho- 
tomicrograph of a typical cross-section. The modulus of elas- 
ticity was measured for a specimen with less metal content, 
ranging from 7 to 9.9 GPa, for a material strength of 13 MPa. 

Fig. l-Photomicrograph of MRCC, showing cross-sections of the metal 
fibers. 

EFFECT OF ATMOSPHERE FOR METAL RUN AGAlNST 
MRCC-0 

In the pilot study ( I )  friction was shown to drop a small 
amount when laboratory air (50% R.H.) was displaced by dry 
nitrogen. This indicated a fundamental departure from the 
mechanism of lubrication of graphitic materials. At the same 
time questions could be raised as to possible effects of small 
impurities in the test chamber, and these could only be an- 
swered by measurements with stringent control of the 
environment. 

Dr. Michael Dugger has carried out two sets of runs in dry 
air and in dry nitrogen. His rider was a pin of 440-C marten- 
sitic stainless steel (Rockwell C 60) with a tip radius of 0.79 
mm, which was run on  MRCGO disks. The contact load was 
0.86 N. The specimens were operated for 500 cycles to estab 
lish steady state and the temperature was 35°C. Although the 
stainless steel was subjected to an elaborate preparation, the 
carbon specimens were not baked before testing. Table 1 
summarizes the friction measurements. 

A small rise in friction occurred upon replacement of 
the dry air by pure nitrogen. The measurements lie close to 

= 0.14, as reported in Ref. ( 4 )  For 303 austenitic stainless 
steel pins on MRCGO. These data support the conclusion 
that moisture or  oxygen from the atmosphere are not re- 
quired to maintain low friction when a metal is run against 
MRCGO. 

EFFECT OF ATMOSPHERE ON FRICTION AND WEAR 
OF Si,N, ON MRCC-0 

In the pilot study, silicon nitride was found to be a prom- 
ising counterface when used either as the rider or the disk. 
For a silicon nitride rider sliding on MRCGO. the friction 
coefficient was p = 0.15, and the wear factor for the silicon 
nitride ball was M’ = 1.3 X lo-’ mm8/N-m. The wear of the 
carbon balls on silicon nitride disks was greater, averaging 
-5 X mm’/N-m. The low wear of the silicon nitride 
riders was especially interesting when compared with similar 
tests of silicon carbide, which showed erratic friction and 
more than 10 times the wear rate. The promising results with 
the silicon nitride called for confirmation under stringently 
controlled test conditions. 

Dr. Ali Erdmir has carried out tesrs in humid air, normal 
air, dry air, argon and nitrogen. Both the friction and wear 
factors were measured under moderately severe loading (2N 
load on a ball of 9.54 mm diameter) for a sliding distance of 
165 m. The temperature varied arouvd 28°C. Before testing, 
the specimens were rinsed in acetone and baked for 10 min- 
utes in dry air at 100°C. These results are summarized in 
Table 2. 

Again the effects of change of atmosphere on friction are 
found to be small. The wear measurements in the inert at- 
mosphere group were around W = IO-* mm’/N-m, which 
is comparable to that of MRCCO sliding on itself, the best 
combination discovered so far. 

EFFECT OF LOAD ON WEAR OF A ‘METAL AND 
CERAMlC ON MRCC-0 

Dr. Peter Blau carried out a provocative set of measure- 
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time 30 . 60 

Fig. 4-Dependence of friction coefficient on time (minutes) for MRCC 
riders on 4 4 0 4  disks, operated in air at room temperature and 
elevated temperature. 

less were both lower when the stainless steel was used for the 
rider than when it was used for the disk (I). The rider has 
a smaller metallic contact surface than the track on the disk; 
this surface is protected from open exposure to oxidation. 

INTERPRETATION OF THE MEASUREMENTS 

The combinations of metal content, counterfaces. loads, 
temperatures and atmospheres constitute a multi- 
dimensional system, for which any reasonable data set is only 
a sample. Nevertheless, consistencies between the present 
data and earlier studies indicate that some broad generali- 
zations may be made safely. 

In general, the best wear behavior is found for IdSds of 
approximately 1 N on the rounded specimens (=I cm di- 
ameter). When load was raised to 10 N, a significant increase 
in wear factor was found, although there was not a transition 
to a “severe wear” regime. There was no galling. scuffing or 
other form of surface distress in any of the variations of o p  
erating conditions. Figure 5 shows a photomicrograph of a 
typical wear spot on a rider, where the surface is mirror-like 
and the striations do  not represent large departures from 
flatness, as evidenced by the absence of large serrations 
where they intersect the boundary of the spot. 

The unexpected load-insensitivity for the wear factor of the 
aluminum oxide marks this counterface material as having 
promise for many applications. 

Silicon nitride was singled out in earlier studies as a prom- 
ising counterface, and its good performance is shown in Ta- 
ble 2 to be insensitive to atmospheric effects. 

It is unfortunate that the temperature effects were mea- 
sured for a pair that did not have a low wear factor, even at 
room temperature, at the high load chosen. Nevertheless, the 
smooth running. the lack of surface distress in the wear track, 
and the general level of performance indicate that elevated 
temperature does not produce a destructive effect on the 
interface . 

When used with the preferred counterfaces, and in the 
best range of loads, this material family can provide ex- 

Fig. 5-Typical wear scar on a rider, showing smooth, reflective worn 
’surface surrounded by the unbroken surface of the MRCC-O in 
the as-fired condition. 

I’ 

tremely good wear and friction results. Large excursions from 
ideal combinations will increase wear and friction. The sys- 
tems are forgiving and there is no sense of operating in a . 
narrow envelope of safe conditions. 
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APPENDIX D 



REPRESENTATIVE PROPERTIES: 
For MRCC with approximately 57% by weight bronze alloy. 

Specific gravity 

Hardness 

Tensile strength 

Specific heat 

Thermal conductivity 

Thermal expansion 

Electrical resistivity 

2.7 

124 

73.77 
10,552 

423 

0.25 

7 ~ 1 0 - ~  

51 

39 

Rockwell 

MPa 
psi 

J/kg - "C 
W/cm- OC 

l /OC 

pohm- cm 
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