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This  r e p o r t  is a sunmmary ol d i s c u s s i o n s  he ld  a t  
t h e  Workshop on 'Eribologi c a l  T e s t  Devices and 
Procedures  f o r  Ceramics, which w a s  convened t o  revfew 
ceramic wear tes t  p r a c t i c e s  and t o  assess the  
p rospec t s  f o r  agreement on s t anda rd ized  wear test 
methods and tes t  machines. The workshop vas held 
w i t h i n  a framework of s i x  p r e s e n t a t f a n s  intended to 
focus t h e  d i scuss ion  on s p e c l f i c  wear t e s t i n g  h s u e s .  
Wide-ranging views on weair t e s t i n g  and s t anda rd ized  
wear tests were expressed and a r e  presented in t h i s  
r e p o r t .  Both p o s i t i v e  and negat ive a s p e c t s  of wear 
tes t  s t a n d a r d i z a t i o n  w e r e  discussed.  By the close of 
t h e  d i s c u s s i o n  a consensus developed t h a t  recognized 
the  need for and f e a s i b i l i t y  of standardized wear 
tests but t h a t  a l so  recognized a cantlnued necessLty 
for t he  use of nonstandard tests and test systems for 
r e s e a r c h  on fundamental wear mechanisms. The non- 
s t anda rd  test arrangements, however, should be well 
def ined  and t h e  t es t  cond i t ions  c l o s e l y  c o n t r o l l e d .  
The suggest ion was made t h a t  a small group i n i t f a t e  
e f f o r t s  t o  prepare tes t  procedures and s t anda rds  f o r  
review by the  wear community. 

EXECUTIVE SUMMARY 

Among t h e  t o p i c s  discussed during t h e  Workshop on T r i b o l o g i c a l  Test 

Devices and Procedures f o r  Ceramics w e r e  t he  s t a t e  of t h e  wear t e s t i n g  

a r t ,  wear tes t  procedures,  t h e  pros  and C Q ~ S  of s t a n d a r d i z a t i o n ,  and 

s t a n d a r d i z a t i o n  processes .  

*Research sponsored by t h e  O f f i c e  of Energy U t i l i z a t i o n  Research, 
Energy Conversion and U t i l i z a t i o n  Technologies (ECLTT) Program, U.S. 
Department of Energy, under c o n t r a c t  DE-ACOS-840R21400 w i t h  MartLn 
Marietta Energy Systems, Inc.  

?Nat ional  Bureau o f  Standards,  Gafthersburg, Maryland. 

'Department of Energy, Conservation and Renewable Energy, O f f  ice of 
Energy U t i l i z a t i o n  Research, Washington, D.C. 
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-- ~ h e r e  vas a general 

d s r d i z z t i o n  i s  desi;rable 

M m c v e r  standard i z a t i o n  

n o t  i n  bae i r  r e s sa rch  o r  

_ _  

consensus a t  the end af tbar workshop t h a t  s tan-  

and i s  needed f o r  ceramic t r tbo logy  a t  t h i s  Li.119C1. 

should be i n  s p e c i f i c  areas of a p p l i c a t i o n  and 

mezhanj s t i e  s t u d i e s .  ! lore coa;?’-ete r epor t ing  

procedi : ren and c o n t r o l  of t es t  parameters aye s t r o n g l y  emnuraged to 

a chleve meani ngfiml_ neasurerwnt s . 
TIL).: CURRENT STATE OF THE ART 

Tk-tore W ~ S .  gcne ra l  conselasus t h a t  cu r ren t  wear t e s t i n g  procedures f o r  

ceramics and the  r c s u l t a  rspo-iced i n  t h e  l i t e r n t a r e  are not s u f f i c i e n t l y  

v c l ?  def ined  t o  n l l c w  dava comparisons, and sornctimes assessment of t h e  

s i g n i f i c a n c e  of the repor ted  data  i s  d i E f i c u l t .  Ceranics have high hard-- 

iiess, 1 c . p  therma? d i f f u s i v i e y ,  atid l e g  densf t y ;  they B~lh,ave d i f f e r e n t l y  

f com metals  i n  LradLtional wew t e s t s .  

The a~tainment of satisfactn~y l e v e l s  of r e p e a t a b i l i t y  and reproduc- 

i b k l i r y  of results: wtth  currtbnt wear test systems w m  considered to  be a 

mzjor cha l lenge .  RepeatahPli-iy refers t o  t h e  precision w i t h  which experi- 

mental  r e ~ t ~ l t s  can be obtained on a given machine by a s ing le  operator. 

Reproduc ib i l i t y  r e f m s  to t F i ?  spread of results between laboratories 

t r y l n g  t o  perform e s s e n t i a l l y  t h e  same t e s t .  The r e p e a t a b i l i t y  o f  SQ~X o f  

th\  coane rc i a l  t t e ! s t  machines f o r  w 1 P  -defined ~ e t a l  systems was given as 

38 io L Q X s  This  spread -In r e p e a t a b i l i t y  was seen as excessive by some, 

v h k l r  othc?rs contcaded that real tes t  results are o f t en  miicla w ~ s e .  T t  

was noted tha: r e p e a c a b i l i t g  and reproduci b l l i t y  were n o t  determined by 

the type of machine but  were r e l a t e d  to  minterzance S S ~  the  machine and/or 

to himan f a c t o r s  i n  the  use of the m c h i n r .  It was i nd ica t ed  that carefu l  

ieqf set--up by experienced qx ra to r s  and proper  atten%icPn t o  d e t a i l s  could 

achieve  repeatability o f  less “Lan 10%. F i e l d  tes t  results are oftcn 

w i d ~ 3 y  v a r i e d ,  as much as t w  or  three orders  of magnitude. 

WEAR TEST PRCCEDIJKES ANT2 ThE FACTORS AFFECTING WEAR RESULTS 

-I l n e  p r e c i s i o n  and significance of  ear test r e s u l t s  depend on the 

wear t e s t e r  used, ope ra t ing  cond i t ions ,  and test  procedures.  Many 

q u e s t i o n s  arose regarding s p e c i f i c  aspects of che use  of p a r t t c u l a r  test 

maThiner;. rhe effect: en wear results of the  eowtPnimus change i n  con tac t  



3 

area generally encountered in pin-or.-disc tests was questioned, and several 

comments were made regarding possible alternate geometries for pin-on-disc 

tests. Most of the alternate arrangements also had significant disadvan- 

tages. It was suggested that pin-owdisc tests could be used to advantage 

if the contact area growth was limited to 7% or  less. Flat-on-flat test 

configurations may alleviate the problem of variation of contact area, but 

they introduce temperature gradients, velocity gradients, and the probabil- 

ity of trapping debris in the interface. Debris retained in the sliding 

interface may agglomerate and/or deform, yielding debris particles that 

may be misleading with regard to wear mechanisms. 

An important aspect O E  most o f  the test systems that might not have 

received adequate attention is the dynamic behavior of the system, The 

physical configuration of both the machine and the test samples can 

influence the inherent stiffness of a given system and determine the fre- 

quencies and form of resonant vibratlon modes. Data were presented which 

demonstrated that the dynamic response o f  the test system can dramatically 

influence wear test results. In general, wear test systems are not well 

characterized in this respect, primarily because of the limited appre- 

ciation of the problem. The dynamic effects can be especially acute with 

ceramics because of the high probability of forming roughened fracture 

surfaces at the test interface. 

The significance of surfaces was emphasked during the discussion. 

Chemical and mechanical characterization before testing were found to be 

important. It was noted that mono-ms,lecular levels of Contaminants can 

alter the initial surface response of ceramics, and the humidity level of 

the test atmosphere can alter the wear process. Wear results were cited 

demonstrating that wear rate and wear mechanisms of ceramics can be 

greatly altered by the extent to which water vapor is present. A major 

conclusion o f  the discussion was the need to consistently report relative 

humidities with ceramic wear test results. 

Mechanical aspects of surfaces are also significant. The surface 

topography should be characterized, including directional anisotropy of 

topographical features. Near-surface defects are crftical, and surface 

residual stresses should be evaluated, particularly since such stresses 

may be either positive or negative wtth respect to surEace behavior. 

Ceramic surfaces will be chemically active, even at low temperature. 

Evidence of tribochemical effects at low temperature was reported, and 
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elevaLed.-tempgrature application tat11 cer-taInly increase the potential 

f o r  surface chemical effeett3, Ceramic wear test surfaces need to be well. 

charwterlzed before, during (if possible) , and after testing. 
Lack of knowledge of t.iic? Influence these parameters could have ~n 

wear test results might lead co incorrect conclusions and data interpreta- 

tion. Standardization t o  eliminate thesc problems therefore is desirable. 

Throughout the workshop, the  various pros and cons of wear standard- 

ization were expressed * Much of the initial discussion centered aroiind 

lack of appropr i a tx  def lnittorns and a concept of standardization as 

one single t e s t  f o r  all applications. By the d o s e  of the workshop, a 

I U I I C ~  wiider consensus for standardization was evident ,  as it became clear 

t h a t  same degree of uniformity was deslrable and necessary, that a ser:les 

of  starrdardized tests would be required, and that those teats wou1.d n o t  

rc:pl.ace more i.ndivldualieed tests f o r  research needs. 

A range of views w a s  offered regarding the feasibility of standard- 

ized wear tests. On one hand, it was stated that standardlzed tests to 

improve communication among researchers was a distant goal a Standard wear 

tests tended to emphasize one wear mechanism, thereby departing from 

reality in which multiple mechan-lsms were active. A concern was a l s o  

expressed that a standardized test will not provide sufficient information 

t o  permit effective assessment of the value of a material as a working 

c~mponent. A comment was made tzhat it was more important to identify and 

deve lop  novel concepts for improved tribological performance of ceramics 

than to standardize testing. An example cited of suck a possibility was 

the concept of adjusting surface residual stress levels. A major concern 

w a s  ti'nat an exccessiue reliance on standardized tests might have a negative 

effect on innovative thinking, or that t o o  much time and effort might be 

expended on stxndardization efforts at the expense of innovation. The 

point was also made that some caution should be observed in setting 

requi-rements for acceptable w e a r  testlng a If the requirements become too 

onerous progress  will be inhibited rather t:han enhanced. 

On the other hand, a signiflcant number of participants subscrlbed to 

the view that standard tests are not only possible but needed, and they 
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pointed to the experience of standard tests effectively already in 

existence for metals. Some standard tests might require only slight modi- 

fication to account for the unique characteristics of ceramics. There 

would not and should not be a single standard test, but rather many such 

tests. There was broad agreement that whatever standard tests were 

adopted would have to be related to a specific application problem. 

Standard tests in existence for metals evolved from the effort to solve 

specific wear problems, and ceramic: wear tests will likewise be applica- 

tions related. There was general agreement that standardized test proce- 

dures would be valuable and could aid in achieving more uniform 

characterization o f  test and materfal parameters. Additional test devices 

per se are not required; the five or six common geometries in use are 

sufficient. 

The difference between applications-oriented testing and basic 

research testing was discussed. It: was noted that a hierarchy of test 

types exists, ranging from fundamental studies such as bench tests and 

culminating in full-system tests. The degree of reality of the test 

increases as the system test is approached, although the degree of mecha- 

nistic knowledge correspondingly decreases. The applications-oriented 

tests should be specifically related to a particular system. Bench test 

configurations and conditions should be determined to reproduce the wear 

process observed in the practical case under study. It is important to 

determine that the operative wear mechanism in the test used is the same 

as that of the real system of concern. The selection of the test system 

and test conditions should be determined by the abilfty to reproduce the 

material damage under study. Once these factors are identified, standard- 

ization of test procedures with the participation of researchers from 

industrial, academic and laboratory backgrounds would accelerate materials 

development and innovation. 

Basic research tests are concerned with detailed analysis Q €  a tribo- 

system behavior under well-defined and closely controlled test conditions. 

The general view was that such tests should be well characterized and mini- 

mum standards for information might be prescribed, yet test geometries 

should not be fixed. It was noted that while better reporting of results 
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and test methods should be sought, the scientist doing basic research should 

be "left to his/her own devlees." However, utilization of a standard data 

reporting form such as that described in the West Geman Standard DIN 

50320 would he helpful. 

STIWDARDIZAT'LON PROCESS E:S 

The suggestion was irnade at several points that a small group, 

possibly U.S. Department of Energy (DOE) contractor personnel, should make 

an effort to prepare wear test procedures and standards for review by the 

wear community. It was noted that the Amerfcan Soc-Lety for Testing and 

Materials (ASTM) committee 0 2  is already engaged in such efforts and 

would welcome additional participants. A view was offered that the G-2 

process is too slow and that something should be done in the 6 months 

following this meeting. 

The question of the availability of standard reference materials for 

wear t e s t  system evaluation arose several times during the discussion. 

Private internal reference materials exist to a greater extent rhan i s  

realized, and these materials are qualified to have certain properties 

with respect to a specific test. Standard materials and tests must go 

together. ldhfle some standard materials for metals exist, these i s  a 

strong need far publicly available standard ceramtc reference materials. 

It was suggested that something should be done quickly t o  provide such 

materials 

A consensus was reached that a task group be formed t o  examine these 

issues and to initiate actions that will lead to voluntary standardization 

on prioritized topics. 

Suggestions were made that wear test data could be usefully assembled 

in a data bank and classified with respect t o  the manner in which the data 

were obtained. Other suggestions indicated t he  desirability of providing 

research data in a manner comprehensible to designers and in a manner that 

provides an overall view of the information available, and of the major 

areas in which data are not available. The development of a tribological 

data base to satisfy these needs is presently under study by the Energy 

Conversion and Utilization Technology (ECUT) Tribology Program. 



7 

INTRODUCTION 

The tribological characteristics of ceramics have received increasing 

attention in recent years. Advanced ceramics are corrosian resistant and 

strong at elevated temperatures and, consequently, are receiving serious 

consideration for applications such as advanced heat engines, high-speed 

bearings, wear parts, and cutting tools. The friction and wear eharac- 

teristics of this new class of material are very important criteria for 

many of these applications. 

Advanced heat engine concepts have the potential to achieve signifi- 

cant energy savings and thereby preserve valuable natural resources. 

Ceramics are very attractive material candidates for use in the new heat 

engine designs. Although many studies have been performed in the past 

several years to determine the friction and wear properties of various 

ceramlcs, much of the reported data 1s. contradictory and generalization of 

the results has been difficult. 

The ECUT Division of DOE recognized through its Tribology Program 

activities the need to address the technical issues in test procedures and 

possible test standardization. The Oak Ridge National Laboratory (ORNL) 

and the National Bureau of Standards (NBS), both under contract to DOE, 

cosponsored an invited workshop to examine and discuss the state of the 

art in ceramic wear measurement. Attendees included materials scientists, 

tribologists, mechanical engineers, physicists, chemists, and chemical 

engineers from government laboratories, Lndustries, and universities. The 

workshop was held on April 23 and 24, 1985, at Arlington Heights, 

Illinois. It was co-chaired by Mr. Charles Yust from ORNL and Dr. Stephen 

Nsu from NBS. 

This report is the result of two days of deliberation. The program 

was divided into specific technical sessions. However, in the course of 

discussfon some topics emerged in several sessions, and the comments on a 

single subject should be interpreted within the context of the total pro- 

ceedings. 

from which this report was prepared. ‘hn order to provide a useful, 

readable summary, both the formal presentations and the open discussion 

have been summarized. Every effort has been made to retain the sense of 

the original remarks. 

The workshop proceedings were recorded on audio and video tapes, 



The exeeutfve summary was derived from the  d i scuss ions  of the e n t i r e  

meeting. The ind iv idua l  s e s s ion  sumrmarles inc lude  i n v i t e d  p re sen ta t ions  

and the  subsequent d i scuss ions .  The persons who made c o m e n t s  are iden- 

t i f i e d  a t  t h e  c l o s e  of each comment. The persons who at tended t h e  

workshop are l i s t e d  w i t h  t h e i r  a f f i l i a t - i o n s  i n  Appendix E. 

Most of t he  f i g u r e s  used during the  p re sen ta t ion  have been omitted 

f o r  b rev i ty .  

A complete review of t he  d i scuss ion  i n d t c a t e s  t h a t  a genera l  cansen-- 

s u s  e x i s t s  w i t h  r e spec t  t o  s eve ra l  conclusions and recommendations. 

I n  a workshop of t h i s  type,  it is  not  poss ib l e  t o  cover a11 areas and 

a l l  a spec t s  of t h e  i s sues  r e l a t i n g  t o  ceramic wear t e s t i n g .  We hope t h a t  

t h i s  r e p o r t  w i l l  c a t a lyze  f u r t h e r  d i scuss ions  and thoughts  on the  s u b j e c t ,  

and w e  welcome input  from ab1 i n t e r e s t e d  p a r t i e s  to  f u r t h e r  the  cause of 

t h i s  very important area. 

ECUT TRIBOLOGY PR0GF-W-I Afw \JQ=(SHOP OBJECTIVE 

OVERVIEW OF THE ECUT TRIBOLOGY PROGRAM 

The ECUT Program supports  gener ic ,  long-term, high-r isk-directed 

r e sea rch  and explora tory  development, which p r i v a t e  e n t e r p r i s e  w i l l  not  

o r  cannot pursue,  i n  conserva t ion  technologi@s f o r  energy convers-ion and 

u t i l i z a t i o n .  The program suppor ts  r e sea rche r s  i n  indus t ry ,  academia, 

and government t o  explore  ideas  or  concepts aimed a t  s p e c i f i c  appl ica-  

t i o n s .  Research is  conducted t o  a s t age  where p r t v a t e  Indus t ry  or o ther  

government programs might c a r r y  it i n t o  more advanced technology and 

engineer ing  development. Its goa l s  are t o  (1) e s t a b l i s h  f e a s i b i l i t y  of 

r evo lu t iona ry  concepts that s i g n i f i c a n t l y  reduce energy consumpt8on, 

( 2 )  c a r r y  out  explora tory  development on novel o r  innovative? conservat lon 

concepts ,  (3 )  eva lua te  new concepts f o r  improved cE€iciency or alter-  

n a t i v e  dual. ixse i n  energy conversion and u t i l i z a t i o n ,  and ( 4 )  expand the  

technology base necessary for  development of improvements i n  energy eon- 

v e r s l o n  and u t i l i z a t i o n .  The program a t tempts  t o  be a br idge  between 

b a s i c  r e sea rch  and la rge-sca le  technology and engineer ing development in 

t h e  a r e a s  of energy conversion and u t i l i z a t i o n .  
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The mission of the ECUT Tribology Program is to provide the base 

technology to achieve savings, as nruch as practical, of the United 

States' annual energy consumption through major tribological advances. 

This may be achieved through direct energy savings ( e . g . ,  reduct-ton of 

friction), savings in embodied energy (e.g., reduction of wear), savings 

in critical material (e.g., reduction of wear), improvements in produc- 

tivity, or advanced system designs where tribology i s  the critical 

limiting technology. The introduction of advanced system designs may 

require tribological systems that have to operate in severe environments 

such as high temperature, high speed, high loads, corrosive 

gases/liquids, and combinations thereof. New technologies for these 

more rigorous environments w i l l  also be developed. The program w i l l  

establish close ties with U.S. industry and universities to determine 

current and future needs f o r  advances of tribological systems, and to 

facilitate the transfer of the new technology developed in this program. 

The ECUT Tribology Project was initiated in 1982 and was elevated 

to program status in 1983. Initially the program was managed by 

Dr. J. J. Eberhardt of DOE and Dr. J. A. Carpenter of ORNL. Currently 

the program is managed by Ms. T. M. Levinson (DOE) and Dr. M. Kaminsky 

(Argonne National Laboratory). The program was structured in four major 

work elements: 

1. Mechanisms, 

2. Design, 

3 .  Assessments and Initiatives, and 

4 .  Project direction. 

Technical projects under each element were structured, and in 1985 a 

comprehensive program plan was developed as the program expanded to 

address many technical barriers imposed by the lack of tribological 

advances. 

According to the current program plan, the work element titled 

mechanisms has the following major thrusts: (1) develop novel triboma- 

terials by design; (2) explore advanced lubrication concepts; ( 3 )  study 

t ribomaterial interactions and develop processes for their control; 

( 4 )  characterize and test tribomaterials/components; (5) develop 

diagnostic techniques and devices for monitoring the performance of 
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tribocompon~nts/systemslasse~bliea; and ( 6 )  develop models f o r  (a> fric- 

t i o n  and wear of bribornaterials, (b) surface modificationleoating pro- 

cesses, ( c )  advanced lubricant application processes, and (d) t r i bo -  

material interaction processes. 

The work element design has the following thrusts: (1) develop tri- 

bological. design data collection and dissemination systems ge.g., data 

center); (2) develop tribocomponent design models; (3) develop t r l bo -  

system des ign  models; ( 4 )  develop codedmodels  f o r  failure prediction of 

tribocomponents, systems, and assemblies; (59 develop codea/models for 

failure reduction in tribscomponents, systems, and assemblies; and 

(4) develop and demonstrate the proof of concept o f  automated "expert 

systems" that will take corrective actions to overcome malfunctions o f  

trPboeornponents/systems/assembl~e~. 

The work element a~.sesam@nts and initiatives serves to identify 

through assessments and to explore through limited experimentation those 

innovative ideas that promise to yield significant energy savings 

through the desdgn of advanced tribological compsnentslsystemsl 

assembl.ies and through tmprovement of their operating procedures1 

conditions. 

The work element project &rection deals with the  planning and 

management activities of the Tribology Program. Working panels wtth 

participants from U. S. industry, ixniversitles, and government labora- 

tories were set up d m h g  FY 1985 to help in the preparation of a more 

detailed research and development (R&D) program plan for the ECITT 

Tribology Program. 

WORKSHOP OBJECTIVE 

The objectlve of the Workshop of Tribological Test Devfces and 

Procedures f o r  Ceramics was t o  generate ideas on hoa to provide an 

effective standardization of wear testing. The standardfzation e f f o r t  

i s  an important p a r t  of the total WUT Tribology Program. 

The ECUT Program fills the gap between basic research and the end- 

use sector by taking concepts artsing from the basic studies and devel- 

oping those concepts into methods and/or devPces for practical use 

(Fig. 1). The ECUT interactlon ~ L r r l i  industry serves ea hfgl i l igk t  tiaose 

subjects for w h k h  research is required. 
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APPLICATIONS 

(private industry) 

Fig. I.. Research and development system diagram illustrating how ECUT Program transfers 
technology. 



12 

The ECUT Tribology Program utilizes the cooperatlve efforts of m i -  

versities and research institutes, governmental agencies, professional 

societies, and industries; ECUT serves as an intermediary, facilitating 

the interactions arnsng these groups, The industrial participation is 

especially important because we are concerned with solving reall-world 

p roblems. 

This workshop was clearly in accord with the long-range objective 

of establishing meaningful, standardized, laboratory-scale tribological 

tests and procedures for ceramics. That: i s  an important area in which 

the government has a definite role. 

TECHNICAL SESSIONS 

Current Test Systems 

The opening presentation by L. R. Heerdt, Falex Corporation, was a 

discussion of currently available commercial wear test machines. Many 

machine types were described, including most of the types In general 

use. The t*rc:! most commonly used t e s t  systems are the pin-on-V-black and 

the block-on-ring configurations. Commercial machines were cited as 

offering the advantages of simplicity of operation, use of standard spee- 

imens, economy of purchase and operation, and the possibility of the 

establishment o€ repeatabllity and reproducibility standards. 

The group discussion considered data variation and whether comer- 

c i a 1  machines were more accurate or more effective test systems than 

individually constructed laboratory devices. Inaccuracies in wear data 

may be due to factors other than the machine itself. A problem ~ d t h  

noncommercial systems is the lack of dynamic characteriz at ion and lack 

of recognition of system-related wear effecte. The point was made that 

wear is not a fundamental materials parameter but a consequence of the 

action of a gfven system. Successful correlation of laboratory results 

w i t h  field results therefore depends on effecttve simulation of the real  

system. 

A slgnificant part of the discussion a l s ~  considered the geometric 

arrangement of wear test systemse In some arrangements the  contact 
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area v a r i e s  w i t h  tfme, r e s u l t i n g  in stress v a r i a t i o n  a t  t h e  i n t e r f a c e ,  

w h i l e  geometries o f f e r i n g  cons t an t  apparent con tac t  area tend t o  r e t a i n  

wear d e b r l s  a t  t h e  i n t e r f a c e .  

Re la t ionsh ip  of Ceramic Wear Mechanlsms and T e s t i n g  

W. A. Glaeser of Bat te l le  Cofurrbus Labora to r i e s  summarized t h e  

s t a t e  of knowledge of wear mechanisms i n  metals and compared wear damage 

observed i n  metals w i t h  t h a t  observed i n  ceramics. 

Machined m e t a l  has a heav i ly  sheared s u r f a c e  l a y e r ,  but a 

comparably machined ceramic con ta ins  numerous f r a c t u r e s .  Ceramics are 

capable  of some p l a s t i c  deformation, however, as i n  r o l l i n g  con tac t .  

Metals commonly t r a n s f e r  material between s l i d i n g  (un lubr i ca t ed )  sur- 

f a c e s ,  forming a mechanically a l loyed  i n t e r f a c i a l  l a y e r .  It i s  not y e t  

clear whether ceramics form a comparable mixed l a y e r .  Surface chemical 

r e a c t i o n s  may a l s o  play an important r o l e  i n  ceramic wear. A p a r t i c u l a r  

f e a t u r e  of ceramic wear i s  the  onse t  of f r a c t u r e  above a c r i t i c a l  load 

l e v e l .  

The group d i scuss ion  considered s e v e r a l  f a c t o r s  of importance t o  

wear t e s t i n g .  The d e s i r a b i l i t y  of using va r i ed  tes t  machines, r a t h e r  

t h a n  only one, w a s  noted, as w a s  t h e  need t o  e v a l u a t e  t h e  dynamic 

response of t h e  tes t  system. Seve ra l  comments were made on the  na tu re  

of s tandard w e a r  tests. It was observed t h a t  tests are o f t e n  s e l e c t e d  

t o  enhance a p a r t i c u l a r  mechanism, a t  t h e  expense of r e a l i t y .  The i s s u e  

of c o r r e l a t i o n  was a l s o  r a i s e d ,  exposing a lack of agreement on the 

a p p r o p r i a t e  means of demonstrating c o r r e l a t i o n .  

The po in t  w a s  made t h a t  it is important to d i s c u s s  t e s t  systems i n  

t h e  con tex t  of intended use and a p p l i c a t i o n .  Most. test system consensus 

d e r i v e s  from e f f o r t s  t o  solve a p a r t i c u l a r  problem. 

Wear T e s t  Methodologies --- 

A s p e c i a l  d i s c u s s i o n  of wear t e s t i n g  w a s  o f f e r e d  by D r .  ti. Cztchos 

of BAM, Be r l in .  H i s  t a l k  touched on t h r e e  po in t s :  b a s i c  parameters 

r e l e v a n t  t o  wear t e s t i n g ;  t he  in f luence  of some of t h e  basic parameters, 

e s p e c i a l l y  the  geometric f a c t o r s ,  on wear tes t  r e s u l t s ;  and a review of 

suggested approaches t o  wear t e s t i n g .  
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The Role of Surfaces _. ._. in Wear Testing 

'r. E. Pischer, Exxon Research and Engineering Company, presented 

research results on silicon nitr:de illustrating the  significance o f  

surface effects on wear behavior. The presence of water vapor w a s  shwn  

to strongly affect the  mode and rate of wear of silicon nitride and of 

zirconium oxide. The effect of moisture can he complex, as illustrated 

by the diminished wear rate of silicon nitride in high hrxmidity and the 

increased we.ar rate of zirconium oxide under the same conditions. 

Water vapor also reacts tribochemically with sF1icon nitride, 

forming a surface reaction layer of silicon oxide. Other surface chemi- 

cal. k-eactions w i t h  atomic species in the environment may take place; 

consequently, chemical evaluation of wear surfaces is Important. 

Severial tools are available f this task €n@ludilIg Auger analysis, 

SIMS, EDAX, and infrared and Raman spectroscopy. 

The group discussion opened with the presentation of further data 

confirming the chemical activity at tribological interfaces. The aignif- 

icance of only a monolayer o f  surface contauination was demonstrated. 

It was also noted that surface modification techniques could be used to 

develop the desired wear charasteristlcs at a surface. 

An e f f o r t  w a s  made to differentiate between testing for fundamental 

wear studies and testing far applied problems. The view was expressed 

that a major difference is that applied teats should use actual com- 

ponents, where possible, and be conducted in a system that closely simu- 

lates the application, wMle basic tests should concentrate on mter~.a la  

response 

T.Ct was suggested that standard materlale might he used t o  correlate 

wear equipme.nt and results. The Vessail.les Project on Advanced 

Materials and Standards, 211 international e f f o r t ,  i s  attemytlng to do 

this. 

sliding wear r"este 

The presentation on sliding wear t e n t s  was made by R,  F. DuPrane, 

BattePle Columbus Laboratorles. Three types of wear t e s t  objectives can 

be recognized: materials selection hor  a specific app l i ca t ion ,  wear 

resistance evaluation, and basic: research. T h e  first two categories 

require extensive engineering j dgemen t  in test set-up and evaluation, 

and they are clot likely to be amenable to standard procedureso Some 



l e v e l  of s t a n d a r d i z a t i o n  may be achievable i n  basis: research t e s t i n g  

( f o r  example, agreement on test element dimensions and documentation of 

test  procedures).  

The i s s u e  of t e s t  s t a n d a r d i z a t i a n  %as d i r e c t l y  addressed In this 

discussion. Standard tests a r e  considered t o  be nos t  l t k e l y  Ear generic, 

a p p l f c a t i o n s ,  such as p i s t o n  r i n g s  an er l i taersr  It was 

suggested t h a t  s tandard wear test procedures an s tandard nornencPat~re 

are d e s i r a b l e .  Data m y  also be s to red  and c l a s s i f i e d  according t o  the 

t ype  of source.  A v a i l a b i l i t y  of s tandard r e fe rence  materials fo r  base- 

l F n e  tests was c i t e d  as a c u r r e n t  need* Glasses o f  tests and end uses 

might be deFined and a mat r ix  O €  tests and uses  formed; tests might then 

b e  developed f o r  s u b s e t s  of t h e  matrix. The predominant f e e l i n g  was 

t h a t  s tandard tests would only develop f o r  s p e c i f i c  types of systems, 

r a t h e r  t han  as g e n e r a l  wear tests. T e s t  procedures and characterization 

schemes may c o n t r i b u t e  t o  fmproved test documentation. 

Ro l l ing  Wear T e s t s  - 
L. De Wedeven, SKF Xndustr ies ,  made the opening p r e s e n t a t i o n  

r o l l i n g  wear tests. He descr ibed the e n g i n e e r ' s  view of s t r e s s  d i s t r i -  

b u t i o n s  i n  r o l l i n g  bear ings i n  d e t a i l  and i l l u s t r a t e d  the  r e l a t i o n s h i p  

of t h e s e  stresses t o  f a i l u r e  modes. The stresses can be viewed on both 

a micra scale* The degree to which wear tes t  standsmrd- 

i z a t i o n  may be p o s s i b l e  v a r i e s  w f t l ?  t h e  type and scale of the wear phe- 

nomenon. For s u r f a c e  macro-stress phenomena, some s t a n d a r d i z a t i o n  of 

t e s t i n g  f o r  surBace cracking m y  be feas ib le . ,  A t  the mlcro-scale con- 

t ac t s ,  i.e., asperi t ies ,  t he  i n a b i l i t y  to d e f i n e  the eontact cond i t ions  

makes t h i s  area u n s u i t a b l e  f o r  s t a n d a r d l z a t i o a .  For ro l l i ng -con tac t  

f a t i g u e ,  t h e  p o s s i b i l i t y  o f  providfng s tandard t e s t s  i s  very real. A 

very important need is  a scienttf IC basfs for Pianovatione Standards 

should not be imposed a t  the  expense of Pnnovation. 

During the ensuing d i scuss ion  Lt was noted t h a t  tests and proce- 

dures will be h e l p f u l  i n  provjding i i  d a t a  base of assured q u a l i t y .  It 

w a s  suggested t h a t  the available daza be organized i n  such a way that 

t h e  information i s  r e a d i l y  available and. the  gaps i n  t h e  d a t a  r e a d i l y  

recognized,  It was i nd ica t ed  t h a t  e € f o r t s  'by t he  ~ ~ ~ ~ E ~ ~ T  Program are 

under way t o  provide a t r i b o l o g i c a l  d a t a  base. 



Improved eha rac t e r%za t ion  of a l l  elements of wear tes t  systems is  

d e s i r a b l e .  It w a s  suggested thac  a smal.1. group undertake t h e  prepara- 

t i o n  of t e s t  s tandards .  

P rospec t s  f o r  Tes t ing  Standards 
II___ .-.-. s_______ll...--- 

A.  W. Ruf f ,  Nat iona l  Bureau of Standards,  made a p r e s e n t a t i o n  sum- 

mar.a'.zing t h e  p o s s i b i l i t i e s  f o r  wear test s t anda rd iza t ion .  The va r i ed  

use  of t e s t  devices  mikes genera l ized  s t anda rd iza t ion  d i f f i c u l t .  

Tribologi.ca1 s t anda rd iza t ion  should be r e l a t e d  t o  p a r t i c u l a r  appl ica-  

t i o n s .  The most l i k e l y  ceramic applications should he assessed  and 

s t anda rds  prepared as requi red  f o r  those a p p l i c a t i o n s .  A number of 

s t anda rd  wear tests are p resen t ly  i n  use,  p r imar i ly  for metals t e s t i n g .  

Some tests exist f o r  ceramics. Other metals tests can be r e a d i l y  

modif ied.  

Data v a r i a b i l i t y  can he con t ro l l ed  and is  lower among experienced 

t e s t e r s  using a s tandard  tes t .  Fac to r s  t h a t  w i l l  improve t r i b o l o g i c a l  

d a t a  inc lude  a s tandard  d a t a  format,  improved c h a r a c t e r i z a t i o n  methods, 

a w e l l  documented d a t a  base, and improved tes t  methods. 

It w a s  noted t h a t  some caut ion  should be exerc ised  i n  s e t t i n g  wear 

t e s t  requirements .  Excessive demands on r e sea rch  t e s t l n g  w i l l  i n h i b i t  

t h e  product ion of resultss h o n g  sugges t ions  o f f e r e d  f o r  improved wear 

t e s t i n g  were more complete r epor t ing  of r e s u l t s  through b e t t e r  test pro- 

cedures ,  use of e x i s t i n g  t e s t  m c h i n e s ,  a d  use of s tandard  r e fe rence  

samples. It was r e i t e r a t e d  t h a t  2 small graup should be convened t o  

prepare  s tandards  f o r  cons ide ra t ion  by t h e  wear community. 

CURRENT TEST SYSTEMS (L. R. Heerdt, Palex Corporat ion,  Aurora, T l l i n o i s )  

P r e s e n t a t i o n  
_4__-____1 

I n  h i s  in t roductory  p resen ta t ion ,  M r .  Heerdt ou t l i ned  the types of 

machines produced by Fa l rx  C o ~ p ~ r a t i o n .  H e  d i scussed  t h e  pin-on-V-block 

and block-on-ring tests i n  some d e t a i l  and r e f e r r e d  b r i e f l y  t o  s e v e r a l  

o t h e r s ,  inc ludlng  the  four -ba l l  t e s t e r ,  t h e  multlspeeimen t es te r ,  t h e  

dry-sand tes ter ,  a ba l l -on- f la t  system produced I n  Germany and capable  

of temperatures  o f  lOOO"C, and a high-frequency tes rer  made i n  England. 

Advantages of commercial machines c i t e d  were s i i i iyl ic i ty  of ope ra t ion ,  

t h e  use of s tandard  specimens, economy of pinrchase and ope ra t ion ,  and 

t h e  p o s s i b i l i t y  of es tabl ishment  oE r e p e a t a b i l i t y  and r e p r o d u c i b i l i t y  
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s t anda rds .  The c u r r e n t  development of computer programed c o n t r o l  and 

d a t a  a c q u i s i t i o n  f o r  commercial machines w a s  a l s o  mentioned. Tes t  

r e s u l t s  f o r  commercial t es t  machines vary by 30 t o  40%. There are 

v a r i o u s  reasons f o r  thjis spread of r e s u l t s ,  i nc lud ing  t h e  a c t i o n s  oE the 

ope ra to r .  While t h e  test system should provide a good c o r r e l a t i o n  wi th  

f i e l d  r e s u l t s ,  t he  use of t hese  machines r e q u i r e s  a c e r t a i n  Bevel of 

s k i l l .  

Although the  American Soc ie ty  of Lubr i ca t ion  Engineers (ASLE) com- 

pendium of wear tes t  machines lists about 300 dev ices ,  only about 10 

t ypes  of machines are i n  gene ra l  use. The most commonly used system is  

t h e  pin-on-V-block. This  system provides  €our l i n e  c o n t a c t s  by loading 

two V-blocks a g a i n s t  a r o t a t f n g  p i n .  Approximately 1100 of these  ma- 

ch ines  have been b u i l t  by Falex i n  the  p a s t  50 years., They are o f t e n  used 

t o  e v a l u a t e  c o a t i n g s ,  w i t h  an i n c r e a s e  i n  f r i c t i o n  being used as the 

c r i t e r i o n  of f a i l u r e .  This  type of tes t  has  shown good f i e l d  co r re l a -  

t i o n *  Used i n  o i l  t e s t i n g  procedures,  t h e  device has given rankings of 

t h e  o i l  i n  agreement wi th  f i e l d  tests. 

The next  most common system 3.n use i s  the  block-on-ring tester. 

Approximately 330 of these  machines have been produced s-lnce they became 

commercial items about 1960. This  system has a g r e a t e r  c a p a b i l i t y  I n  

speed,  load range, and temperature than the  p i n - o r b l o c k  tester.  I t  may 

be used f o r  l i n e  or area c o n t a c t ,  i n  a l i n e a r  or  a r e c i p r o c a t i n g  mode. 

Under automatic c o n t r o l ,  t h e  load can be cycled during t h e  test. 

For any of t h e  tes t  systems used, i t  w a s  noted t h a t  a f u l l  wear 

curve should be developed, not just. a s i n g l e  determinat ion of t he  t o t a l  

wear. 

Discussion 

The d i s c u s s i o n  opened wi th  a chal lenge of t he  idea  of using commer- 

c i a l  test machines because the  admitted spread i n  d a t a  is 30 t o  40%, 

which is q u i t e  l a rge .  While laboratory- to- laboratory comparisons are 

b e t t e r  w i t h  the  use of seemingly i d e n t i c a l  ( i .e- ,  commercial) machines, 

does t h e  admitted d a t a  spread warrant  t h e  l a r g e  investment as compared 

w i t h  use of a home-built device? Furthermore, many persons do no t  con- 

s l d e r  commercial machines s u i t a b l e  f o r  b a s i c  r e sea rch  (J. Wert). The 

block-on-ring commercial system is  used r epea ted ly  f o r  b a s i c  research.  



~ t .  present: almost all ~ e a s  d a t a  has a 30 io 40% spread, regardless of 

the iwrhine  origttrr. Commercial machines are no W Q P S ~ ,  probahly better 

than  lmrre-built mek=incs. Inacriiracies are not due only t o  the ma- 

ciilnes; poor speciosens > poor ly  maintained maclil nes, or operator errors 

may c o n t u t b u t e  t o  the problem (L. Heerdt). T5st machines w.111 not dif- 

ferentiate .the typr of fa:iu.re ( J .  Wcrl). TAc inachine only reports 

vha t  happPns durIng the test;  the sp~ciirilerr needs t o  be examined to 

assess t h e  type of fatltnre (L. kleilrdt). Rome built machineJ; are fre- 

quently not vel1 charactertzed, e s p e c i a l l y  with regard t o  stiffness and 

vibuerfon characteLbatfcs; 1 iy 110me machtne builders are not F M R T ~  of 

t h e  P P O ~ ~ W Q S  assoc ia t ed  w3 t h  machines. Repeatahi l  i t y ,  i t  should be 

n o t e d ,  refers to the comparison of succxssivc r e s u l t s  i n  the same 

laboratory wf-ch the sme operaror . Rr~r i4d i r c ib i l i t y  refers  t o  the com- 

parison of results bemeen different laboratories (S. Hsu). 

A. s e c c d  point noted  is that w ~ n r  Is not a Etlndamental materials 

peranetcr'. If it wereB then identical results should be o b r n l m d  on 

diffcr:xnr machines (J. V e r t ) .  But tribological p a i r s  have cer tain 

charaeteristtcs, whfch Pnclude r'cieir topography, mterlaPs properties, 

and environment as well as kinemat-lc and solid--meehanics interactions . 
Thes: pnrampcters are hard to duplicate in a test system (N. Bakim). 

\Tear is t he  consequence OF the system, not a s i n g l e  intrinsic material 

pasarnc..tcr (S. Hsu). 

It WPS ve l1  recognized during the discussion t h a t  su 

lations between laboratory and f i e l d  depend on good simulation o f  the 

s y s t m  to be s t u d i e d .  The key question is  how well tes t  systems 

correspond t o  real  systems (S. H s u ) .  The test machite should always be 

selected t o  modcl t-he servicp. condition as ve lP  as poss ib le  

( T .  Pischer'p. Test  systems wq11 have to correlate q u a n t i t a t i v e l y  wIth 

f i e l d  systems before rhey replace real compornent testing (N. Uak€m). 

H i i t  a point of inaJor concern was that of test geometry. This point 

arose 2hrough a q u e s t i o n  on the  effect of a contLnuolisly changing pin  t i p  

area oil test results f o r  pin-on-disc testing (A. T,evy). Pin-on-disc 

t eszs  are poor, bu t  peop le  wni -  t h e m  ( L .  ~ I e ~ r d s ) .  It was suggested t h a t  

t h e  p i l i  area ean be k e p ~  c o n s t s c t  by using a riglit cylinder con- 

figuration (M. &~wtiiaorne). B u t  it was noted t h a l ,  even w L ~ h  right cyl in-  

d e r s  or  Llirust washer t e s t 3 ,  3 run-f-ra per iod was required t o  o b t a i n  a 
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t r u e  alignment ( J .  Wert). Using a t h r u s t  washer, one has t o  be con- 

cerned about d e b r i s  r e t e n t i o n  on t h e  w e a r  s u r f a c e  (H. Hawthorne). 

Grooves I n  t h e  washer face can h e l p  remove d e b r i s  from a washer tes t  

(J. Wett). The pin-on-disc t e s t  is  all r i g h t  i f  i t  is used properly.  It 

provides  an a c c u r a t e  measure of t h e  wear but  must be l i m i t e d  i n  area 

growth t o  about 7% increase (6.  Tennenhouse). It is necessary t o  be 

c a r e f u l  about d e b r i s  o r i g i n s .  A block-on-ring test nay produce extru-  

s i o n s  from t h e  e x i t  zone of t he  block i f  t h e  block i s  s o f t  w i th  r e s p e c t  

t o  t h e  r ing .  The extruded material has a p l a t e l i k e  form, un l ike  any 

d e b r i s  observed a t  the  wear i n t e r f a c e .  There is a need t o  be concerned 

about  such e f f e c t s  i n  a standard test (W. Glaeser) .  A r e c i p r o c a t i n g  

f lat-on-f l a t  machine o f f e r s  good r e p e a t a b i l i t y  o f  r e s u l t s  but a l l  param- 

eters must be c o n t r o l l e d  (V. Aronov;?. 

A f u r t h e r  point  w a s  r a i s e d  concerning t h e  use of s t a t i s t i c a l l y  

designed experiments t h a t  include q u a n t i t a t i v e  i n d i c a t i o n  of p r e c i s i o n  

l i m i t s  of t h e  data. Single-point  tests are inadequate (N. H a k i m ) .  It 

w a s  also noted t h a t  a need e x i s t s  for a test system t h a t  w i l l  measure 

o i l  f i l m  th i ckness  during tests (M. Covitch).  F i n a l l y ,  i t  w a s  noted 

t h a t ,  i n  t echno log ica l  p u r s u i t s ,  it is almost a n a t u r a l  l a w  t h a t  

progress is  promoted by the use r  r a t h e r  t han  by t h e  provider  of t h e  

technology. It is necessary t h a t  r e s e a r c h e r s  seek improved test machine 

des igns  (T. Fische r ) .  Falex w i l l  b u i l d  what i ndus t ry  r e q u i r e s  

(L. Heerdt). 

Regarding t h e  economy of t h e  pcxehase of a commercial tes t  machine, 

i t  w a s  noted i n  c l o s i n g  t h a t  t he  m i l l i o n s  of d o l l a r s  a s soc ia t ed  wi th  

wear- and energy-related problems c e r t a i n l y  war ran t  t he  expendi ture  of 

thousands f o r  good wear test equipment (L. Heerdt) .  

RELATIONSHIP OF CERAMXC WEAR MECHANISMS AND TESTING (W. A. Glaeser, 
Battelle Columbus Labora to r i e s ,  Columbus, Ohio) 

P r e s e n t a t i o n  

M r .  Glaeser summarized t h e  state of knowledge of wear mechanisms i n  

metals and compared t h e  observat ions i n  metals w i t h  those obtained t o  

d a t e  i n  ceramics. Some specu la t ions  were o f fe red  on what might be a n t i e -  

I p a t e d  i n  ceramic wear, and some I n d i c a t i o n s  were made of haw year 
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met:hanisms r e l a t e  t o  the design of wear test mach€nes. Mr. Giaeser 

emphasized t h a t  devis ing  a wear tes t  machine without  a knowledge of t he  

wear mechanism is  “‘sperat lng in the  bl ind.”  

Examples  of wear damagr e€fects i n  both metals and ceramlcs ~ e r f  

reviewed. V l i l e  t he  machining of metals leaves  a heavi ly  sheared sur- 

€ace Payer contafning continuous grooves , a comparably machined ceramic 

s u r f a c e  commonly contalias f r ac tu red  pull-out reg ions  and microfractuKes. 

Some p l a s t i c  deformatlan of ceramic surfaces t s  observed, as i n  e a r l y  

stages of r o l l i n g  contac t .  Subsurface d l s l o c a t i o n  networks may form; an 

example was shwn of such a network i n  MgO, which, whi le  s imi l a r  t o  that 

i n  a metal, was composed of Parge c e l l s  with less t l g h t l y  kn i t  dis loca-  

t i o n  walls. Metals commoizly t r a n s f e r  ma te r i a l  bemeen s l i d i n g  

(un lubr i ca t ed )  su r faces ,  u l t i m t - e l y  forming a mechanically a l loyed  

i n t e r f a c i a l  layer conta in ing  very f i n e  g r a i n s o  Although some t r a n s f e r  

l a y e r s  have been repor ted  lu ceraml~s ,  i t  is not  yec known i f  a process  

cornparable t o  that i n  metals ,  whfch forms a mechanieal ialxture of t h e  

s l l d i n g  c o n s t i t u e n t s ,  i s  opera t ing .  

Pusther  ceramjic w e a r  observa t ions  i l l u s t r a t e d  the  p o t e n t i a l  f a r  

sur€ace r e a c t i o n ,  p l a s t i c  deformation, and thermal e f f e c t s .  A sur face  

of  Si@ subject t o  s l i d i n g  a t  high temperature was found t o  have a g l a s sy  

oxide  phase a t  the surface. The consequence of l imi t ed  s l i p  systems i n  

Mge) was shown t o  be f r a c t u r e  induced by d i s l o c a t l o n  p i l e u p .  Thcriilal 

shock w a s  also found t o  y fe ld  a f i n e l y  cracked su r face ,  which r a p i d l y  

degrades under f u r t h e r  inwhanical  stresslng. 

The onset of f r a c t u r e  in ceramics w a s  dlscussed in t e r m s  of a cri- 

t i c a l  load r equ i r ed  to i n i t i a t e  cracks.  A t  loads lawer than t h e  cri t i-  

ea1 l e v e l ,  p l a s t l c  deformation accompanies sc ra t ch ing  rather than 

f r a c t u r e .  T h i s  was i l l u s t r a t e d  by the  example of a b a l l  pressed onto a 

ceramic su r face  and was  extended t o  sldding con tac t  by i l l u s t r a t i n g  the  

moving a s p e r i t y  as a t r a n s l a t i n g  b a l l  contac t  po in t .  Fac to r s  t h a t  

i n f luence  t h c  c r i t i c a l  load value were .  noted t o  be F r i c t i o n  force, f rac-  

t u r e  toughness,  hardness ,  and microstructural f e a t u r e s  such as g r a i n  

s i z e .  V e l o c i t y  and consequent hea t ing  e f f e c t s  can a l s o  in f  luence the  

c r i t k a l  load e f f e c t s ,  p a r t i c u l a r l y  through the  onse t  o f  thermo- 

mechanical i n s t a b i l i t y ,  t he  process  i n  which a s p e r i t i e s  are heated and 

subsequent ly  spall off  bceause of thermal. $hock. 
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Finally, creep was considered as a possible response to imposed 

stress. In addition to a general surface deformation, creep might lead 

to void formation on grain boundaries and subsequent fracture along 

those boundaries. A tabulation w a s  presented to summarize the varied 

anticipated wear mechanisms and the test system parameters related to 

those mechanisms (Table 1). 

Discussion 

Four needs in wear testing were cited at the outset oE the 

discussion: (1) reproducibility by unskilled test performers; 

( 2 )  correlation with practical app2ications, which requires skilled par- 

ticipants; ( 3 )  differentiation in testing of lubricants and materials; 

and ( 4 )  research needs, a principal one being the need to use varied 

machines in research because intermachine correlation is poor. There is 

a long way to go in obtaining standard wear testers to facilitate com- 

munication with one another (K. Ludema). 

The significant factors that must be considered in designing a wear 

test device were discussed. They Include initial surface condition for 

sample and counterface, type of surface contact, type of relative 

motion, length of run, contact stress, and relative sliding velocity. 

The properties of the test materials and the effects of the environment 

are also critical. Wear is complex -there are no shortcuts to proper 

test design ( S I  Rice). 

The importance of the dynamic response of the test system was 

noted, and data were presented illustrating the large effects that can 

be attrlbuted to system stiffness. Change in the length-to-diameter 

ratio of the test pin can result in dramatic changes in the wear result. 

All too often apparatus-specific effects are not reported, possibly 

because they are not suff€ciently .recognized as a problem (S. Rice). It 

was also noted that wear rate and friction coefficient numbers are given 

frequently without sufficient background; it is difficult to comprehend 

their meaning (L. Heerdt). 

The question of the adequacy of current ceramic wear test systems 

for wear evaluation was raised ( S .  Hsu). An answer given was that the 

question is premature - first the inechanisms must be understood t o  see 



Table 4. Ceramic wear mechanisms and t es te r  design 

Wear 
mechanisNa 

Hecianism effecta 
Significance of material 

properties" Tester parameters 
- - - - _ _ _  - __ __ - _- - 

Lateral frac:ure Above threshold load Grain sfze of same material Con:act geometry (state of stress) 
Wear changes mode influences depth O F  Area of contact 
Wear rate jumps fr3c ture 

Surface cracks influence 
threshold p* p* = F) (E/Uc) 

Hb 

TM'L Above chreshold Thermal properties of Maximum sliding velocity 
velocity specimen inEhence M i  (specimen diameter, wear 
Microfracture acceleration) 

v* = - w L  Local high-temperature 
W E Y  effects - _ _ _ _ _ - - - -  

Thermal shock Above AT* wear mode Thermal properties Heat transEer characteristics 
becomes Fracture and lnflucnce AT* Quenching mechanisms 

C 
J D  wear rate iums 

Creep: Ajove 0.6 T,; creep 
plastic flow void formation and 
c=A(a /E)nexp(-Q/RT) void growth 

Trans Fer Contact geometry will 
influence concentra- 
t i o n  and compaction 
of debris 

Grain Soundary chemistry Maximum Ber:z shear stress 
influences. Ashby deforma- Operatlng temperature 
cion mechanism naps should Length of t h e  at laod 
be consulted Extent of load reversal 

Compatibility, diffusion, Debris trapping geometry? 
an6 solution of materials 
in contact 

___-____ 

Decomposition Localized heating Oxidation {Si, S 1 3 Y s ,  etc.) Gaseous environrnen: 
Shear stress during rubbing contact Oxidation rate 

leads to surface Glassy surface phase Length of dwell under load 
chemical reactions, 
diffusion, and solution 
between contacting 
species ___- 

asymbols : 
p* = Critical load f o r  lateral fractures R = Thermal stress resistance 
V* - Cri:ical velocicy for thermal tnstability D = i(/pc; 3c = heat capacity per unit volume 
AT* = Critical temperature drop t o  cause fracture Q = Activation energy 
T, = Melting point, absolute 'i%I = Thermal mechanical instability 
W = Wear rate K = Thermal conductivity 
p = Coefficient of friction a = Thermal expansion coefficient 
E = Young's modulus J = Mzchanical equivalent 0: heat 
H = Hardness p = Density 
Kc = Fracture toughness c = Heat capactty 
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haw they a f f e c t  parameters to be designed i n t o  t h e  machines (W. G1aeser)- 

Enumerating t h e  f a c t o r s  t h a t  must tIe taken i n t o  account i n  designing a 

tes t  or  a test machine 1s only d e f i n i n g  those f a c t o r s  t h a t  must be w e l l  

c h a r a c t e r i z e d  ( s t anda rd ized )  i n  a g,iven test (C. Yust). Standardizat€on 

i s  an e f f o r t  t o  reduce t h e  system t o  a manageable s i z e ,  but  standard- 

i z a t i o n  is only v a l i d  €or a s h o r t  t i m e  fo r  a p a r t i c u l a r  problem - never 

f o r  a t o t a l  f i e l d  (T. Fische r ) .  By keeping some f a c t o r s  cons t an t  w e  seek 

t o  i d e n t i f y  the  r a t e - c o n t r o l l i n g  mechanfsms; w e  a l s o  want t o  d e f i n e  opera- 

t i v e  parameters,  even if w e  cannot c o n t r o l  them (G. Tennenhouse). The 

w o r s t  t h ing  about a wear test is tc have an uncon t ro l l ed  test -no one 

should g e t  t h e  idea  t h a t  s t a n d a r d i z a t i o n  means one tes t  a t  one cond i t ion  

(Sa Hsu). In t h i s  d i s c u s s i o n  of s t a n d a r d i z a t i o n ,  w e  need t o  consider  

people i n  i n d u s t r y  who need immediate answers of t he  type *‘A is better 

t h a n  B which is  b e t t e r  than C , ”  and not j u s t  people doing r e sea rch  on 

mechanisms (L. Heerdt) .  

Fu r the r  ques t ions  were r a i s e d  about t he  s i g n i f i c a n c e  and/or va l id -  

i t y  of s t anda rd ized  tests. What do w e  want t o  s t anda rd ize?  F i r s t ,  t h e  

purpose of t h e  tests should be e s t a b l i s h e d  ( J .  Wert). It w a s  also noted 

t h a t  t h e  use of t he  tests w i l l  i n f l u e n c e  the  s e l e c t i o n  of t h e  o p e r a t h g  

parameters  (W. Glaeser). Furthermcre, a l l  too o f t e n  tests are s e l e c t e d  

t o  enhance t h e  mechanism being s t u d i e d ,  thereby depa r t ing  from r e a l i t y  

(K.  Ludema). A s  we g e t  i n t o  develcping wear tests, we w i l l  have t o  

s i m u l a t e  c o n t a c t i n g  cond i t ions ,  t e s t  environments, and so on (S. R i c e ) .  

The i s s u e  of c o r r e l a t i o n  of r e s u l t s ,  among rest machines as well as 

between bench tes t  and f i e l d  tests, a rose  aga in  i n  t h i s  d i scuss ion  

per iod.  What Ps c o r r e l a t i o n ?  Working wi th  t h e  Archard equat ion and 

d a t a  from s e v e r a l  machines, one fifids a range of values  f o r  t h e  exponen- 

t l a l  f a c t o r s  (K. Ludema). In respcnse it w a s  noted t h a t  c o r r e l a t i o n  is 

n o t  exponents i n  equat ions but  a ranking of material performance t h a t  

w i l l  correspond t o  f i e l d  experience (L. Heerdt) .  The tes t  cond i t ions  

t h a t  reproduce f i e l d  rank o rde r ings  have t o  be found empi r i ca l ly .  A 

procedure of i n c r e a s i n g  i n t e r e s t  i s  t h a t  of producing: the same wear 

d e b r i s  and t h e  same s u r f a c e  damage i n  a l abora to ry  tes t  as in f i e l d  ser- 

v i c e ,  thereby providing the  test t b a t  s imula t e s  f i e l d  s e r v i c e .  This  

approach w a s  recommended (R. Ludema). 
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It was noted that a 30% variation in results was really very good - 
many tests should be run to improve data (F. Carignan). Control of sur- 

faces, flatness, and alignment was cited as a means of reducing data 

spread (J. Bierlein). A question w a s  raised about the extent to which 

wear models incorporating known brittle fracture modes had been tested 

(I. Singer). A recent literature survey suggests that little has been 

done on model evaluation in the past five years (W. Gli3eser). 

Relatively little time during t he  discussion was devoted to the 

issue of wear mechanlsms. A n  answer to the question "What I s  a wear 

mechanism?" was sought; it was noted that a transitfon from mild wear to 

structural failure had been presented (N. Hakim). Additionally, mild 

wear relates to p1asti.c deformation as opposed to fracture processes (in 

the severe regime) (V. Glaeser). [A response to Hakfin's question was 

offered in writing by 0.  Vingsba after the meeting and appears at the 

end of this subsection.] The slmulation of a tool b i t  mechanism by a 

pin-on-disc test was mentioned (G. Tennenhouse). The mechanism was 

determined to be that of diffusion o f  an element to the surface at: which 

chemical reaction produced a liquid reaction layer. Removal of the 

liquid layer, the rate-determining step, could be duplicated in the pin- 

on-disc test. 

Finally, it was mentioned that it is important to put discussion of 

a test system into the context of intended uses and applications. Most 

efforts toward mechanical system consensus derive from a specific 

problem. What problem applications are we concerned with (A .  Ruff)? 

The question was not answered .In this session. 

Response by 0. Vingsbo, University of Houston, to question by 

N. Hakim ("What is a wear mechanism?") : 

"There is consensus today that wear is defined as the loss of 

material from a tribo surface. Based on this definition a wear mecha- 

nism is then defined as a microevent, by which wear takes place. 

Consequently, the basic element of a wear mechanism must be some kind of 

surface fracture. It has heen suggested that only a small number ot 

such surface fracture machanisms - tribofraeture mechanisms - are suf- 
ficient for a good descri-ption of wear. For example, at the ASM 

Materials Sclence Seminar in Pittsburgh in October 1980, four trlbofrac- 

ture mechanisms were discussed for the case of metals: shear fracture 
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of adhesive joints, microcutting, impact cracking, and cracking due to 

surface fatigue. This list can be modified and extended but can always 

be kept very short. 

"On the contrary, a practically unlimited number of interactive 

phenomena (plastic deformation, corrosion diffusion, etc.) can be iden- 

tified. Those mechanisms are, however, not exclusively characteristic 

of friction and wear situat€ons, but, together with the relevant tribo- 

fracture mechanisms, they can be useful for describing the tribo system 

in question. 

"In ceramic materials fracture is essentially brittle, and another 

handful of rribofracture mechanisms must be considered, such as 

intragranular o r  intergranular cracking, parallel or perpendicular 

cracks, etc. The list will, however, still be short. Likewise, the 

interactive phenomena will be dominated by non-plastic mechanisms, e.g., 

phase transformations . " 

WEAR TEST METHODOLOGIES (H. Czichos, Bundesanstalt fzr Materialprufung, 
Berlin, FRG) 

Presentation 

A special discussion of wear t.esting offered by Dr. Czichos touched 

on three points: (1) basic parameters relevant to wear testing; (2) the 

influence of some of the basic parameters, especially the geometric fac- 

tors, on wear test results; and ( 3 )  a review of suggested approaches to 

wear testing. 

The wear characteristic of a material may be contrasted with the 

several properties of a material. Strength, for example, can be 

understood and characterized as a material property. Wear resistance, 

however, depends on the materials In contact, the load, the motion, and 

other aspects of the test system. Wear is, therefore, a characteristic 

of a given system rather than a bulk Characteristic of a material. The 

system can be viewed as having four elements: the two partners in con- 

tact, the interfacial material, if any, and the environment. These ele- 

ments represent the system structure. 

The physical operating variables, such as load, velocity, etc., 

that act on the system structure represent a second set of influential 
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parameters;. A third set o f  parameters i n c l u d e s  the friction force, 

frictton coefficient, noise ,  vibrations, temperature, w a r  rate, and the 

contact conditions. Instrumentation presently available allows the  

determlnation of these operating variables arid of the resultant data 

although temperature may be a special problem, 

An effort was made in 30 European laboratories In the 1960s to do 

comparative tests on copper and iron. The tests were p€n-on-disc tests 

performed under an agreed set of  conditions, wLth mterdals that origt- 

nated .In the same master batch. The wear results, however, differed 

sfgnificantly, one case yielding adhesion and transfer of copper from 

the pin to the ring, another resulting in the oxidation and formation of 

a protective reaction layer. These results indicate the need to have a 

well-considered test system structure. 

This point I s  further conftrmed by results of 2 fretting motion 

of ceramics a g a i n s t  a stationary 52100 steel ball. After approximately 

5 million cycles, a wear g r o w n  1s abserved on the ceranic surface, 

and profilometry reveals a varied behavior among the four ceramics 

(alumina, sillcon r r l t r ide ,  partially stabilized zirconia, and silicon- 

ized silicon carbide). A wear coe f f i c fen t  can be dgrterrnlned for each 

ceramic, for its mating b a l l ,  and far the  total system ball and ceramlc. 

The observed ranklng of the materials depends on whether the individual 

o r  combined wear coefficient t s  used. Wear testing must take i n t o  account 

the stgnificance of the structural geometric arrangement o f  the system. 

Another aspcct of the geometric contat- t  to  be considered is the 

triboeontact parameter, the r a t i o  of the contact area to wear track 

area. This parameter accounts for the disparity in contact time that 

may arise between. two surfaces, such as those Ln a pin-on-disc tent, 

where the  p i n  surface i s  in constant contact: with the disc but a spe- 

cific part of the d l s c  is only i n  contact vCth the pin on an intermittent 

b a s i s .  T h f s  parameter also illustrates that a wear test 1s a two-sided 

experiment, and a t t e n t i o n  must be paid to the e f f e c t s  on each side o f  

the irmterf ace a 

The approaches tu wear test standardization in West Germany were 

discussed. Examples of two "wear standard" documents were presented. 

The most recent document is a proposed wear standard that defines wear 
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testing goals and several categories of wear testing (DIN 50322). 

gearbox of a truck, for example, cai be tested as a complete unit 

(1) in a field test, i.e., in an operating truck on the street; (2) on a 

proof stand, €.e., as a truck operating in a controlled proof stand 

arrangement; or (3) as a gearbox unit on a test stand; alternatively, 

elements of the gearbox can be tested as a model system ( 4 )  with actual 

components of the gearbox; (5) with similarly stressed test components; 

or ( 6 )  with simple test components with arbitrary shapes. Category (1) 

corresponds to a function-oriented test, and category ( 6 )  is  awear- 

mechanism-oriented test. The series of test types represents a "test 

chain"; i.e., a series of tests ranging from the application to fun- 

damental study of the interface. Transfer of information from one stage 

of the test chain to another, however, must be done with great care and 

requires demonstration of correlation between steps of the test series. 

The 

A second standard (DIN 50320) has been in effect since 1979 and 

defines wear terms, types of wear, xear mechanisms, and wear measuring 

quantities. It also includes a data sheet designed to help organize 

and facilitate the complete collection of wear data. 

THE ROLE OF SURFACES IN WEAR TESTING (T. E. Fischer, Exxon Research 
and Engineering Company, Annandale, New Jersey) 

Present at ion 

Dr. Pischer began his presentation with a review of silicon 

nitride research results that illustrate some of the surface effects 

on wear. Wear surfaces i n  silicon nitrlde may be rough and on close 

examination may show evidence of two kinds of fracture. For silicon 

nitride tested in dry argon, a fine fracture process produces a very 

fine particulate debris, while intragranular fracture results in the 

removal of large flakes from the surface. By contrast, wear experi- 

ments in humid air produce a flat, noncrystalline surface layer and a 

wear rate a factor of 100 lower than that measured in dry argon. The 

surface layer is amorphous and contains oxygen. The friction coef- 

ficient for silicon nitride sliding on itself is about 0.7 to 0.8, 
generally starting at the lower value and rising toward 0.8 as the 

test progresses. Humidity also affects the wear rate of zirconium 

oxide. I n  this instance, the wear increases by a factor of 100 as the 



humidity i s  increased Erorn 0 t o  1002, pr imar l ly  due t o  stress corro- 

s i o n  cracking,  t he  e f f e c t  of moisture on crack propagation rates. 

These r e s u l t s  demonstrate t h e  complexity of ceramic wear processes  and 

the s t rong  in f luence  of water vapor on t h e  wear behavior of s i l i c o n  

n i t r i d e .  

I n  a d d i t i o n  t o  Fracture  e f f e c t s ,  water vapor reacts trlbochemi- 

c a l l g  w i t h  s i l i c o n  n i t r i d e .  The t r ibochemical  n a t u r e  of the r e a c t i o n  

i s  made evident  by the  f a c t  t h a t  r e a c t i o n  does not  take place o u t s i d e  

the wear path; only along the  wear path i s  the formation of s i l i c o n  

oxide observed. It is a l s o  s i g n i f i c a n t  t h a t  t he  s l i d i n g  v e l o c i t y  w a s  

very l o w ,  and i n t e r f a c i a l  temperature and the  t h e o r e t i c a l  f l a s h  tern- 

p e r a t u r e  did not exceed 10OC. 

s i l i c o n  n i t r i d e  does not begin u n t i l  t h e  temperature exceeds 700°C. 

In c o n t r a s t ,  ttie chemical ox ida t ion  of 

The s u r f a c e  topography in f luences  the  ope ra t ive  wear mechanism. 

Unlike metal s u r f a c e s ,  the i r r e g u l a r i t i e s  on a s i l i c o n  n i t r i d e  s u r f a c e  

w i l l  not deform Pn t he  e a r l y  run-in s t a g e s ,  producing a wel'h-anated 

s u r f a c e .  F rac tu re  w i l l  occur a t  a s p e r i t y  t i p s ,  maintaining a rough 

s u r f a c e .  Smooth ceramlc su r faces  must be prepared during the  manufac- 

turtng process .  

ceramics are very t r ibachemfcal ly  a c t i v e ,  and may react 

many of t h e  o t h e r  environmental c o n s t i t u e n t s  in a d d i t i o n  t o  water. 

The eva lua t ion  of t he  wear s u r f a c e  cornpositton i s  t h e r e f o r e  e s s e n t i a l ,  

and it  i s  a guide t o  chemical e f f e c t s  au r i ag  wear. Many techniques 

are a v s i l a b l e  f o r  surface a n a l y s i s ,  but  t he  l o w  e l e c t r i c a l  conduc t iv i ty  

of many ceramics may cornpPicasc t he  use of some of: t h e  tec.hniques. Auger 

a n a l y s i s ,  SINS, EDAX, i n f r a r e d  spectroscopy, and Raman spectroscopy are 

among t h e  a v a i l a b l e  techniques.  A j ud ic ious  use of net  ckemi.stry may a l s o  

be of value.  

Discussion 

The discussion opened with t h e  p r e s e n t a t i o n  OS r e s u l t s  supporting 

those  of t he  in t roduc to ry  t a l k  (N. Maemillan). For s i l i c o n  carbide,  a 

bimodal wea r -pa r t i c l e  d i s t r i b u t i o n  i s  found: f i n e  p a r t i c l e s  of about 

100-nm diameter ,  apparent ly  formed by b r i t t l e  f r a c t u r e ,  and a coarse 

p a r t i c l e  f r a c t i o n  formed by i n t e r g r a n u l a r  f r a c t u r e .  Water a f f e c t s  t he  

appearance of the: wear scar on a lumba,  and sil . lcon ca rb ide  t e s t e d  i n  
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carbon tetrachloride turns the llquid black because of carbon for- 

matlon by tribochemical reaction. Investigation of the friction coef- 

ficient as a function of surface rou,ghness in silicon carbide and 

zirconia ceramics showed that a friction coefficient of 0.4 w a s  con- 

sistently measured at a common surface roughness, this roughness being 

produced from either a previously smDother or  a previously rouglrier 

surface. The utility of the Continuous measurement of both normal 

force and friction force was noted, these values providing detailed 

information on cyclic variations in friction as well as long-term 

changes in this parameter (N. Macmillan). 

The significance of surface contamination was emphasized by 

reference to the effects of a monolayer of stearic acid on the 

response of glass sliding against sapphire; the monolayer molecules 

delay the onset of fracture from 2 cr 3 cycles to 200 cycles 

(I. Singer). Similarly, surface structure modifications can alter the 

frictional behavior. An example of a metallic glass was discussed for 

which the magnitude of the frictton force in sltding f s  observed to 

dimlnish significantly at the crystalline transition temperature. 

Subsequent surface analysis revealed that a segregation of impurities 

to the surface accompanies the structural change. Ion €mplantation 

can also modify surface properties. An example of the effect of ion 

implantation on silicon carbide was shown; at a sufficiently high 

implantatfan dose the surface material becomes amorphous and plastl- 

cally deforms in the path of a diamond stylus, and the usual fracture 

behavior is suppressed. It was emphasized that concern should be 

directed toward selection of surface modifications that mtght be used 

t o  minimize wear (I. Singer). 

The idea of fully characteriziig surfaces was endorsed, but the 

question was raised of the possibility of assessing surface properties 

and composition at elevated temperatures (W. Glaeser). With regard to 

elevated temperature composition, mass spectrometry w a s  suggested as a 

means of analyzing the gas phase (T. Fischer). Silicon carbide was 

reported as showing evidence of large-scale subsurface plastic defor- 

matlon (J. Wert), and sliding wear results that illustrate different 

interfacial effects at elevated temperatures were mentioned (A. Levy). 
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Generally, fracture w i l l  be the interfacial failure mode in ceramics, 

unless there are envfronmental effects to mitigate it (T. Fiseher). 

The influence of surface texture on strength and rolling contact 

fatigue was mentioned, as was the effect: o f  porosity on fatlguc 

strength (T. Yonushonis). The idea o f  an influence of surface texture 

on wear was affirmed, and porosity was cited as a possible initiation 

site far unrepresentatfve surface effects (N. Mamillan). 

Referring to the suggestion that complete system characterization 

is desirable, it was indicated that as many as 80 variables would have 

to be ascertained in such an effort: (K. Ludema). The only hope for 

doing this 1s by grouping the variables into manageable lots. 

Selection of a given material, for example, fixes those variables 

related to materials properties- A s  far as defining all the system 

variables i s  concerned, a central modell is needed - a framework to 
guide the development and use of standard tests. Agreement on stan- 

dard tests will require a framework In terms of what we are trying to 

learn wfth the tests (K. Ludenaa). 

The suggestion w a s  made that the mltlplicity of variables 

reflects an inability to reduce the problem to I t s  lowest terms. 

Mathematical modeling might offer some guidance in identifying a mini- 

mal nipmher o f  pertinent variables (M. Zlotnick) . 
Returning to the question of surface roughness, experiments wel-e 

cited which indicate that surface finish does influence wear 

(I. Singer). The present discussion has offered several illustrations of 

procedures that might be used to allevlate surface finish effects. 

The important point is to seek notions from basic research results and 

apply those not-ions to real problems (I. Singer). 

Thc discussion turned to a consideration of surface analytical 

tools. The applicability of these techniques to ceramics was 

questloned (H. Czichos). Sone difficulties m y  be encountered in the 

poor ly  conducting ccrainics; sometimes conductfng layers can be uti- 

lized, but tn other cases this is not: successful (T. Fischer). Under 

some conditions, the  wear service, i.ea, engines, m y  leave a con- 

ducting surface film o f  metal or carbon (N .  M.acmillan). The environ- 

ment is critical in w e a r  behavior, producing surface layers that 
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i n f l u e n c e  t r i b o l o g i c a l  p r o p e r t i e s  p o s l t t v e l y  or nega t ive ly ;  c t g a r e t t e  

smoke m y  c o n t r i b u t e  s u l f u r  t o  t h e  environment (HI Hlntermann). 

Defect s t r u c t u r e s  t n  the  su r face  and in t h e  near-surface region are 

a l s o  s i g n i f i c a n t  i n  t h a t  they can c o n t r i b u t e  t o  the enhancement or  the 

minimization of su r face  cracking through r e s t d u a l  stress e f f e c t s  

(M. Kaminsky) . 
The d i f f e r e n c e  between wear t e s t s  fo r  fundamental understanding 

and wear tests t o  e v a l u a t e  real a p p l i c a t i o n s  was considered. 

Regarding basic r e s e a r c h ,  all. system parameters should be determined, 

and any test system t h a t  reproduces the  s i t u a t i o n  t o  be s tud ied  can be 

used; f o r  a p p l i c a t i o n s  tests, a f u l l  determinat ion of a l l  system param- 

eters should l i kewise  be made, and a tes t  system should be designed 

t h a t  s imula t e s  t he  rea l  system as c l o s e l y  as poss ib l e  ( 2 " .  Fischer) .  

The p r i n c i p a l  Eeature of both approaches seems t o  be as complete a 

c h a r a c t e r i z a t i o n  of system parameters as possible (C, Uust). A major 

d i s t l n c t i o n  between b a s t e  and applLed tests I s  t h a t  a p p l i e  

should use a c t u a l  components intended €or s e r v i c e ,  tested i n  a system 

as  nea r ly  i d e n t i c a l  t o  t h e  real system as p o s s i b l e ,  wh i l e  basic  t e s t a  

should concen t r a t e  on t h e  materials a s p e c t s  (H. C ~ i c h o s ) ~  One 

f e a t u r e  d i s t i n g u i s h i n g  s e r v i c e  tests from l a b o r a t o r y  tests i s  the a b i l i t y  

t o  c o n t r o l  t h e  parameters i n  a l abora to ry  test ,  whereas i n  s e r v i c e  tests 

only a f u l l  determinat ion o f  t h e  parameters 9s poss ib l e  (0. Vingsbo). 

A t t e n t i o n  w a s  d i r e c t e d  t o  a s u r f a c e  a n a l y t i c a l  technique not pre- 

v faus ly  mentioned. Spectroscopic  e l f ip somet ry ,  which does not r e q u i r e  

a vacuum f o r  a p p l i c a t i o n ,  can be used t o  i n v e s t i g a t e  l i q u i d s  on sur- 

faces and o f f e r s  t h e  p o s s i b i l i t y  OF i d e n t i f y i n g  adsorbed s p e c i e s  

(N. PlacmilPan). X t  w a s  a l s o  i n d i c a t e d  t h a t  ceramics have been found t o  be 

chemical ly  a c t i v e  with r e s p e c t  t o  l i q u i d  l u b r i c a n t s ,  and s u r f a c e  reac- 

t i o n  products  become an Prnpor Cant i s s u e  i n  l u b r i c a t e d  ceramic behav- 

i o r .  A d i s t i n c t i o n  was made between t e s t i n g  tbe wear behavior of 

ceramic materials and t e s t i n g  means oE preserving the s u r f a c e s  dslrlng 

wear by some t y p e  of 1ubricatf .m ( S .  Hsu)* Reference w a s  a lso made t o  

t h e  n e c e s s i t y  t o  be aware of the p s t e n t i a l  f o r  changes i n  t h e  su r face  

w i t h  t i m e  a t  e l eva ted  temperature ( I p  Singer) .  

F i n a l l y ,  i t  was suggested t h a t  b a s e l i n e  tests wi th  s t anda rd  

materials be considered as a means of c o r r e l a t i n g  wear equipment and 
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r e s u l t s  (F. Lockwood). The  i n t e r n a t i o n a l  Wear T e s t  Methods a c t i v i t y  

of the V e r s a i l l e s  P r o j e c t  on Advanced Mate r i a l s  and Standards ( V N S )  

i n t ends  t o  pursue this psPnt (M. Czfchos). 

S L I D I N G  WEAR TESTS (K. F. Dufrane, Bat te l le  Columbus Labora tor les ,  
C0lUOlbtlS 9 Ohio) 

P r e s e n t a t i o n  

Mr. Dufrane noted t h a t  wear i s  a system process  not  e a s i l y  separa ted  

into i nd iv idua l  elements. Reviewing recent  ceramic w e a r  papers ,  i t  can be 

seen  t h a t  a v a r i e t y  of wear tests are being used t o  eva lua te  t h e  wear 

behavior of ceramics, including pin-on-disc tests, ab ras ion  tests by a 

v a r i e t y  O F  devices  even though t h e r e  is an ASTM s tandard  ab ras ion  t e s t ,  

ring-on-block tests, func t iona l  t e a t s  such as d r i l l i n g  and machining, and 

va r i ed  s p e c i a l i z e d  tests. 

There are t h r e e  reasons f o r  doing wear tests: (1)  s e l e c t i o n  of 

materials for a s p e c i f i c  a p p l i c a t i o n ,  ( 2 )  s tudy of the  b a s i c  mecha- 

nisms of wear, and ( 3 )  ewaluation o f  the  wear p r o p e r t i e s  of a new 

m a t e r i a l .  Category (1) i s  an engineer ing t e s t  to f ind  the  optimum 

temperature ,  speed, and s l i d i n g  d i r e c t i o n .  Some aspec t s  of bas i c  

t e s t i n g  might be s u i t a b l e  f o r  s t anda rd iza t ion ,  such as agreement on 

t h e  dimensions of t h e  p in  i n  a pin-on-disc tes t  or ranges of opera t ing  

speeds in an e f f o r t  t o  e s t a b l i s h  some uniformity -in test performance. 

P u l l  documentation of test procedures and cond i t ions  is des i r ab le .  

The category (3 )  &sts a r e  also  a specialty area. i n  which much 

engineer ing  judgement and experience are requi.red and i t  is  un l ike ly  

tha t  s t anda rd lza t ion  would be advantageous i n  t h i s  area.. 

n is CllS  R i o  Ip 
___l._l .-.-_I._ 

The I n i t i a l  discussion comments concerned the i s s u e  of wear test  

s t a n d a r d i z a t i o n  (P. % t o r > .  Agreement w l t h  t he  p re sen ta t ion  on 

reasons f o r  wear t e s t i n g  was noted; materials s e l e c t i o n  tests w i l l  

vary  w i t h  t he  a p p l i c a t t o n ,  and fundamental t e s t s  may be any well- 

descr ibed  conf igura t ion .  The important featcnre of bas i c  tests is t h a t  

an 1nte l . l lgent  ques t ion  be asked and that well-documented i n t e r p r e t a b l e  

experiments be used t o  provide an answer. 
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S t a n d a r d i z a t i o n  is  an e f f o r t  t o  f i n d  a means of ranking materials 

for a given end use,  and the  development of s t anda rds  w i l l  be l i t t l e  

d i f f e r e n t  f o r  ceram€cs than f o r  metals. Some s t a n d a r d i z a t i o n  m y  

evolve f o r  a p p l i c a t i o n s  of a gene r i c  type,  such as p i s t o n  r i n g s  and 

c y l i n d e r  l i n e r s  or  ro l l i ng -con tac t  bear ings.  More a t t e n t i o n  should be 

addressed t o  fundamental models and t o  test and specimen charae- 

t e r i z a t i o n  (P. Suto r ) .  

Data were o f f e r e d  on t h e  s l i d i n g  wear of s u r f a c e s  s imula t ing  the 

p i s t o n  r tng -cy l inde r  wal l  i n t e r f a c e  (A. Levy). The test eon- 

f i g u r a t i o n  w a s  a washer and d i s c  arrangement i n  a system capable of 

being heated t o  730°C. Examples of elevated-temperature i n t e r f a c e s  

were shown, as were wear rate data f o r  s e v e r a l  r i n g - l i n e r  com- 

b i n a t i o n s .  The d a t a  i l l u s t r a t e d  t h e  changes t h a t  ceramic s u r f a c e s  and 

wear rates experienced w i t h  changing temperature (A. Levy). 

The need t o  o b t a i n  the  i d e n t i c a l  mechanism i n  a bench wear tester 

a s  i n  an app l i ed  system under s tudy w a s  pointed out.  It was 

suggested t h a t  the same mechanism taust be demonstrated i n  the test 

system as i s  o p e r a t i v e  i n  t h e  applf-ed system i f  t h e  test system is  ta  

have any v a l i d i t y  i n  ranking materials f o r  t he  a p p l i c a t i o n  ( S .  Hsu). 

A r e sea rche r  i n t e r e s t e d  i n  d a t a  w i l l  use  whatever is a v a i l a b l e ,  

r e g a r d l e s s  of type of specimen. Poss ib ly  s t o r e d  d a t a  could be 

c l a s s i f i e d  according t o  type of source,  i.e., s t anda rd ized  or special 

t e s t .  There i s  a l s o  a need t o  s t a n d a r d i z e  the use and d e f i n i t i o n s  f o r  

wear c o e f f i c i e n t s  (R. Burton). A Teed f o r  s t anda rd  means of r e p o r t i n g  

wear r e s u l t s  was noted (C. Wu). A developing test m c h f n e  w a s  

desc r ibed ;  it is  intended t o  be as u n i v e r s a l  a machine as p o s s i b l e ,  

encompassing many types of motion and test geometries as w e l l  as t e m -  

p e r a t u r e  and environmental  c o n t r o l  ( S .  Gray). 

It w a s  suggested t h a t  it will be very d i f f i c u l t  t o  s t anda rd ize  

wear tests, but  t h e r e  i s  a good oppor tun i ty  to s t a n d a r d i z e  wear test 

procedures;  poss ib ly  w e  should be working toward s t anda rd  nomenclature 

and s t anda rd  test procedures (J. Wert). The po in t  was aga in  r a i s e d  

concernlng t h e  a v a i l a b i l i t y  of a s tandard spec-Lmen t h a t  could be used 

a s  a r e f e r e n c e  material ( J .  Wert). It has been proposed t h a t  a common 

material be provided t o  se rve  as a r e fe rence  f o r  ceramic wear 

r e s e a r c h ,  bu t  t h i s  has not as y e t  been r e a l i z e d  (S.  Hsu). A European 
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group has prchviously devised a sys temiza t ton  of s l i d i n g  wear eEfects; 

might this apply t o  ccr3mlcs (1. Singer)? F a i l u r e  c r i t e r i a  and the 

f a i l m e  boundaries  f o r  l ub r i ca t ed  sliding metal con:ncts were deflned 

[ o r  some metals ( i n  t h e  European work), but i t  is  not c e r t a i n  t h a t  

tl-ris applies t o  ceramI”cs; i t  may be important t o  s tudy  f a t lu re  tran- 

s i t i o n s  i n  ceramics (a. Czichos). Is i t  poss ib l e  t o  see up some 

g c r w r a l i z v d  stacdard test t o  rank materials? A I  thotxgh i t  would not  

p a r t i c u l a r l y  i n t e r e s t  researchers many people wenald f l n d  such a tes t  

u s e f u l  (M. Pete~~on). 

 he disciassisn turned to the rps~~s i -~orn  of exac t l y  what is des i red  

from Lhis mrrtiag (R.  Riirtorn). The r respnee  was t h a t  t h e  consensr~s  OF 

t h e  v ~ a r  romnunity is desired on whether or not slarsrlard t e s t s  f o r  

c e r m l c  wear .me Zeas ib le  or  desl;ablP, arid if s o ,  how they might be 

developed (C. Yust).  ILL w a s  suggested t h a t  classes of tests and 

class-cp o i  ~ n d  uses might be def ined  and a mat r ix  of tests and uses be 

formed;  t e s t s  a3g‘mt then  be developed as standard tests f o r  some Garb- 

s e t s  of t h e  mat r ix .  A t r s t  might he developed f o r  p i s t o n  r ing -cy l inde r  

l i n e r  evaluation, but  not  f o r  adhesion or abrasion f o r  a l l  systems 

(M. Kamlnsky). The cornmen: was made tha t  bet ter  r e p r o d u c i b i l i t y  of da ta  

w i l l  come ~~ltlre more ca re fu l  wGrk, f u l l  c h s r a c t e r l z a t i o n  is  soine t h i n g  

t h a t  a l l  should do,  and c o r r e l a t i o n  of bench and f l r l d  r e s u l t s  1s not 

l i k e l y  Pm t h e  near fulure; there $ 5  aJao no reisson t o  expect  a s i n g l e  

t e s t  method t o  be develrPpPA f o r  ceramics ( S .  Jahanmir). But u s e r s  of 

materials want t n  know what t e s t s  t o  use to evaluate materials 

(14.  P e t e r s o n ) .  A t e s t  system that is designen wtth the end use i n  mind 

a n d  tha+ y i e l d s  the  s a w  W P ~ P  mechanism as t h e  rea l  application i s  tile 

bes t  tes t  sysl-erc (T. Ffscher) .  Perhaps t h e r e  sl ioi i ld he special  tes ts  of  

i n d i v i d u a l  components (J. Wert). The development o f  one t e s t  i s  not the 

object of t h i s  d i scuss ion  (S.  Hsu). 
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This is not the proper time for traditional standards, but: stan- 

dard procedures and characterization schemes may help improve the 

documentation of the work (K. Dufrane). Component testing and 

materials selection tests will continue to be determined by end use; a 

standard reference material should be seriously considered (P, Sutor). 

A group of DOE-related people should consider preparing a standard 

procedure for review by the wear community and/or ASTM G - 2 .  

German standard data form would aid In achieving a greater uniformity 

of data (J. Wert). 

The 
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ROELXNG WEAR TESTS (L. D. Wedeven, SKP I n d u s t r i e s ,  Tnc., King oE 
Prixss i a  Pennsylvania) 

P r e s e n t a t i o n  __ _.. . . . . . . . . . . .- 

Dr . Wedeven i - l l u s t r a t e d  the  normal progresston of wear t e s t s ,  

f rom bench tests through r i g ,  component, and f i n a l l y  systems tests. 

Progression through t h e  series f r o m  bench t o  system i nc reases  t i m e  and 

c o s t ,  becomes less g~inet:ii: and more system s p e c i f i c ,  and provides  a 

g r e a t e r  proof of concept but less  fundamental understanding. 

Ana ly t i ca l  procedures t o  eva lua te  stress d i s t r i b u t c o n  must al.so accom- 

pany t e s t i n g  t o  avoid m i s i n t e r p r e t a t i o n  of the observa t ions .  We are 

confronted by two b a s k  needs, one being des ign  too3.s to  predict wear 

performance, the  other being an e f f i c i e n t  method f o r  full development 

a d  eva lua t ion  of new o p p ~ r t ~ ~ i i t l e s .  If standard tests he lp  t o  bridge 

t h e  gap between knwPedge and app l i ca t ion ,  they can be u s e f u l ,  but i f  

tiley m i b i t  innovat ion,  thela tiley si.lalaia be .avoidea, 

T h e  roll ing-bear-i  rig conract zone was discussed i n  d e t a i l .  The 

eng inee r ' s  vied of stress and stress concent ra t ions  i n  a bear ing,  

includltng a d e t a i l e d  di.scussion of the  e f f e c t s  of topography, 

microstructure and Lubricat ion,  was prescn'ced. Examples sf t h e  

e f f e c t s  of stress on the subsurface zwnes and the r e l a t i o n s h i p  of 

those  e f f e c t s  t o  f a i l u r e  w e r e  discussed.  With ~ega. rd  t o  t e s t i n g  for  

subsur face  zoixe e f f e c t s ,  i t  vas noted t h a t  i t  is  impor t an t  t o  test 

with good l u b r i c a t i o n  ( t o  e l imina te  surface effects) t o  be ab le  t o  

d e f i n e  the  mcros t re~s  distrtbution so t ha t  t he  f a t i g u e  resistance of 

t h e  matertal of concern m y  be evaluated.  Numeraua t e s t  systems e x i s t  

t o  eva lua te  fatigue r e s i s t ance :  they include four-ball five-bn'1.I and 

a isc-and-r an lnacil i a e  s . 
D i s t r i b u t i o n  of the  su r face  maerostress has h e m  analyzed,  and 

t e n s i l e  stress components are noted a t  the  surface a t  both the back 

edge and sldes of the contac t  zone. Cracking can occur a t  t he  tens i le  

stress s l t e s ,  e s p e c i a l l y  i n  b r i t t l e  ceranuPee. A f u l l  understandfng of 

t hese  processes r e q u i r e s  comprehension of both s l i p  and r o l l i n g  pro- 

cesses i n  the  contac t  zone. The materials properties o f  concern are 

t e n s i l e  strength and those r e l a t e d  t o  the i n i t i a t i o n  atid propagation 
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of cracks.  

s u r f a c e  r eg ion  i n  which mic ros t ruczura l  and chemical v a r i a t i o n s  w i t h  

t i m e  under stress are not w e l l  understood. There may be a p o s s i b i l i t y  

f o r  s t a n d a r d i z a t i o n  of t e s t i n g  €or s u r f a c e  cracking behavior,  and t h a t  

s t a n d a r d i z a t i o n  would focus on very good c o n t r o l  of t h e  macrostress  

and the  f r i c t i o n  i n  t h e  macrostress  zone. A disc-and-ball apparatus  

t h a t  can be used t o  c o n t r o l  the v e l o c i t y  d i s t r i b u t i o n  w i t h i n  t h e  

macrocontact zone w a s  descr ibed and discussed.  

These p r o p e r t i e s  may be d i f f i c u l t  t o  e v a l u a t e  f o r  t h e  near 

S t r e s s e s  a t  a s p e r i t y  c o n t a c t s  are a l s o  s i g n i f i c a n t .  I n  steels, 

a s p e r i t y  deformation can l ead  t o  m i c r o p i t t i n g ,  and t h e  mic rop i t s  may 

s e r v e  as stress concen t r a to r s  l ead ing  t o  c racks  and s p a l l s .  I n  ceram- 

i c s ,  f r a c t u r e  of a s p e r i t i e s  may occur,  and the  p i t  formed becomes 

p a r t  of t he  wear mechanism. 

ramic s u r f a c e s  by s t y l u s  eva lua t ion  of t h e  s u r f a c e  roughness. 

s u r f a c e  con tac t  have been appl ied t o  estimate t h e  real area of con tac t ,  

c o n t a c t  p re s su re ,  and proport ion oE ceramic c o n t a c t s  t h a t  w i l l  f r a c t u r e .  

Th i s  information has been combined w i t h  o t h e r  ceramic t r i b o l o g y  d a t a  i n  an 

e f f o r t  t o  estimate ceramic performance. Some r e s u l t s  were presented f o r  

s i l i c o n  n i t r i d e ;  a t  high temperatures i t  w a s  observed t h a t  ox ida t ion  of 

t h e  s u r f a c e  changed t h e  s u r f a c e  p r o p e r t i e s ,  t h a t  s y n t h e t i c  seawater may 

have induced a n  amorphous s u r f a c e  l aye r ,  and t h a t  c leaning of t he  s i l i c o n  

n i t r i d e  b a l l s  removed s u r f a c e  f i l m s  and r e s u l t e d  i n  higher  f r i c t i o n  and 

g r e a t e r  wear. Many unknowns remain i n  t h e  s tudy of a s p e r i t y  con tac t  

e f f e c t s ,  and t h i s  i s  not an area i n  which s t a n d a r d i z a t i o n  would be 

d e s i r a b l e .  

E f f o r t s  have been made t o  c h a r a c t e r i z e  ce- 

Models f o r  

For r o l l i n g - c o n t a c t  f a t i g u e ,  €or which f a i l u r e  i n i t i a t e s  below the  

s u r f a c e  and is  p r i m a r i l y  a material response,  t he  p o s s i b i l i t y  of providing 

s t anda rd ized  tests and procedures is very real. T e s t  devices ,  common i n  

t h e  i n d u s t r y  al though no t  formally s t anda rd ized ,  are r e a d i l y  a v a i l a b l e .  

Eva lua t ion  of t h e  e f f e c t s  of stress a t  t h e  edge of t h e  c o n t a c t  zone fs 

more d i f f i c u l t  because of t h e  complicat ion of dea l ing  w i t h  t h e  poorly 

c h a r a c t e r i e d  near-surface region. Nevertheless ,  t h e r e  is some p o s s i b i l i t y  

o f  s t anda rd ized  t e s t i n g  f o r  macros t r e s s  e f f e c t s ,  a l though f o r  a s p e r i t y  

s i t e  i n v e s t i g a t i o n s  i t  seems i m p r a c t i c a l  t o  t h i n k  of s t anda rd ized  tests 

and procedures. 



The most important area f o r  emphasts is the need for  innovation. 

Many tkrfngs can be. done t o  s u r f a c e s  t o  improve performance; new ideas  f o r  

l u b r i c a t i o n  are required if ceramics are t o  s u c c e s s f u l l y  appl ied.  A 

s c i e n t f f i c  b a s i s  f o r  innovat ion is  needed. General g u i d e l i n e s  f o r  good 

t e s t i n g  and good experimentation use d e s i r a b l e ,  but  s tandard tests and 

procedures should no t  be imposed a t  t h e  r i s k  of i n h i b i t i n g  innovatton. 

S c i e n t t f i c  not ions and suggest ions are needed regarding what may work or 

what m y  not ,  r a t h e r  than a narrow focus on one a spec t  of t he  problem. 

Whtle we should be concerned f o r  every v a r i a b l e  i n  a given s i t u a t l o n ,  w e  

should r e t a i n  a gene ra l  view of the  problem and be a ler t  f o r  innovat ive 

approaches t o  a s o l u t i o n .  

Discuss  ion  
-ll.ll_l 

The disci iss lon opened w i t h  a cons ide ra t ion  of t h e  e las t ic  even t s  

that occur beneath the su r face  of a r o l l i n g  con tac t  (L. Keer). The 

subsu r face  c h a r a c t e r i z a t i o n  inc ludes  t h e  role  of voids ,  i n c l u s i o n s ,  

and cracks.  Two-dimensional analyses  can inc lude  the  e f f e c t  of the 

qu ie scen t  zone on cracks.  Very good stress codes are a v a i l a b l e  far 

three-dimensional subsurface stress cha rac t e r l za t iow,  even y i e l d i n g  

exac t  s o l u t i o n s  f o r  t h e  case of e l l i p t i c a l .  Hertz i a n  con tac t  I 

Calcu la t ion  codes a r e  developing f o r  more gene ra l  s t r e s s  cond i t ions  

and flow i n c l u s i o n ,  which should c o n t r i b u t e  t o  progress  i n  modeling of 

t r i b o l o g i c a l  phenomena (L. Keer) . 
Roll ing-contact  f a t i g u e  t e a t s  can s u c c e s s f u l l y  give rank orde r ing  

of materials for con tac t  f a t i g u e  r e s i s t a n c e  (T. Yonushonis). The 

information der ived f r o m  such tests, hawever, has to he g r e a t l y  

extended be fo re  the material w t l 1  be u t i l i z e d  as components. More 

information i s  r equ i r ed  than can be der ived from one s tandard test 

(T. Yonushonis) . 
The major problem In  wear t e s t i n g  is  t o  s imulate  real  components 

and thePr system behavior i n  a ineaningful, r e p e a t a b l e ,  and lm-cost 

manner ( S .  Gray). Various test machines are c u r r e n t l y  available and 

were discussed i n  d e t a i l .  Ceramic wear s u r f a c e s  are o f t e n  very rough 

and m y  induce high l e v e l s  of v i b r a t i o n  i n  the tes t  machine; accclero-  

meters may be of value i n  assesshg t h i s  problem. A poss ib l e  approach 

t o  ceramic wear test s t a n d a r d i z a t i o n  i s  to reotm t h e  r e a l  needs f a r  
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ceramics, review current test systems, formulate designs for testers, 

and then initiate preliminary standard specifications (S. Gray). 

The introduction of standardized test procedures does not 

necessarily mean that innovation would be denied (C. Yust). The con- 

cern is that excessive effort w i l l  be dedicated to development of 

standard samples, procedures, and devices; the primary purpose should 

be to bridge the gap between science and application and provide fnno- 

vative ideas for evaluation (L. Wedeven). When trying a new Idea, a 

standard procedure may be useful to demonstrate that something valid 

is being accomplished (M. Peterson). Ball-bearing testing is a very 

uniform procedure, and standards are not necessary there (0. Vingsbo). 

Are the codes mentioned earlier €or stress analysis and materials 

response to applied stresses under rolling conditions readily 

available (V .  Tennery)? 

An aspect of wear testing that has not yet been addressed is the 

test endpoint (W. Glaeser). Rolling tests have a defined endpoint, a 

surface spall, but this is not so clear f o r  other types of tests. 

Before a test system is designed, the desired endpoint should be 

deEined (W. Glaeser) a 

Possibly this discussion started with the premise that a standard- 

ization could be achieved, but that is too far in the future 

(J. Bierlein). A desirable result would be the organization of tribology 

data, possibly as some type of map that illustrates interrelationships of 

data and absence of data. The information from this meeting could be the 

initial data ( 3 .  Bierlein). But standards and procedures are needed to 

get reliable data for the map (H. Ceichos). It would be useful to have 

information on standard reference materials (K. Kim). Reference materials 

can only be qualified to have particular properties with respect to a par- 

ticular test; materials and tests must go together (A. Ruff). Agreement 

was expressed for standard tests and reference materials; possibly a small 

committee should prepare initial standards for consideration 

(F. Lockwood). One way to encourage innovation is to broaden the base of 

participants and to encourage technology transfer; recommended procedures 

would help to include the broadest possible group of research participants 

(F. Larson). Reference to technology transfer raises the question of how 



i n f o m a t i o n  can bes t  be t r a n s f e r r e d  from fundamental research  or devel- 

opment avenues t o  des igners  i n  a form t h a t  i s  r e a d i l y  understood 

( S .  Jahnnrnir). E f f o r t s  are under way t o  e s t a b l i s h  a t r i b o l o g i c a l  d a t a  

base in t he  near f u t u r e  (T. Levinson).  Some measure of wear test s tan-  

d as d i z a t  ion  wou1.d enhance techno logy t r a n s  f e r  he tween tr i bo log  i s t s and 

would provfde improved da ta  f o r  the  r r i b o l o g i c a l  da t a  bank (C .  Yust). 

With regard t o  a d a t a  map, it w a s  suggested t h a t  a paper-study 

des ign  f o r  a s p e e i f l c  wear t e s t  sys t em would h i g h l i g h t  information 

needs and problem areas ( W .  Glaeser ) .  

In  a d d i t i o n  to  improved t e s t  procedures,  we need c h a r a c t e r i z a t i o n  

of  t h e  materlials t e s t e d ,  inc luding  the l u b r i c a n t s  involved and res id-  

u a l  s t r e s s e s  i n  the  tes t  sur face .  Material c h a r a c t e r i z a t i o n  is  as 

important as a good deE-Lnition of t e s t  parameters (M. Kaminsky). I n  

response t o  the  foregoing comment, i t  w a s  pointed out  t h a t  surlace 

r e s i d u a l  stress and the  p o t e n t i a l  f o r  modifying su r face  stresses o r  

o t h e r  su r face  p r o p e r t l e s  is t h e  type of innovat ive idea  t h a t  should be 

pursued. The oppor tuni ty  t o  a d j u s t  sur face  condi t ions  t o  a p a r t i c u l a r  

need and u s e f u l  rnetlzods t o  make such adjustments are requi red  fo r  

t echno log ica l  advances (L. Wedeven). But a r e  not  s tandards  necessary 

t o  he lp  Improve the  comparabi l i ty  of wear d a t a  (C. Yust)?  Standards 

improve ho r i zon ta l  r e l a t i o n s h i p s  (among re sea rche r s ) ,  but  improvements 

a r e  necessary i n  the  v e r t i c a l  r e l a t i o n s h i p s  (between b a s i c  and appl ied  

i n t e r e s t s )  (L. Wedeven). An example presented w a s  a gear  t es t  i n  

which much effort w a s  expended to  improve agreement among workers. 

The r e s u l t a n t  test i s  in f r equen t ly  used because i t  is  too  expensive 

and is  more of an i n h i b i t i o n  than an a i d  t o  innovat ion (L. Wedeven). 

There i s  a real  va lue  i n  having s tandard  tests a v a i l a b l e ;  they do 

improve i n t e r l a b o r a t o r y  agreement. Poss ib ly  DOE should form a s m a l l  

group t o  i n i t i a t e  the prepa ra t ion  of a pin-on-disc o r  a cy l inde r  

wa l l - r lng  s tandard  test (J. Wert). 

PROSPECTS FOR TESTING STANBARDS (A. W. Ruff,  Nat ional  Bureau of 
Standards,  Gal thersburg,  Maryland) 

P resen ta t ion  

D r .  Ruff i nd ica t ed  t h a t  he i s  inc l ined  hy background to  support  

t h e  idea  of vo luntary  s tandards .  He sees no l i m i t a t i o n s  i n  t he  means 
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of ob ta in ing  d a t a  i n  s t anda rds  and i s  o p t i m i s t i c  about t he  p rospec t s  

f o r  ceramic wear tes t  s tandards.  

With r e f e r e n c e  t o  s tandard d e f i n i t i o n s  and s t anda rd  terms, it 

w a s  noted t h a t  ASTM has prepared a l ist  of terms and d e f i n i t l o n s  f o r  

wear, a l though poss ib ly  mod i f i ca t i cns  o r  new terms are needed f o r  

ceramics. Wear c o e f f i c i e n t  d e f i n i t i o n s  might also be required.  

The r a t i o n a l e  f o r  performing bench tests v a r i e s  from resea rch  on 

wear mechanisms t o  wear ra te  p r e d i c t i o n  and s e r v i c e  c o r r e l a t i o n .  An 

ASTM s t anda rd  f o r  a common bench test, t h e  pin-on-disc test ,  has not  

been prepared because the range of cond i t ions  used i n  such t e s t i n g  is  

s o  broad. The d i scuss ion  of t h i s  meering has  i n d i c a t e d  a need f o r  

agreed-upon bench tests. 

It w a s  pointed out  in t h i s  meeting t h a t  a test machine he lps  us  

t o  a sk  ques t ions .  Very o f t e n ,  t h e  answer obtained depends on t h e  

q u e s t i o n  asked. D i f f e r e n t  tes t  machines ask d i f f e r e n t  ques t ions ;  con- 

sequen t ly ,  more can be learned by using s e v e r a l  approaches. Key param- 

eters must be involved i n  t h e  t es t ,  such as stress and v e l o c i t y .  

Most ASTFI tests concen t r a t e  on a small number of parameters. 

T r i b o l o g i c a l  s t a n d a r d i z a t i o n  has  t o  be r e l a t e d  t o  p a r t i c u l a r  

a p p l i c a t i o n s .  The most l i k e l y  a p p l i c a t i o n s  f o r  ceramics should be 

a s s e s s e d ,  and such s t anda rds  as r e q J i r e d  should be prepared f o r  those 

a p p l i c a t i o n s .  Standard tests should relate t o  s p e c i f i c  wear problems; 

a p resc r ibed  procedure must have a connection t o  a use o r  a s e r v i c e  

experience.  

Data were presented i l l u s t r a t i n g  d i f f i c u l t i e s  encountered i n  wear 

r a t e  p r e d i c t i o n .  Atmosphere and temperature e f f e c t s  can induce nonlin- 

ear wear rates,  and changes i n  wear ra te  w i t h  t i m e  as materials pass  

through t r a n s i t i o n s  are possible .  Uniform test methodologies may 

y i e l d  improved d a t a  and c o n t r i b u t e  t o  improved l i f e t i m e  p red ic t ion .  

A number of s tandard wear tests are p r e s e n t l y  i n  t h e  U.S. l i t e ra -  

t u r e ,  and some have been used f o r  ceramics. Only minor mod i f i ca t ions  

would be needed t o  make some of them f u l l y  a p p r o p r i a t e  Eor ceramics. 

Although some of t h e  d i s c u s s i o n  a t  t h i s  meeting suggested t h a t  s t anda rds  

w i l l  no t  be soon agreed upon, those c i t e d  h e r e  are now a v a i l a b l e  o r  n e a r l y  

s o  ( s e e  Appendix D ) .  The u s e  of s t anda rd  tests would not i n h i b i t  fun- 

damental t e s t i n g ;  i n  f a c t ,  i t  may be very u s e f u l  f o r  mechanisms r e sea rch ,  

Modelers would b e n e f i t  from a narrow band of d a t a  from many r e sea rche r s .  



Referring to precision in wear testing, data were cited which 

were produced according t o  ASW G65 (19Sl), the dry sand abrasion 

test. The data are from several laboratories experienced in the use 

of  this test. The internal wariabtllty of the data ranged from 2.1 to 

6 . J % ,  Among a larger group o f  laboratories, the d a t a  range is larger. 

Experience is an imgortanlt factor in obtaining the b e s t  results. 

Recently a panel assembled by DOE evaluated trlbotesting of 

materials* The findings o f  that panel are generally in agreement with 

the comments and emphasis heard at this meeting. The needs cited 

include a standard data reporting format, improved characterizatlon 

methods, an expanded and well-documented data base, and improved test 

methods. hterlaboratorg test comparison w i l l  also be important, and 

an international effort  of this type is presently under way. Possibly 

some wear standards will emerge from the cooperative internattonal 

tests 0 

Discussion I.-- 

In discussion o f  the greSentatiQn, it was observed that some 

caut ton  should be exercised i n  establishing requirements for wear 

research. If all the factors cited in the current diseuss8on must be 

attended to in detail, then progress w i l l  be limited (We Whnezr). 

Concerning repeatability of data, i t  was noted that physical property 

d a t a  o f t e n  contain a spread in values of 38 to 50%; therefore, this 

same range of results far wear data is quite acceptable. A single 

standard wear test is unlikely;  in f a c t ,  several. such tests have been 

citedo Different t e s t s  f o r  either spcasific applications or d i f f e r e n t  

classes of applications will be nccessary. Whatever procedures are 

used, it w l l l  be necessary to map out a range o f  behavior over a 

reasonable range of variables. 

The materials destgner, the mechanical designer, and the t r t bo lo -  

g i s t  interact In a eontbnu~m of needs. The finateKk3lS desagner wants 

to find a use f o r  h i s  mtesiale ,  the mechanical desdgner seeks 

materials for his designs, and the trlbologist is interested in the 

hasic behavior of  matcrlals. These needs do not necessarlly overlap, 

b u t  the trlbologist can im ~ o v e  the interaction by providing useful,  

rather than discouraglng, advice. Suggestions were made for each 

group for improving interactions (W. Winer). 



The suggestion was made that this would be an appropriate point 

to offer a few specific recommendations (M. Peterson). Research 

results should be more completely reported, especially regarding haw 

tests were run, but researchers should be free to use any test devlce. 

For development tests, standard machines and standard tests exist; new 

machines are not required. While some standard reference materials 

exist, there should be more, inclucing ceramics. There is a general 

agreement that better test procedures are needed, including infor- 

mation on what tests should be run and how they should be run. It 

w i l l  be important to be aware of the intended end-use of ceramics and 

to develop test procedures directed toward those specific applica- 

tions. Surface damage reporting needs to be quantified, and a stan- 

dard surface damage criterion is required. In sum, better test 

procedures are required but not better test machines, Most existing 

procedures have been worked out for metals, but ceramics may need 

emphasis on different variables, and contamination may be more impor- 

tant (EI. Peterson). 

SUMMARY AND ADJOURNMENT 

The session chairman (SI Hsu) summarized the ideas expressed 

during the course of the meeting as he perceived them: 

1, Ceramic wear tests and testing procedures do not give adequate 

comparability of data. 

There is a need for reference materials and reference procedures 

f o r  guidance and calibration for application-specific testing and 

mechanistic study. 

2. 

3. Parameters to be reported and controlled include 

characterization of materials, 

characterization of test machines, 

tribochemistry, 

surface characteristics, 

temperature, and 

wear debris. 

4. Standardized tests may not be desirable for research. Guidelines 

may be possible  for uniform characterization and measurement. 
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5. S tanda rd iza t ion  is  u s e f u l  and d e s i r a b l e  f o r  s imula t ion  t e s t i n g  f o r  

s c reen ing  purposes. Laboratory-to-field c o r r e l a t i o n  should guide 

such development. S t anda rd iza t ion  is  best. done under auspices  of 

an e s t a b l i s h e d  i n d u s t r i a l  or governmental body. 

It w a s  r e i t e r a t e d  t h a t  a s m a l l  group should be convened t o  d e f i n e  

t h e  near-term ceramic a p p l i c a t i o n s  and de f ine  suggested procedures 

( A .  Levy). It was noted t h a t  a group a l r eady  e x f s t s  f o r  procedure 

development, t h a t  group being Committee G-2 of the  ASTM. Many people 

arc. not aware of t he  e x t e n t  of G-2 a c t i v i t i e s ,  but everyone is welcome 

t o  become an a c t i v e  ASTM member and j o i n  in procedure development 

(L. Heerdt). Possibly w e  should agree on a minimum standard of 

c h a r a c t e r i z a t i o n ,  f o r  example, a l l  tests should s p e c i f y  r e l a t l v e  humid- 

ity q u a n t i t a t i v e l y  (T. Ffscher) .  The ASTM i s  too slow; an ad hoc 

procedure should appear i n  s i x  months (A. Levy). Reference was made 

t o  t h e  d a t a  map concept,  which may serve as a guide t o  th ink ing  on 

what may or m y  not  be c r i t i c a l  (J. B i e r l e i n ) .  

The meeting adjourned a t  t h i s  po in t ,  a f t e r  some b r i e f  c l o s i n g  

remarks by T. M. Levinson and C. S. Yust. 

CONCLUSIONS AND RECOMMENDATIONS 

1. Current t e s t i n g  procedures and r e p o r t i n g  requirements on 

ceramic w e a r  are not s u f f i c i e n t l y  w e l l  def ined f o r  d a t a  comparison. 

Better d e f i n i t i o n  and b e t t e r  c o n t r o l  of t he  test parameters are 

d e s i r a b l e  and should be r epor t edo  The parameters r epor t ed  should 

include:  

m a t e r i a l  c h a r a c t e r i z a t i o n  of t h e  tes t  specimens, e.g., com- 

p o s i t t o n ,  mic ros t ruc tu res ,  material p r o p e r t i e s ;  

environmental  c o n t r o l  such as humidity, specimen c l ean ing ,  

procedures,  and l u b r i c a n t  compositions; 

s u r f a c e  c h a r a c t e r i z a t i o n  such as su r face  roughness and sur- 

f a c e  confsrmLty before  and a f t e r  t h e  wear t es t ;  

bulk temperature and a c t i o n s  d i r e c t e d  toward c o n t r o l  of the 

system temperatures;  and 

wear d e b r i s  a n a l y s i s  including both p a r t i c l e  morphology and 

chemical t ransformattons.  
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2.  Standardization is desirable and needed for ceram-hc tribol- 

ogy. Multiple standard procedures for various applications are 

urged, and standard tests once established should not exclude other 

tests for the purpose of research and development. For every 

application-oriented standard test, reference materials and data 

should be made available for data comparison and system calibration. 

3 .  For basic research and mechanistic studies, standard test 

procedures and specimens may not be possible or desirable. A common 

guideline for testing, including a requirement for parameters to be 

controlled during tests, is desirable. Data precision is important 

and should be reported. 

4 .  The significance of standard wear tests should be supported 

by laboratory-to-field correlation data. Standardization should be 

achieved through established voluntary consensus processes by govern- 

ment, industries, and academia. 

5. In the long term, the standardization should be accomplished 

through ASTM. In the short term, an ad hoc group should be 

established under joint government-industry-academia sponsorship to 

resolve key issues in a timely fashion. 
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Appendix A 

WORKSHOP PROGRAM 

Tuesday, Apr i l  23, 1985 

8 : 4 0  - 8:45 a .m.  Welcoming Remarks 

C .  S. Yust,  I Oak Ridge Nat lonal  Laboratory 

8 : 4 5  - 9:00 a .m.  ECUT Tribology Program and Workshop Object ives  

T.  M. Levinson, I Department: of Energy 

Session 1 

Chairman: C. S .  Yust, Oak Ridge National  Laboratory 

9:OO - 10:30 a.m.  A. Current Test Systems 

I,. B. Heerdt, Falex Corporation 

B. Panel Disxussion 

N .  Jhkim, Genral Motors Carporatton 

S .  M. Hsu., National. Bureau of Standards 

~II__ J. Wert, Vanderbi l t  Un ive r s i ty  J .  

C. Open Discussion 

Session 2 

Chairman: S. M. HSU, National  Bureau o f  Standards 

10:45 - 12:15 A .  Rela t ionsh ip  of Ceramic Wear Mechanisms 

and Tes t ing  

W .  A .  GPaeser, --- B a t t e l l e  Columbus Laborator ies  - 
B.  Panel Discussion 

F. J. Carignan, Advanced Mechanical 

Technology, Ine. 

R. 6. Ludema, l_l Unive r s i ty  of Michigan 

S .  L. R i c e ,  - Unive r s i ty  of Cent ra l  F lo r ida  

C .  Open Disc i s s ion  



48 

Session 3 

Chairman: C .  S. Yust, Oak Ridge Nat ional  Laboratory 

1 : 3 O  - 2:OO p.m. Wear T e s t  Methodologies 

- H . ~ z t c h o s ,  Aundesanstalt fdr MatetialprGfung 

2:OO -- 3 : 3 O  p.m. A. The Role of Surfaces  i n  Wear Testing 

T.  E. P i sche r .  Exxon Research and 

Engineering Company 

R .  Panel Discussion 

N .  B. Maemillan, Pennsylvania State 

Unive r s i ty  

I. Singer ,  Naval Research Laboratory 

C .  Open Discussion 

Sessfsn 4 

Chairman: S. M. Bsu, NatPonal Bureau of Standards 

3 : 4 5  - 5:15 p.m. A .  S l i d i n g  Wear T e s t s  

K. F. k f r a n e ,  Battelle Columbus 

Labora to r i e s  

B. Panel Discussion 

A .  V. Levy, Lawrence Berkeley Laboratory 

P .  Sutor, Midwest Research I n s t i t u t e  -.._..___II 

C .  Open Discussion 
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Wednesday, April 2 4 ,  1985 

Session 5 

Chairman: C. S. Yust, Oak Ridge National Laboratory 

8 : 4 5  - 10:15 a.m. A .  Rolling Wear Tests 

L. D. Wedeven, SKF Industries, Inc. 

B. Panel Discussion 

S. Gray, Mechanical Technology, Inc. 

L. Keer, Northwestern University 

T. Yonus<honis, _-.11_ Cummins EngCne Co. 

C. Open Discussion 

Session 6 

Chairman: S. M. HSU, National Bureau of Standards 

10:30 - 11:50 a.m. A. Prospects fo r  Testing Standards 

A .  W. R u f f ,  _- National Bureau of Standards 

B. Panel Discussion 

M. Peterson, Wear Sciences Corporation 

W. 0. Winer, Georgia Institute of Technology 

C. Open Discussion 

Remarks 

C. S. Yust, Oak Ridge National Laboratory 

S .  M. Hsu. National Bureau of Standards 

12:oo Adjourn 
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Appendix B 

CURRENT WEAR TEST SYSTEMS 

L. R. Heerdt 

Many of t he  F r i c t i o n  and wear test systems commercially a v a i l a b l e  

today may have a p p l i c a t i o n  i n  e v a l u a t i n g  ceramic m a t e r i a l .  These 

systems have helped t o  s t anda rd ize  t e s t i n g  w i t h i n  va r lous  i n d u s t r i e s  

by improving p r e c i s i o n  l i m i t s  and providing v e r i f i c a t i o n  of tes t  

r e s u l t s  between l a b o r a t o r i e s .  Because parameters f o r  a given tes t  can 

b e  preset o r  va r i ed ,  t he  ope ra to r  ciin design a l a b o r a t o r y  test t h a t  

c o r r e l a t e s  a c c u r a t e l y  wi th  a c t u a l  fLeld cond i t ions ,  t hus  e l i m i n a t i n g  

much of the expense of f u l l - s c a l e  eva lua t ions .  

The fol lowing test systems have been used s u c c e s s f u l l y  i n  many app l i -  

c a t i o n s  involving wear between two s l i d i n g  o b j e c t s .  The use r  should 

determine i f  t he  t es t  v a r i b l e s  of t he  machine are a p p l i c a b l e  t o  h i s  

f i e l d  a p p l i c a t i o n .  

Fa lex  Pin and Vee Block T e s t  Machine 

Specimens: 

Contact :  

Motion: 

Speed: 

Specimen load: 

Temperature: 

Environment: 

ASTM Standards:  

F i r s t  machine: 

AIS1 1137 vee block a g a i n s t  SAE 3135 j ou rna l  

S t e e l  on s tee l  ( o t h e r  materials a v a i l a b l e )  

Four-line con tac t  

Ro ta t ing ,  o s c i l l a t i n g  ( s l i d i n g )  

20 t o  5600 rpm 

1 to 350 cpm 

0.67 t o  188 f t / m i n  (0.23 t o  57.3 m/min) 

3000 l b f  (1364 kgf) max 

375°F (190OC) max 

Liquid,  semi-f l u i d ,  dry 

D-2670, D-2625, D-3233 

1932 
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Number of machines 

in use: 1108 

General use : Evalua tes  wear l i f e  and load carry.Lng capac i ty  

of l u b r i c a n t s  and o the r  materials : metals, 

cowposi tes ,  or combinations of these .  Most 

wddely  used bench tes t  

Falex Block On Ring - T e s t  Machjme 
II_ 

Contact : 

Motion: 

speed: 

ASTM Standards:  

F i r s t  machine: 

Number of machines 

i n  use: 

General  use : 

SAE 4620 ring, SAE 01 tool s tee l  block (o the r  

material s a v a i l a b l e )  

Line ,  area, poin t  

RoatatCng, o s c i l l a t i n g  ( s l i d l n g )  

5 t o  7411 rpm 

17 to lQQ0 cpm 

1.8 t o  2668 f t /min  (0.55 t o  813 m/ioFn) 

1300 IhF (591 kgf)  mx 

700°F (371°C) max 

Liquid,  semi-sol id ,  dry-pressure chamber to 150 

Ips% 

D-2714, 1)-2981, D-3704, D-2509, D-2782, 12-77 

1960 

330 

Extreme pressure  p r o p e r t i e s  of l u b r i c a n t s  

W i l l  d i f f e r e n t l a t e  between l o w ,  medlim, and 

h igh  l e v e l s  of extreme pressure p r o p e r t i e s .  

Used f o r  f r i c t f o n  and wear s t u d i e s  of l uh r i -  

c a n t s  and va r ious  me ta l lu rg ie s .  

Falex Multi-SDecimen Test Machine 

Specimens: Thrust  washer,  fou r -ba l l  pin-on-disc vane, 

gear, l i q u i d  erosf011, s tock - s l ip  

Contact  : Variab le  
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Motion: 

Speed : 

Load : 

Temperature: 

Envlronmen t : 

ASTM Standards: 

First machine : 

Number of machtnes 

in use: 

General use: 

Rotating, oscillating (slidinglsliding-rolling/ 

r o 1 1 ing ) 

20 to 7411 rpm 

1 to 1600 cpm 

807.5 lbf (367 kgf)  max 

500°F ( 2 6 O O C )  max 

Fluid, solid film, semi-solid 

11-3702, D-2266 

1972 

100 

Measures frktion and wear characteristics of 

lubricants, metals, and composites. 

Falex Abrasion Test Machine 

Specimens : 

Contact: 

Mot ion : 

Speed : 

Load : 

Temperature: 

Environment: 

ASTM Standards: 

First machine: 

Number of machines 

in use: 

General use: 

Metal or composite material coupons 

Area 

S 1 id ing 

7 to 350 rpui 

75 lb max 

Ambient 

Dry abrasive, liquid slurry 

G-65 

1981 

14 

Measures wear characteristics under an abrasive 

condition. 

Falex Crossed Cvlinder Test Machine 

Specimens: Two cylindexs 

Contact: Ro tat €ng 

Motion : Rotating 



54 

Speed : 

Specimen load: 

Temperature : 

Env Pronment : 

ASm standards: 

First machine: 

Ntmber of machines 

in use: 

General uses : 

25-450 ~ ~ I Y I  

50 lb max 

Ambient 

Dry, liquid 

6-83 

1981 

Six  

Measures friction and wear characteristics. 

Palex Four-Ball Wear Test Maclilne _. ... - __... 

Specimens: 

Contact: 

Mo t ion : 

Speed : 

Specimen load: 

Temperature : 

Emir onmen t : 

ASTM standards : 

First machlner 

Number of machines 

In use: 

General use: 

E-521.00 steel on steel 

Three-point 

Rotating (sliding) 

1 to 10,000 rpm 

396 lbf (180 kgf) max 

350°F (176OC) mx 

Liquid, semi-solid, dry atmosphere mvi- 

ronmental chamber 

D-2266, D-4172 

1950 

200 

Measures Eriction and wear characteristics of 

lubricants. Widely used for gear oil, greases, 

and engine oil. 

9timsl SRV Test Machine 

Specimens: Two cylinders against needle rollers (rolling 

friction). Rfng on surface (fretting 

corrosion and galling). Ball on surface 

(mechanical abrasive wear tests). 
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Contact: 

Motion: 

Amplitude: 

Frequency: 

Contact load : 

Temperature: 

First machine: 

Number of machines 

in use: 

General use: 

Point, line: area 

Relative oscillatory sliding motion of 

variable amplitude and frequency. 

0 to 3500 pm 

10 to 150 Hz 

270 Ihf (0-1.200 N) m x  

1000 "C 

1975 

60 

Measures friction and wear in high-speed 

oscillation. 

P l i n t  High-Frequency Friction Test Machine 
-__._---l_l_ 

Specimens: 

Contact : 

Mot ion  : 

Speed : 

Load : 

Temperature: 

Environment: 

First machine: 

Number o f  machines 

in use: 

General use: 

Steel on steel 

Point, area 

Relative oscillatory sliding motion oE 

variable amplitude and frequency. 

2.5-50 HZ 

56 Ibf  (250 W) max 

1llO"F (60O'C) max 

Open chamber or enclosure 

1978 

15 

Boundary, transition, and full 

hydrodynamic lubrication. 

In his presentation, Mr. Heerdt discussed these standardized commer- 

cially available friction and wear test machines, including design 

considerations, test conditions, and applications. I n  additton, he 

described a new machine designed specifically for testing ceramics. 
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Appendix C 

COMMENTS AND QUESTIONS TO STIMULATE DISCUSSION 

(Ci rcu la t ed  be fo re  t h e  meeting) 

C. S. Yust and S. M. Hsu 

Tribology t e s t i n g ,  i n  one form or  another ,  can probably be t r aced  

t o  the  earliest use of t o o l s  and mechanical devices .  The o r i g i n a l  

t es t  system was most l i k e l y  the ope ra t ing  device i t s e l f  ( f u l l  com- 

ponent t e s t i n g ) ,  observed i n  ope ra t ing  by the  manufacturer o r  u se r ,  

who sought t o  c o r r e c t  observed d e f i c i e n c i e s  ( i .e. ,  goa t sk in  thong is  a 

b e t t e r  j o i n i n g  medium than d r i e d  grapevine).  One can even imagine 

t h a t  t h e  very earliest wear tests involved ceramics, as a stone-age 

craf tsman c a r e f u l l y  app l i ed  the  f i r s t  motions of a newly fashioned 

t o o l ,  t e s t i n g  t h e  degree of p repa ra t ion  and s u i t a b i l i t y  of ope ra t ion .  

I n  more r e c e n t  times, evidence of i n t e r e s t  i n  f r i c t i o n  and wear 

t e s t i n g  is o f f e r e d  by the l a r g e  number of meetings and symposia on 

t h i s  t o p i c .  Of most d i r e c t  i n t e r e s t  t o  t he  p re sen t  d i s c u s s i o n  is  a 

series of symposia sponsored by the  American Society f o r  Tes t ing  and 

Materials (ASTM). I n  1967, a symposium on the r e l a t i o n s h i p  of t e s t i n g  

and s e r v i c e  performance w a s  h e l d ,  and, i n  1968, an ASTM symposium 

d i scussed  the  s u b j e c t  "Evaluation of Wear Testing".  9 Beginning i n  

1975 a symposium series has reviewed the  s ta te  of the a r t  i n  wear 

t e s t i n g  of metals, p l a s t i c s ,  and  coating^.^'^ 

d i s c u s s i o n s  have concluded t h a t  s t a n d a r d i z a t i o n  of t r i b o l o g y  t e s t i n g  

would be d e s i r a b l e ,  w h i l e  not ing t h a t  t he  complexity of wear might 

prevent  t he  use of only a few standard tests. 

General ly ,  t h e s e  

The 1968 meeting expressed the  hope t h a t  s t e p s  l ead ing  t o  the 

i n v i t a t i o n  of a c t i v i t y  on t r ibo logy  test s t anda rds  would be the  r e s u l t  

o f  t h a t  meeting. That hope has been p a r t i a l l y  r e a l i z e d  i n  t h a t  some 

t r i b o l o g y  tes t  s t anda rds  are p r e s e n t l y  incorporated i n  t h e  ASTM stan-  

dards .  A l i s t t n g  of f r i c t i o n  and wear tes t  s t anda rds  has been 

compiled by P. J. Blau, and it inc ludes  s i x  s t anda rds  €or t e s t i n g  of 

ceramics.6 A s  Blau no te s ,  some are s p e c i a l i z e d  and have l i t t l e  
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general a p p l i c a b i l i t y .  Others ,  however, r ep resen t  an i n i t i a l  e f f o r t  

to provide s tandard ized  methods for wear t e s t i n g -  TWO examples are 

AS'L"M G77-53, a s tandard  p r a c t i c e  f o r  s l i d i n g  wear using t h e  blbock-on- 

r i n g  test, and ASTM D3702-78 (reapproved Pn 1983), a s tandard  t e s t  

method €or a t h r u s t  washer tes t  machine app l i ca t ion .  

T h i s  workshop examined the prospec ts  for ceramic trihol.ogy tes t  

s tandards .  What types of ceramic tribology t e s t s  are aimenable to  

s t anda rd iza t ion?  !That t r i bo logy  tes t  devices  should be app l i ed  i n  

s tandard  tests? How can w e  begin t o  formulate  and apply s tandards?  

To a i d  d i scuss tons ,  t he  following ques t ions  were formulated: 

Current Test Systems 

Haw well do tes t  systems r ep resen t  real. opera t ing  components? 

W i l l  some type of "s tandard iza t ion"  improve bench-tu-field 

c o r  r e 1.at ion? 

W i l l  "s tandard" devices  and procedures improve the  a b i l i t y  $Q 

measure and control.  tes t  parameters? 

1s t h e r e  one b e s t  type of tes t  device f o r  a given wear mode 

( i . e . ,  s l i d i n g ,  r o l l i n g ,  e tc . )?  

What is the  p rec i s ion  of the  cu r ren t  wear tes t  system? 

A r e  t h e  cu r ren t  procedures and wear tes t  systems s u f f i c i e n t l y  

def ined  t o  enable  u s e r s  t o  compare da t a  and draw g e n e r a l i z a t i o n s  on 

materials? 

Are t he re  p a r t i c u l a r  problems a s soc ia t ed  w i t h  ceramic wear 

t e s t i n g  as compared to  m e t a l  wear t e s t i n g ?  

What are the  main uses  for the  cu r ren t  wear test systems? Is 

there a need f o r  new wear systems f o r  ceramics? 

Wei~ MechanisnasJWear Tes ts  

What a spec t s  of ceramlc wear t e s t i n g  r equ i r e  s p e c i a l  a t t e n t i o n  as 

a r e s u l t  o f  the  Fracture  s e n s l t i v l t y  of ceramics? 
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How does t h e  p o t e n t i a l  f o r  sudden t r a n s i t i o n s  from mild wear t o  

seve re  wear a f f e c t  ceramic wear t e s t i n g ?  

How a r e  t h e  o p e r a t i v e  ceramic wear mechanisms evaluated? 

Would procedures for  c h a r a c t e r i z a t i o n  of ceramic. wear s u r f a c e s  

h e l p  i d e n t i f y  wear mechanisms? 

What kind of measurements a r e  necessary t o  understand the mecha- 

nisms €n ceramics? Huw t o  dis t ingul tsh chemical wear mechanism vs 

mechanical processes? 

Would wear d e b r i s  a n a l y s i s  h e l p  t o  understand wear modes in  ceram- 

i c s ?  Any p a r t i c u l a r  problems a s soc ia t ed  w i t h  ceramic wear d e b r i s  

ana 1 y s f s ? 

Should wear tests be conducted t o  eva lua te  materials under d i f -  

f e r e n t  load,  under d i f f e r e n t  speeds,  and as a func t ion  of t i m e  t o  

assess m a t e r i a l s ?  

Should t h e r e  be d i f f e r e n t  procedures €or  measuring f r i c t i o n  vs 

wear? 

Should t h e r e  be d i f f e r e n t  procedures for eva lua t ing  materials vs 

e v a l u a t i n g  l u b r i c a n t s ?  I f  so,  how should they be d i f f e r e n t ?  

S l i d i n g  Wear T e s t s  

What is  your approach t o  performance of a s l i d i n g  wear tes t  of a 

e er am i c ? 

Would a "standard" set of g u i d e l i n e s  be a he lp  o r  hinderance? 

What should such g u i d e l i n e s  include? 

Can mast real sliding i n t e r f a c e s  be r ep resen ted  by a l i m i t e d  

number of t e s t  geometries? 

What speed and load should be used? How does the  i n t e r f a c e  tem-  

p e r a t u r e  a f f e c t  t h e  wear r e s u l t s ?  

What are the  v i b r a t i o n a l  c h a r a c t e r i s t i c s  of t he  tester and how do 

they  a f f e c t  t h e  wear r e s u l t s ?  

W i l l  alignment be maintained throughout t h e  test as wear 

p rogres ses?  
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Kole of Surfaces  i n  Tes t ing  ___.--.____-- 

To what e x t e n t  should ceramic su r faces  be c h a r a c t e r i z e d  p r i o r  t o  

wear t e s t i n g ?  From both a mechanical and a chemical s t andpo in t?  

I f  wear i s  removal of su r f ace  material, why is s u r f a c e  chaxac- 

t e r i z a t i o n  o f  importance? 

How t o  c h a r a c t e r i z e  the ceramic su r faces  be fo re  and a f t e r  t h e  

wear t e s t ?  

What c leaning procedure and environmental c o n t r o l  should be exer- 

c i s e d  i n  preparing the ceramic specimen f o r  t e s t i n g ?  

What should be the ex ten t  of su r f ace  topography measurements? 

Would they help? How? 

Ro l l ing  Wear Tests 

Are t he  fo rces  and motions of real  r o l l i n g  elements too complex 

t o  be adequately simulated i n  tes t  systems? 

Can a l i m i t e d  number of r o l l i n g  tes t  geometries be used to  simu- 

l a t e  many r e a l  r o l l i n g  i n t e r f a c e s ?  

What s tandards seem p o s s i b l e  f o r  r o l l i n g  element t e s t  devices  and 

t e s t pr oce dur e s ? 

ProsDects for S tanda rd iza t ion  

What should a wear test  s tandard be? 

W i l l  s tandards c o n f l i c t  w i th  the f l e x i b i l i t y  reqLxlred f o r  

r e sea rch  experiments? 

What e x i s t i n g  s tandards should we be cognizant of i n  consider ing 

Further  wear s tandards? 

What r e sea rch  and/or development might be necessary f o r  prepara- 

t i o n  of s tandards f o r  wear t e s t i n g ?  
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Appendix D 

COMPILATION OF FRICTION AND WEAR TESTS 

Peter J. Blau 

Metallurgy Division 

National Bureau of Standards 

Gaithersburg, Maryland 

The American Society for Testing and Materials (ASTM) has wit- 

nessed the development of many types of friction and wear tests. Some 

were developed for very specif ic technical applications and have 

limited general applicability, while others are used for analyzing the 

tribological behavior of various materials combinations, abrasives, 

and lubricants. As a service t o  ASTM Committee 0 2 ,  Erosion and Wear, 

and to other interested parties, this summary of ASTM friction and 

wear tests has been compiled. Of course ASTM standards are constantly 

revised, replaced, and discontinued. Therefore, the most recent ver- 

sion(s) of each voluntary standard should be used. Comments are 

invited on this compilation. 
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Table P.2. Lubr icants  - f r i c t i o n  r e l a t e d  

Comments Lubr icant  type Appl ica t ions  ASTM Code LZ 

Greases O s c i l l  bear ings D2509 M F r e t t i n g  behavior 
Greases E. P. p r o p e r t i e s  D2716 M Timken, block-on-ring 
So l id  lubes  Vacuum performance D4170 M Pin-on-flat  (d i scon t )  
Lubes MET shee t  forming D4173 P Drawing f i x t u r e  

‘I4 = method, P = prac t i ce .  

Table D.3. Lubr icants  -wear r e l a t e d  

Lubricant type Applicat ions ASTM Code a Comments 

Greases 
Greases 
Greases 
Greases 
Greases 
Dry lubes  
Dry lubes 

Dry lubes 
Dry lubes 
F l u i d  lubes  
F lu id  lubes  
F lu id  lubes  
F lu id  lubes 
Hydr f l u i d  
Hydr f l u i d  

Dry lubes 

E. P. prope r t i e s  
F r e t t i n g  
Anti-wear 
Ant C-wear 
E. P. prope r t i e s  
Wear, load c a r r y  cap 
Wear l i f e  

Adhesion 
Thermal shock test 
Ant i-wear 
Gears, load car ry ing  
E. P. p r o p e r t i e s  
Se izure ,  wear 
Pump p a r t  wear 
Pump p a r t  wear 

Load c a r r y h g  cap 

D2509 M 
D4170 M 
D2266 M 
D3704 M 
D2596 M 
D2625 M 
D2981 M 
D2625 M 
D2510 M 
P2511 M 
D4172 M 
D1947 M 
D3233 M 
D2670 M 
D 2 2 7 i  P 
132882 M 

Block-on-ring, Timken test 
F a f n i r  f r i c  t oxid t e s t e r  
Four-ball  machine 
Oscil ring-on-block 
Four-ball  machine 
S t e e l  p in  i n  V-block 
Ring-on-block 

Tape, anod A 1  panels  
Heat and quench s tee l  panel  
Four-ball  machine 
Ryder gear machine 
P in  V-block, two methods 
P in  and V-block 
Recirc  pump system 
Recirc pump system 

S t e e l  pFn in Y-block 

aM = method, P = p r a c t i c e ,  G = guide l ine .  
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Table D.4. ASTM wear t e s t s  

Ma te r i a l s "  App l i ca t ions  ASTM Code b Comments 
___ .._......ll.l_ ___ __..._...i...._._.- ____I_._. 

MET, CER, PLS 
MET 
MET 
MET, compos 

F a b r i c  
NET, PLS 
MET, CER, PES 
P E T  
I n s u l a t i o n  
C-graphi te  
FlET 
:+ET, CER, PTS 
Text! l e s  
Minr l  aggrg 
Org CTGs 
Org CTGs 
Org CTGs 
Org CTGs 
Concrete  
Concrete  
Concrete  
CEK 
CEK 
CER 
Rubber 
M i n r l  aggrg 
T e x t i l e s  
Text  i l e  s 
T e x t i l e s  
T e x t i l e s  
T e x t i l e s  
C e m  c a r b i d e  

MET, cEa, PLS 

S l i d i n g  wear 
S l u r r y  ab r  a s  i v i  t y  
S l i d i n g  wear 
Jaw c r u s h e r  wear 
Eros ion  
Inked r ibbon  
Liquid e r o s i o n  
C a v i t a t i o n  
Dry sand a b r a s i o n  
P i p e l i n e  c o a t i n g s  
S e a l s  
Se l f - lube  rwt%ls  
S l i d i n g  wear 
I.ioven f a b r i c s  
Crushing r e s i s t a n c e  
F loo r  cove r ings  
F loo r  cove r ings  
P a i n t ,  l a c q u e r ,  ya rn  
P a i n t ,  l a c q u e r  
Sand b l a s t i n g  
Rotary c u t t e r  
Abr, s l i d i n g ,  impact 
P o r c e l  enamel 
Ref rac to ry  b r i c k  
T i l e  
Shoe s o l e s ,  h e e l s  
Crushing r e s i s t a n c e  
C lo th ing  wear 
Abrasion r e s i s t a n c e  
Woven f a b r i c s  
Abrasion 
Abrasion 
Wet a b r a s i o n  

G 77 P 
G 75 M 
G 83 M 
G 81 P 
G 76 P 
G 56 M 
G 73 P 
G 32 M 
G 65 P 
G 6  M 
G 808 G 
D3702 M 
D2714 M 
D3884 M 
C 585 M 
P 510 M 
D1395 M 
D 658 M 
D 968 M 
C 418 M 
c 944 ?i 
c 779 H 
C 448 M 
C 704 M 
C 501 M 
D1630 M 
C 131 M 
D3181 M 
~ 3 8 8 4  M 
~ 3 8 8 5  M 
D4157 M 
~ 4 1 5 8  M 
B 611 M 

Block-on-ring (D2714) 
Recipro l a p  i n  s l u r r y  t r a y  
Crossed c y l i n d e r s  
Angled c r u s h e r  p l a t e s  
P a r t i c l e s  a g a i n s t  f l a t  
Ribbon-wrapped drum 
Spinning spec ,  d rops ,  jets 
V i b r a t i o n  in l i q u i d  ba th  
P l c w l n g  sand-rubber wheel 
Revolving drum 
Guide l ine  on d a t a  r e p o r t i n g  
Fa lex  96,  t h r u s t  washer 
Set-up of ring-on-block 
Rubbing w h i l e  f l e x i n g  
See C 131, Los Angeles Mach. 
Taber Abraser 
See D 658 and D 968 below 
Jet abraded coupons 
F a l l i n g  sand o r  S i c ,  coupon 
A i r  d r i v e n  sand 
D r i l l  p r e s s ,  r o t a r y  c u t t e r  
Three mac.hines 
NBS l app ing  machine 
Room temp je t  e r o s i o n  
Taber Abraser 
NBS a b r a s i v e  drum machine 
Los Angeles Mach., b a l l  m i l l  
Himan s u b j e c t s ,  d a t a  r e p t ' g  
Taber Abraser 
Rub w h i l e  f l e x i n g  
O s c i l l a t i n g  c y l i n d e r  
Ro ta ry  rubbing-Schiefer  
F l a t  a g a i n s t  wheel ,  s l u r r y  

%ET = metals and a l l o y s ,  CER = ceramics  and g l a s s e s ,  PLS = p l a s t i c s ,  CTGs = coa t ings .  

9.1 = method, P = p r a c t i c e ,  G = g u i d e l i n e .  
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Appendix E 

LIST OF ATTENDEES, 
WORKSHOP ON TRIBOLOGICAL TEIiT DEVICES AND PROCEDURES FOR CERAMICS, 

APR.CL 2324, 1985 

Jane Adams 
IIT Research Institute 
Dept. o f  Materials and 

10 West 35th Street 
Chicago, IL 60616 
3 12-567-4417 

Processing Technology 

H. Michael Anderson 
Palex Corporation 
2055 Comprehensive Drive 
Aurora, IL 60505 
312-851-7660 

V. Aronov 
IIT Research Institute 
Mechanical Engineering Department 
10 West 35th Street 
Chicago, I L  60616 
312-567-3181 

S. Bhattacharyya 
Senior Engineer, Materials Dept. 
IIT Research Institute 
10 West 35th Street 
Chicago, IL 60616 
312-567-4192 

John C. Bierlein 
Materials Engineering 
Eaton Corporation 
Engineering & Research Center 
P.O. Box 766, 26201 Northwestern Hwy. 
Southfield, MI 48037 

Nancy Blehr 
David W. Taylor Naval Ship 

Code 2832 
Annapolis, MD 21402 
301-267-3740 

R&D Center 

Robert N. Bolster 
Naval Research Laboratory 
Tribology Section Code 6176 
Washington, DC 20375-5000 
202-767-2920 

Joseph Boylan 
Pure Carbon Company 
441 Hall Avenue 
St. Mary's, PA 15857 

Michael S .  Brenner 
The Lubrizol Corporation 
Mechanical Engineering 
29400 Lakeland Boulevard 
Wickliffe, OH 44092 
216-943-9400, ext. 2521 

Ronald Bunda 
The Lubrizol Corporation 
Mechanical Engineering 
29400 Lakeland Boulevard 
Wickliffe, OH 44092 
216-943-9400, ext. 2595 

Ralph A. Burton 
Ralph Burton Technologies, Inc. 
PO Box 5676 
Raleigh, NC 27650 
919-787-1592 

Forest J. Carignan 
Advanced Mechanical Technology, Inc. 
141 California Street 
Newton, MA 02158 
617-964-2042 

Jean-Pierre Chalifoux 
Ecole Polytechnique 
Mechanical Engineering Dept. 
C.P. 6079, SUCC 'A' 
Montreal, Quebec, H3C 3A7, Canada 
514-340-4909 

Ming Chang 
John Crane-Houdaille, Inc. 
Research and Development 
6400 Oakton Street 
Morton Grove, IL 60053 
312-967-3817 



J.  X. Cheng 
Cmmina Engine Company 
Technical  Center I) Box 3005 
Columbus, I N  47202 
812-377-7102 

Michael J. Covitch 
The L u b r i z o l  Corporat ion 
Research-Physical Chemistry Sec t ion  
29400 Lakeland Boulevard 
Wick l i f f e ,  OH 44092 
216-943-4200, ext.  2703 

IioKSt CZiChOS 
Bundesanstal t  fGr :*terialpr&ung 
Unter Den Eichen 87 
D-1000 B e r l i n  45, West Germany 

S .  Danyluk 
Un ive r s i ty  of I l l i n o i s  
Department of C i v i l  Engineering 

PO Box 4348 
Chicago, I E  60680 
312-996-2437 

Mechanics and Metallurgy 

James Derby 
Manager 
Materials Charac t e r i za t ion  
%G&G SEALOL 
50 Sharpe Dri.ve 
Howard I n d u s t r i a l  Park 
Cranston, RI 02920 

Charles  E. OeVore 
Oak Ridge NatLonal Laboratory 
Metals and Ceramics Div is ion  
FO Box X 
Oak Ridge ,  TN 37831 
615-574-4550 

James Dray 
David W. Taylor Naval Ship 

R&D Center 
code 2832 
Annapolis,  MD 21402 
301-267-3740 OK 2755 

IC. I?. h f r a n e  
Senior Research Engineer 
Bat te l le  Columbus Labora tor ies  
Dynamics SecC Lon 
5 0 5  King Avenue 
Columbus, OH 43201 
614-424-4618 

Traugott E. Fiscber 
Exxon Research and Engineering 

Corporate  Research Dept .  
Route 22 E a s t  
Annandale, NJ 08801 

Company 

201-730-3045 

Southwest Research InstPtute 
Army Fue1.s and Lubr ica t ion  

6220 Culebra Road, PO Box 28510 
San Antonio, 1[x 78254 
512-684-5111, ex t .  251.5 

Laboratory 

W. A. GI-aeser 
Ba t t e l l e  Columbus Labora tor ies  
Dynamics Sec t ion  
505 King Avenue 
Columbus, OH 43201 
614-424-4619 

Stephen J. Goguen 
Department o f  Energy 
Of f i ce  of Vehicle and Engine 

1000 Independence Avenue, S. W. 
PORSTL CE-131 
Washington, DC 20585 
202-252-1505 

R& D 

Stanley  Gray 
Mechanical Technology, 'Enc. 
R&D Divis ion  Advanced 

Technology Operatfon 
968 Albany-Shaker Road 
Latham, NY 12110 
518-78s-2320 

Nabil S .  Hakim 
General Mtstors Corporation 
D e t r o i t  Diesel Al l i son  Div is ion  
13400 W .  Outer Drive 
Speed Code ROSB 

3 13-59 5 -5 58 1 
D e t r o i t ,  MI 48239 

Howard M. Hawthorne 
National Research Council 

3904 W. 4 th  Avenue 
Vancouver, BC V6S 1B6, Canada 

of Canada 
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Leslie R. Heerdt 
Vice President 
Falex Corporation 
2055 Comprehensive Drive 
Aurora, IL 60505 
3 12-851-7660 

John A. Hilaris 
EG&G Sealol 
Research and Development 
442 W. Fullerton 
Elmhurst, IL 60116 
312-941-1888 

H. E. Hintermann 
Centre Suisse d'Electronique et de 

Case Postal 41, Rue Breguet 2 
2000 Newchatel 7, Switzerland 

Microtechnique SA 

Stephen M. Hsu 
National Bureau of Standards 
Bldg. 220, Room A215 
Gaithersburg, MD 20899 

Joseph E. Hunter 
General Motors Corporation 
General Motors Research Laboratories 
Metallurgy Department 
12 Mile and Mound Roads 
Warren, MI 48090 
3 13-575-2 95 1 

Sa id Jahanmfr 
National Science Foundation 
1800 G Street NW 
Washington, DC 20550 

S . Johar 
Ontario Research Foundation 
Sheridan Park Research Community 
Mississauga, Ontario, L5K l B E ,  Canada 

Roger N. Johnson 
Technical Director 
National Tribology Program 
Hanford Engineering Development Lab. 
PO Box 1970, W/A 40 
Richland, WA 99352 
509-376-0715, FTS 444-0715 

Manfred Kamfnsky 
Argonne National. Laboratory 
Materials Science and Technology 
9700 S. Cass Avenue 
Building 212 
Argonne, IL 60439 
312-972-4074 

Michael D. Kanakia 
Southwest Keseareh Institute 
U . S .  Army Fuels and Lubricants 
Research Laboratory 

6220 Culebra Road, PO Box 28510 
San Antonio, TX 78284 
512-684-5111, ext. 3367 

Kelth R. Karasek 
Signal UOP Research Center 
Materials Science Dept. 
50 UOP Plaza 
Des Plaines, I L  60016-6187 
312-391-3341 

Leon Keer 
Northwestern University 
Department of Civil Engineering 
Evanston, I L  60201 

Paul J. Kennedy 
Department of the Navy 
Naval Air Development Center 
Aeromaterials 
Lubricants Code 60612 
Warminster, PA 18974 
215-441-1567 

Rifat Kerfbar 
Integral Technologies, Inc. 
415 E. Plaza Drive 
Westmont, IL 60559 
312-789-0003 

Vijay D. Khanna 
IBM Research 
Magnetic Recording Dept. 
PO BOX 218, Room 38-107 
Yorktown Heights, NY 10598 
914-945-1621 OP 3498 
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Ken K i m  
Polaroid Corporation 
750 Mafn S t r e e t  
Cambridge, MA 02139 
617-577-2007 

Floyd G. Lalcson 
S i t  Tungsten Carbide Manufacturing Co. 
Research and Development 
14451 Myford Road 
T u s t i n ,  CA 92680 
714-832-3013, e x t .  421 

Gary Leonard 
General E l e c t r i c  Company 
Corporate Research and Development 
One River Road 
Schenectady, NY 12301 
518-385-ao5s 

Rudy M. Lepp 
Chalk River Nuclear Labora to r i e s  
Engineering Research Branch 
S p e c i a l  P r o j e c t s  Divis ion 
Chalk River,  Ontar io ,  K O J  1J0, Canada 
613-584-3311, ext. 2598 

T e r r y  M. Levhson 
U . S .  Department: of Energy 
1000 Independence Avenue, SW 
Washington, DC 20585 
2 02- 2 5 2 - 14 8 4 

Alan V. Levy 
Senior  S c i e n t i s t  
Lawrence Berkeley Laboratory 
M a t e r i a l s  and Molecular Research Div. 
Un ive r s i ty  of Cal i fornPa,  M/S 62/203 
One Cyclotron Road 
Berkeley, CA 94720 
415-485-5822 

Prances Lockwood 
P e o n m i l  Products Company 
Technology Dtv., Physical. Sc i .  Dept .  
1520 Lake Front Circle 
Woodlands, TX 77387 
7 13-363-8022 

E. L. Long, Jr. 
Oak Ridge Nat ional  Taboratory 
PO Box x 
Oak Ridge, TN 37831 
615-574-5192 

K. C. X,udema 
University of Michigan 
Dept. o€ Mechanical Engineering and 

2250 G. G. Rrown Building 
Ann Arbor, M I  48109-2125 
3 13-7 64-33 64 

Applied Sciences 

Norman B. Macmillan 
Pennsylvania S t a t e  Un ive r s i ty  
167 Materials Research Laboratory 
Un ive r s i ty  Park,  FA 16802 
814-863-0180 

Jacques Masounave 
Natlonal Research Counc1.l of Canada 
75 D e  Mortagne 
Bouchervelle,  Quebec, J4B 6Y4, Canada 
514-641-2280 

B. D. MeConnell 
U . S .  Air Force 
Wright Aeronaut ical  Labs .  
MWAL / ~ B T  
Wright P a t t e r s o n  AFB, OH 45433 
513-255-5731 

Karl R. Mecklenburg 
U.S. Air Force 
Wright Aeronaut ical  Labs. 
Ap W AL / GLXPM 
Wright-Patterson AFB, OH 45433 
513-255-7174 5732 

Richard L. Mehan 
General Electr ic  Company 
Corporate Research and Development 
Materials Laboratory 
Phys ica l  Metallurgy Branch 
PO Box 8 
Schenectady , NY 12301 
518-385-805a 
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Allan I. Michaels 
Argonne National Laboratory 
Materials Science and Technology 
9700 S. Cass Avenue 
Building 212 
Argonne, IL 60439 
312-972-7785 

F. A. Moslehy 
University of Central Florida 
Department of Mechanical Engineering 

PO Box 25000 
Orlando, FL 32826-0993 
305-275-2416 

and Aerospace Sciences 

Carl F. Musolff 
Cummtns Engine Company 
Metallurgical Engrg. Dept. 
Box 3005, Mail Stop 50183 
Columbus, IN 47202-3005 
812-377-7082 

Malcolm Naylor 
Cwoamins Engine Company 
Box 3005 
Columbus, IN 47202-300 

Roger K. Nibert 
Borg-Warner Corporation 
Physical Chemistry Dept. 
Wolf and Algonquin Roads 
Des Plaines, IL 60018 
312-827-3131, ext. 432 

Marshall Peterson 
Pres iden t 
Wear Sciences Corporation 
925 Mallard Circle 
Arnold, PID 21012 
301-261-2342 

Gopal Revankar 
Deere and Company 
Technical Center 
3300 River Drive 
Moline, I L  61265 
309-757-5595 

IC. T. Rhee 
Rutgers University 
Department of Mechanical 

PO Box 909 
Piscataway, NJ 08854 
201-932-3651 

Engineering 

Stephen L. Rice 
University of Central Florida 
Department of Mechanical 
Engineering and Aerospace 
Sciences 

PO Box 25000 
Orlando, FL, 32816-0993 
305-275-2416 

W. N. Rogers 
ESSO Petroleum Canada 
Research Division 
PO Box 3022 
Sarnia, Ontario, N7T 7M1, 
Canada 
519-339-2555 

Fred G. Rounds 
General Motors Corporation 
GM Research Laboratories 
Fuels and Lubricants Dept. 
12 Mile and Mound Roads 
Warren, M I  48090 
313-575-3276 

A. William Ruff 
National Bureau of Standards 
Metallurgy Division 
B266, Materials Building 
Gaithersburg, MD 20899 
301-921-2966 

A. C. Schaffhauser 
Oak Ridge National Laboratory 
PO Box X 
Oak Ridge, TN 37831 
615-574-4826 

Erie W. Schneider 
General Motors Research Labs. 
Analytical Chemistry 
30500 Mound Road 
Warren, Fn: 48090 
313-575-3022 
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Lewis B. Sibley 
President 
Tribology Consultants, fnc. 
504 Foxwood Lane 
Paoli, PA 19301 
215-644-048i O ~ C  684-0234 

Irwin Singer 
Naval Research T,abor a t ory 
Research Center Code 6170 
Washington, DC 20375 

Ralph Slone 
Cimmins Engine Company 
Box 3005, Mail Code 50165 
Columbus, IN 47201 
812-377-7527 

Louis Socha 
Corning Glass Works 
Ceramic Development Dept. 
Sullivan Park DV-21 
Corning, NY 14831 
607-974-3744 

Thomas N. Strom 
NASA Lewis Research Center 
Advanced Gas Turbine and 

21000 Brookpark Road, M/S 23-2 
Cleveland, OH 44135 

Heavy Duty Transport Tech. Project 

216-433-4000, ext. 6829, FTS 294-6829 

Paul Sutor 
Midwest Research Institute 
425 VoPker BPvd. 
Kansas City, MO 64116 
8 16-753-7600 

Denis J.  Taylor 
Ontario Research Foundation 
Centre for Alternative Fuel 

Engineering Sciences Division 
Sheridan Park Research Community 
Mississauga, Ontario, L5K 1B3, Canada 
414-822-4111, ext. 418 

Ut iliz at ion 

Gerald J. Tennenhsuse 
Ford Motor Company 
Ceramic Materials Department 
'PO Box 2053, S-2079 
Dearborn, ME 48121 
313-594-0982 

V. J. Tennery 
Oak Ridge National Laboratory 
Metals and Ceramtcs Division 
PO Box X 
Oak Ridge, TN 37831 
615-574-5123 

Richard J. Trfppett 
General Motors Corporation 
General Motors Research 

Fluid Mechanics Department 
12 Mile and Mound Roads 
Warren, MI 48090 
313-575-3008 

Laboratories 

Olof Vingsbo 
University of Houston 
Department of Mechanical 

Houston, TX 77004 
713-749-2448 

Engineering 

L. D, Wedeven 
SKF Industries, Inc. 
1100 First Avenue 
King of Prussia, PA 19406-1352 
215-265-1900, ext. 298 

James J. Uert 
Vanderbilt University 
Mechanical and Materials 
Engineering Department 
PO Box 1621, Station B 
Nashville, TN 37235 
615-322-3583 

R. Ted Wimber 
Beere and Company 
Metals Research Dept. 
3300 River Drive 
Moline, IT, 61265 
309-757-5832 
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Ward 0. Winer 
Georgia Institute of Technology 
School of Mechanical Engineering 
Atlanta, GA 30332 
404-894-3270 

Carl C. Wu 
Research Engineer 
Naval Research Laboratory 
Ceramics Department 
4555 Overlook Avenue, SW, Code 6360 
Washington, DC 20375 
202-767-2007 

Marc Yesn€k 
Borg-Warner Corporation 
Wolf and Algonquin Roads 
Des Plaines, IL 60018 
312-827-3131, e x t .  437 

T. M. Yonushonis 
Cumins Engine Company 
Box 3005, Mail Code 50183 
Columbus, IN 47202-3005 

c. s. Yust 
Oak Ridge National Laboratory 
Metals and Ceramics Division 
PO Box X 
Oak Ridge, TN 37831 
615-574-4812 

Martin Zlotnick 
Hudson Research Institute 
141 East 88th Street 
New York, NY 10128 
212-860-9774 
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