
Semi-Annual Report 
Ju ly ,  1968 

*' 

ADHESION BETWEEN ATOMICALLY PURE METALLIC SURFACES 

PART I V  

BY 
D.  V. Kel l e r ,  Jr. 

Associate Professor of Metallurgy 

Department of Chemical Engineering and Metallurgy 

with 

M. T s a i  - Research A s s i s t a n t  

Prepared f o r  

National Aeronautfcs and Space Administration 

Office of Grants and Research Contracts, Code SC 

Washington, D o  C ,  

G r a n t  N o .  NsG-483-1 
This report w a s  produced ilnder a sponsored m n t r a c t ,  
The conclusions and recommendations expressed are those 
of t h e  Author and are  not  necessar i ly  endorsed by t h e  
Sponsor. Reproduction of t h i s  r epor t ,  o r  m y  por t ion  
the reo f ,  must bear reference t o  t h e  o r i g i n a l  source and 
Sponsor. 

DEPARTMENT OF CHEMICAL ENGINEERING AND METALLURGY 

MET-1100-0768-SA 

https://ntrs.nasa.gov/search.jsp?R=19680020071 2020-03-12T09:46:11+00:00Z
brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by NASA Technical Reports Server

https://core.ac.uk/display/85244182?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


REVIEW OF METALLIC ADHESION RESEARCH AT SYRACUSE UNIVERSITY 

The Phenomena of Adhesion between me ta l l i c  systems has been of con- 

s ide rab le  i n t e r e s t  i n  our laboratory over t h e  p a s t  f e w  years due p r i n c i p a l l y  

t o  t h e  f a c t  t h a t  through the  in t e rp re t a t ion  of t h e  adhesion process one i s  

l ed  t o  a unique understanding of such d iverse  f ie lds  as f r i c t i o n ,  wear, so lder ing ,  

brazing, powder compacting, cold welding, machining, d i f fus ion  bonding, e t @ ,  

Although apparently q u i t e  diverse i n  nature t h e  common denominator of each of 

t hese  f i e l d s  i s  t h a t  two f r e e  surfaces must come i n t o  intimate contact;  dEring 

each dynamic process and depending on t h e  case, form a s t r u c t u r a l l y  s i g n i f i c a n t  

o r  a s t r u c t u r a l l y  i n s i g n i f i c a n t  i n t e r f ace  without t h e  whole system ever achieving 

complete equilibrium. Hopefully, i f  t h e  micromechanisms occurring s;t t h e  i n t e r f a c e ,  

when two metal surfaces a r e  brought i n t o  contact,are thoroughly a d  accura te ly  

defined with regards t o  t h e  var iab les  of temperature, loading pressure and 

contamination s t a t e s  f o r  various mater ia l s  and sur face  conditions t h e  business 

of o the r s  attempting t o  def ine  t h e  mechanisms of t h e  dynamic systems e , g . ,  

f r i c t i o n ,  soldering, e t c ,  w i l l  be made considerably more d i r e c t ,  
,f To these  ends 

our inves t iga t ions  have ind ica ted  t h a t  contact r e s i s t ance  measurements between 

crossed wire samples w i l l  permit a r a the r  f i n e  degree of charac te r iza t ion  of t h e  

contacting surfaces with regards t o  contaminants , surface roughness and 

mechanical proper t ies  during loading. 

complete development of t h e  understanding of low temperature me ta l l i c  adhesion. 

Before examining these  r e s u l t s ,  however, a few d e f i n i t i o n s  ought t o  be considered, 

The r e s u l t s  have ais0 allowed a r a t h e r  

Adhesion may be defined (1) as t h e  establishment of quasi-equilibrium 

a t t r a c t i v e  forces  between two bodies i n ,  o r  near,  physical  contac t ,  Although 
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t h e  technology of adhesion a l s o  accepts t h e  exis tence of mechanical and 

hydros ta t ic  e f f e c t s  between t h e  two bodies i n  contact as adhesion forces ,  

t h e  phenomenological descr ip t ion  of adhesion, as a science,  should necessar i ly  

d i s t ingu i sh  between t h e  two. I n  considering only the  first case,  t he  phen- 

omena of  adhesion i s  common t o  a l l m a t e r i a l s ,  or combinations of ma te r i a l s ,  

i r r e s p e c t i v e  of t h e  nature of t h e  cohesive forces  within t h e  systems i n  contact ,  

io e, i on ic ,  me ta l l i c  ccvalent or molecular a Since t h e  adhesion process requi res  

t h e  establishment of a common in te r face  between two f r e e  sur faces  and the  f r e e  

sur face  proper t ies  of a ma te r i a l  a r e  d i r e c t l y  r e l a t e d  t o  the  bulk cchesive 

forces  within t h a t  system, t h e  invest igat ion of t h e  in t e r f ace  r e s u l t i n g  from an 

adhesion process depends on an intimate knowledge of t he  ma te r i a l  which e m -  

s t i t u t e s  t h e  f r e e  surfaces  p r i o r  t o  contact .  For example, t h e  cohesive forces  

e s t ab l i shed  across  the  in t e r f ace  between the  atoms or  molecules, from each 

f r e e  surface w i l l  e s t ab l i sh  t h e  s t rength of t h e  in t e r f ace  system, O r ,  i f  the  

f r e e  surfaces  on a bulk s i l i c a t e  a r e  made ';p of adsorbed water mdecu les  and 

the contact load is insufficient t o  gross ly  disturb these  adsorbed l aye r s ,  then 

t h e  adhesion in t e r f ace  i s  between water molecules and not s i l i c a t e  i ons ,  A 

recent  inves t iga t ion  by riyan (2)conveniently emphasizes t h i s  point  by demonstrating 

t h a t  extremely la rge  precontact  a t t r a c t i v e  forces  e x i s t  between atomically clean 

s i l i c a t e  surfaces  over surpr i s ing ly  l a rge  separat ion d is tances ;  and f u r t h e r ,  

t hese  forces  a r e  immediately eliminated with foreign gas adsorption, 

I n  order  t o  place me ta l l i c  systems i n k 0  t h e  framework of adhesion phenomena 

just  out l ined ,  one must recognize the monatomic nature  of me ta l l i c  systems 

and t h e  extreme r e a c t i v i t y  of an individual  metal  atom with i t s e l f  or any o ther  

atomic, o r  molecular species ,  The f ac t  t h a t  me ta l l i c  c r y s t a l s  a r e  formed 
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through cohesive forces  i n  excess of 50 Kcal/mole between atoms suggests 

t h a t  i n t e r f a c i a l  l inkages w i l l  be of high energy (approaching t h e  coheslve 

fo rce )  and due t o  t h e  atomic nature w i l l  be s t rongly  influenced by i n t e r -  

d i f fus ion  across the  in t e r f ace  a t  al l  temperatures and p a r t i c u l a r l y  those 

i n  excess of 0.2 T I n  t h e  

very crudest of approximation f o r  a pure system of adhesion between two 

sur faces  of t h e  s w e  metal,where we might assume tha t  t h e  cleavage energy 

i s  equivalent only t o  atomic bond f rac ture  

c rea t ion  of atomic bonds", t h e  surface energy as given by Adamson (3 )  i s  

Es = Ec/2. 

a r e  assumed t o  be reconstructed ( i d e a l l y ) ,  then t h e  system re tu rns  t o  i t s  n a t u r a l  

state after t h e  process: t h e  in te r face  l o s e s  i t s  s igni f icance  and an energy 

equivalent t o  t h e  cohesive energy has been consumed, I n  d is fmi la r  metal adhesion 

systems t h e  energy cons-mptfon ought t o  range somewhere i n  t h e  range of t h e  sum 

of one half  of the cohesive energy of each body making up t h e  i n t e r f a c e  p lus  an 

a d d i t i o n a l  i n t e rac t ion  energy; i e.  heat of so lu t ion  of m e  metal i n t o  t h e  o t h e r ,  

Since hea t s  of so lu t ion  between t o  metal systems are r a r e l y  pos i t i ve  and never 

could be expected t o  be more pos i t ive  than t h e  sum of t h e  two halves cohesive 

energ ies ,  adhesion i s  an t i c ipa t ed  between a l l  combinations of metal p a i r s ,  

(20% of absolute melting poin t  temperature),  
mP 

or reverse process adhesion, "the 

Since two surfaces a r e  l o s t  during adhesion and a l l  atomic bonds 

The violence of t h e  reac t ion  between sodium o r  l i th ium with a i r  or  water 

i s  accepted r e a d i l y  by any novice i n  chemistry; however, t he re  seems t o  be a 

r e s i s t a n c e  t o  t h e  acceptance o f  t h e  statement t h a t  magnesium, i ron ,  aluminum 

and most of t h e  t r a n s i t i o n  metals a l so  r e a c t  w i t h  air or water with at least 
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as much violence as t h a t  of sodium. The heats of  oxide formation a r e  

recorded (4) which a t t e s t  t o  t h i s  fac t ;  however, because reac t ions  i n  these  

systems are in te r rupted  a t  one, two o r  severa l  atomic l aye r s  of  reac t ion  product 

due t o  t h e  imperviousness of t h i s  layer ,  we na tu ra l ly  and simply assume t h a t  no 

r eac t ion  has taken place,  e o  g o  t h e  mass o f  metal remains b r i g h t  and w a s  

not massively consumed. 

atomic or  molecular species  a t  t h e  in te r face ,  a metal w i t h  a chemfsorbed species  

a t  t h e  f r e e  surface,  such as water,  o r  oxide , t h e  contacting surfaces  no longer 

present  me ta l l i c  bonds t o  t h e  constructed i n t e r f a c e  and a plane of weakness i s  

developed; t h a t  i s ,  t he  adhesional forces a r e  developed between molecular o r  i on ic  

bonds i n  t h e  i n t e r f a c e  r a t h e r  than those of t h e  me ta l l i c  bonds which possess a 

r e l a t i v e l y  high shear s t rength .  One might i n t e rgec t  that  t h i s  i s  t h e  most 

des i r ab le  property of a good lubr icant  e 

Since adhesion i s  dependent on t h e  i n t e r a c t i o n  of the 

One ef the  wel l  es tzb l i shed  rules  ffi surface chemistry ind ica t e s  t h a t  t h e  

d i r e c t i o n  of chemical r eac t ions  i n  the s u r f i c i a l  l a y e r  w i l l  proceed such as t o  

reduce t h e  surface energy of t h e  system. Since f r e e  metal  surface energies  a re  

amongst t he  highest  known and the  heats of reac t ion  o f  most metals w i t h  non- 

m e t a l l i c  species  a re  general ly  la rge ,  we would expect t h a t  most f r e e  metal  

sur faces  w i l l  accumulate almost any other non-metallic atom by any mechanism 

ava i l ab le .  

Three sources or mechanisms of impurity accumulation on an i d e a l l y  c lean metal  

sur face  have been general ly  discussed; f i r s t ,  from t h e  ambient gas phase which 

can be eliminated by an inves t iga t ion  i n  u l t r a  high vacuum below lo” Torr; 

from t h e  s o l i d  phase by d i f fus ion  t o  t he  surface which can only be eliminated by 

This a l so  has been adequately subs tan t ia ted  i n  t h e  l i t e r a t u r e  ( 5 ~ ) ~  



reduction of t h e  contaminant 

sur face  creep or d i f fus ion ,  
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species i n  t h e  bulk p r i o r  t o  experiment and from 

processes along supporting components i n  phys ica l  

contact with t h e  sample under inves t iga t ion ,  

high vacuum e t h o u t  sur face  contaminants c o n s t i t u t e s  what i s  genera l ly  aceepted 

as an i d e a l  metal-vacuum i n t e r f a c e .  

A metal surface exposed t o  u l t r a  

From an experimental standpoint t h e  inves t iga t ion  of t h e  adhesion forces  

between two m e t a l l i c  bodies, having i d e a l  metal-vacuum i n t e r f a c e s  p r i o r  t o  

contact,reduces t o  an inves t iga t ion  o f  t h e  deformation of sur face  a s p e r i t i e s  

i n  order  t o  aceept t he  applied load impressed between t h e  two bodies. i . e .  

t h e  na ture  of t h e  r e a l  contact a rea  under an applfed load ,  A s  developed by 

Bowden (61, Tabor (61, Archard (71, Williamson (81, and o the r s  (9 )  t h e  morphology 

of a m e t a l l i c  sur face  under average labora tory  conditions i s  never an atomically 

f l a t  plane but  usua l ly  cons i s t s  of a multi tude of a s p e r i t i e s  t h e  shape of which 

i s  dependent on t h e  p r i o r  h i s t o r y  of t h e  sauiple. Under t h e  most f d e a i  conditions 

these  a s p e r i t i e s  e s t a b l i s h  a rounded h i l l  and va l l ey  contour i n  t h e  s ize  range 

of one micron and presumably deform during contact according t o  l a w s  developed 

through bulk deformation ana lys i s .  Surface contaminant e f f e c t s  on t h i s  deformation 

process have been proposed but as yet have not been investigated,even though 

they a r e  in t ima te ly  involved i n  a number of t h e  dynamic processes and i n  par- 

t i c u l a r  t h e  f r i c t i o n  process.  For t h e  time being, t he re fo re ,  it must be assumed 

t h a t  both clean and s u r f i c i a l l y  contaminated metal systems i n  contact expand the  

r e a l  contact a r e a  during normal loading by a r e l a t ionsh ip  t o  t h e  applied load  

i n  a similar manner, 

produces a secondary e f f e c t  on contaminated sur faces ;  t ha t  i s  t h e  s u r f i c i a l  

The a spe r i ty  deformation process during metal-metal contact 
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contaminant phase i s  mechanically dispersed i n t o  t h e  s u b s t r a t e  as 1s s o  

prevalent i n  r o l l  bonding s tud ie s  (10) where t h e  contact area i s  g ross ly  

expanded under conditions of r e s t r i c t e d  a v a i l a b i l i t y  of  contaminant, 

one would suspect t h a t  t h e  rate of contaminant phase d i s p e r s a l  would be 

dependent on t h e  amount, a v a i l a b i l i t y  and nature of t h e  cantaminant as w e l l  as t h e  

mechanism of a spe r i ty  deformation, no quan t i t a t ive  data a re  y e t  ava i l ab le  and 

none should be expected i n  t h e  immediate fu tu re  due t o  t h e  complexity a f  t h e  system 

and t h e  l imi t ed  amount of study t h a t  has d i r e c t l y  attended t h i s  problem, 

is l i t t l e  question t h a t  i n  t h e  process of f r i c t i o n ,  wear probably e n t e r s  i n  at 

t h i s  p o i n t ,  t h a t  i s  the  i n t e r a c t i o n  of two s o l i d  sur faces  t o  d isperse  b r i z t l e  

or weakly bound phases t o  expose pure subs t r a t e  ma te r i a l  along t h e  mutual 

i n t e r f a c e  which r e s u l t s  i n  metal t r a n s f e r ,  

Alzhaugh 

There 

Since t h e  purpose of t hese  inves t iga t ions  w a s  t o  c l e a r l y  charac te r ize  

t h e  process of me ta l l i c  adhesion, a t e c h n i q u e  had t o  be e s t ab l i shed  which would 

permit two surfaces of known degree of contamination t o  be brought i n t o  contact 

a t  a known normal load; and a l s o  be capd5le of t h e  de tec t ion  of  "the f r a c t u r e  

process while t h e  system i s  unloaded, I n t e r f a c i a l  o r  Junction f r a c t u r e  s t rength  

i s  t h e  only technique present ly  ava i lab le  t o  charac te r ize  t h e  s t a b i l i t y  of an 

adhesion i n t e r f a c e ,  Since, it has long been known t h a t  contaminants reduce 

m e t a l l i c  a d h e s i p  Junction s t r eng th  and t h a t  t h e  contaminant can be dispersed 

by p u t t i n g  energy i n t o  t h e  i n t e r f a c e  region, e .  g o  heat ,  p l a s t i c  flow, v ib ra t ion ,  

e t @ .  The inves t iga t ion  of adhesion immediately reduces t o  t h e  determination of 

t h e  behavior of t h e  uncontaminated pure s t a t e ,  e o g o  i d e a l  i n t e r f a c e  between two 

metals o r  a- standard s t a t e .  Thereafter,  t h e  e f f e c t  of s p e c i f i c  mounts  of 
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p a r t f c u l a r  contaminants on t h i s  pure system must be ascer ta ined ,  

An added advantage t o  such an inves t iga t ion  would be e f f ec t ed ,  i f  a 

secondary measurement could be a d d e d t o  t h e  system which has a d i r e c t  r e l a t i o n -  

sh ip  t o  t h e  character of t h e  in te r face  of t h e  contacting system, 

numerous p o s s i b i l i t i e s  f o r  such a measurement e x i s t ,  e , g ,  contact p o t e n t i a l ,  

low energy e l ec t ron  d i f f r a c t i o n ,  capacitance, thermal conductivity,  

acous t i ca l  conductivity e t c .  only contact r e s i s t ance  has been charac te r ized  (11) 

s u f f i c i e n t l y  t o  provide a simple d i rec t  method, Clear ly ,  contact r e s i s t ance  has 

numerous disadvantages; however, it is  f e l t  t h a t  as experience rn  t h i s  technique 

i s  developed it w i l l  provide far fewer disadvantages than t h e  o the r  methods 

s ince  each of t h e  techniques i s  s t ruc tu re  s e n s i t i v e  and subdent t o  the multi-  

po in t  contact problem, The cross w i r e  contact r e s i s t ance  method provides only 

t h e  i n t e r f a c e  r e s i s t ance  ( R  1 of the system as shown 

Although 

0 
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Since only t h e  ma te r i a l  i n  t h e  in t e r f ace  plane i s  involved i n  t h e  

measurement, t h e  r e s i s t ance  values are extremely s e n s i t i v e  t o  t h e  presence 

of contaminant l aye r s .  This f a c t  i s  c l e a r l y  i l l u s t r a t e d  i n  Figure 1 i n  

which t h e  contact r e s i s t ance  between s i l v e r - s i l v e r  and silver-tungsten couples i s  

examined under various conditions of surface c l ean l ines s .  I n  e f f e c t  near ly  

th ree  orders of magnitude change are experienced i n  contact r e s i s t ance  values 

between contaminated surfaces and clean sur faces ,  Since contact r e s i s t a x e  

data can be measured r ead i ly  t o  t h e  t h i r d  s i g n i f i c a n t  f i gu re  i n  t h e  milliohm 

range; and if des i r ab le ,  i n  a continuous fashion by recording techniques during 

loading processes, t h e  r e s i s t ance  measurement appears t o  be t h e  most s u i t a b l e  f o r  

cha rac t e r i za t ion  of contacting surfaces as wel l  as the adhesion process i t s e l f ,  

Earlier inves t iga t ions  (12)  have characterized the nature of e l e c t r i c a l  and 

thermal cur ren ts  through extremely small contact regions and have e s t ab l i shed  

s u i t a b l e  operating l i m i t s  such t h a t  current flow during t h e  contact r e s i s t ance  

measurement does not d i s tu rb  t h e  system under inves t iga t ion ,  Q u a l i t a t i v e  

cha rac t e r i za t ion  of t h e  na ture  of the conductivity of t he  contaminant i n  t h e  

i n t e r f a c e  l aye r  may a l s o  be made by low temperature and/or a l t e r n a t i n g  cur ren t  

r e s i s t a n c e  measurements as has been shown i n  previous inves t iga t ions  (111, 

Since contact r e s i s t ance  i s  s o  appealing f o r  t h e  cha rac t e r i za t ion  of" t h e  

sur faces  during metal contact phenomena l e t  us b r i e f l y  examine what i s  known about 

contac t  r e s i s t ance  and what f u r t h e r  information may be ex t r ac t ed  from such 

measurements Kis lu ik  (13) showed t h a t  t h e  observed contact r e s i s t ance  

(Ro) is  r e l a t e d  t o  two f a c t o r s :  
= R  + R t  Ro c - 1 
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SURFACE C O N D I T I O N S  OF 40 M I L  METAL SAMPLES 

Figure 1 Contact Resistance as a f'unction of surface cleanliness 
for silver-silver and silver-tungsten couples under a 
one gram load. 
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4 

where R 

of t h e  l i n e s  of force  through a m e t a l l i c  neck region and Rf is t h e  r e s i s t ance  

due t o  the  r e s i s t ance  of a contaminant film o r  t h e  increase  i n  conductive pa th  area 

is c a l l e d  a cons t r i c t ion  resfstance o r  t h a t  due t o  t h e  narrowing 
C 

due t o  tunneling e f f e c t s .  If contact r e s i s t ance  of an i d e a l l y  clean sur face  

system i s  involved, Rf may be assumed q u i t e  s m a l l  (11) and neglected without 

s e r ious  e r ro r .  

For a s ing le  contact po in t  t h e  cons t r i c t ion  r e s i s t ance  (R ) w a s  shown 
C 

by Holm (11) t o  be: 
R = p  

c -  
2a 

2 

where 

a s i n g l e  contact i n  centimeters.  

p i s  t h e  bulk r e s i s t i v i t y  of the m e t a l  (ohm-cm) and a- i s  t h e  r ad ius  of 

Recently Greenwood ( 1 4 )  explored t h e  e f f e c t  of 

mul t icontac t  po in t s ,  e.g, a s p e r i t y  e f f e c t s ,  i n  t h e  contact zone on t h e  c o n s t r i c t i o n  

r e s i s t ance .  The r e l a t ionsh ip  w a s  reported as a r a t i o  between t h e  &pea of contact 

as given by Holm's equation (A ) t o  t h a t  of t h e  real  a r e a  ~f contact (A 1 I n 

and may be expressed as 

3 

where n i s  t h e  number of contact points involved i n  t h e  r e a l  contact a r ea ,  By 
2 2 

suBs t i tu t ing  i n t o  equation 3 both Holm's r e l a t i o n s h i p  (AI = IIa = II ( e 
and a very elementary expression for  the  increase  i n  t h e  r e a l  area as t h e  load  

) 
2Rc 

W 
i n  t h e  system i s  increased presuming only p l a s t i c  deformation o r  (AN = - 3Y 1, 

where W is t h e  impressed load  and x t h e  y i e l d  poin t  of t h e  metal involved i n  

t h e  contac t  a r e l a t ionsh ip  between contact r e s i s t ance  and load  i s  achieved 

R = 1.3N- 1/4y1/2p w-1/2 0 
C 

4 
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equation l) Equation 4 i nd ica t e s  t h a t  the observed contact r e s i s t ance  (R 
0 ,  

between two clean metal sur faces  i s  r e l a t e d  t o  t h e  r ec ip roca l  of t h e  square 

root  of t he  load  through t h r e e  variables;  1) number of contact po in t s  ( n )  

2 )  y f e l d  poin t  ( y )  of t h e  material i n  t h e  s u r f i c i a l  region 3) conductivity 

( l / p )  of the  ma te r i a l  i n  t h e  s u r f f c i a l  region, Let us consider each var iab le  

and i t s  p a r t i c u l a r  r e l a t ionsh ip  t o  the loading and unloading of' two i d e a l l y  

clean crossed rods of about 60 m i l l s  diameter i l z  a normal clean adhesion experi- 

ment, I n  t h e  case of s i l v e r  couples and assuming a l l  o the r  va r i ab le s  constant,  

t h e  e f f e c t  of t h e  number of contact po in ts  under a one gram load i s  i l l u s t r a t e d  

i n  Figure 2. The va r i a t ion  i n  contact po in t s  changes t h e  contact r e s i s t ance  

from 1 t o  30 by about a f a c t o r  of two which i s  qu i t e  neg l ig ib l e  when compared 

t o  t h e  e f f e c t s  of gross contamination, This e f f e c t  appears even l e s s  consequential 

when one considers t h a t  at a one gram load t h e  contact rad ius  i s  only about 

two microns, Since t h e  number o f  a s p e r i t i e s  for a me ta l lu rg ica l ly  polished 

and etched sur face  l i e s  somewhere i n  t h e  region of 20-30 f o r  t h i s  a rea ,  one would 

suspect t h a t  t h e  number of contact po in ts  would be about t h i s  value.  

Metal wire samples examined by metallographic techniques a f t e r  exposure t o  

s eve ra l  argon ion  bombardment cleaning and u l t r a  high vacuum annealing cycles usua l ly  

produced an average of 20-30 asper i ty  contac ts  per u n i t  a r ea  ( 2 1 ~ -  r a d i u s ) ,  

Williamson ( 1 5 )  i n  describing t h e  r e a l  contact a r ea  of bead b l a s t ed  aluminum 

sur faces  i l l u s t r a t e d  t h a t ,  during loading t h e  number of contact po in t s  with load  

var ied  r ap id ly  t o  some poin t  at which t h e  number of contact po in t s  remained 

remarkably constant as t h e  load  increased, 

a s p e r i t i e s  expanded ,satell i te a s p e r i t i e s  i n  t h e  adjacent a reas  were captured 

This w a s  r a t i o n a l i z e d  as the  major 
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( l o s s  of one p o i n t )  a t  a r a t e  very close t o  t h a t  a t  whizh new regions were 

brought i n t o  contact  (gain one point)  

t o  increase rap id ly  during the  very l i g h t  loading s tages  of contact and becme 

r e l a t i v e l y  constant u n t i l  gross  p l a s t i c  deformation consumes the  e n t i r e  contact  

region which takes  place a t  some point near 10% deformation, 

The value is therefore ,  could be exljeeted 

Figure 3 examines the e f fec t  of t h e  assumed number of contacts  ( n >  on 

a t h e o r e t i c a l  curve of contact res is tance versus load f o r  high p u r i t y  i r o n ,  

Curve A-B assumes only one point  contact,  

increasing the  number of contact points as t h e  load is increased, 

of A-B i s  -1/2 as indicated by the  equation; and t h a t  of C-D i s  l a r g e r  than 

- l / 2 ”  

1,O gm; and t h e r e a f t e r ,  remains constant,  curve AFD i s  produced, I n i t i a l l y  

a very s teep  s lope;  and t h e r e a f t e r ,  a -1/2 s l ~ p e ,  

d e t a i l  l a t e r ,  

Curve C-D assumes ccnt inua l ly  

The s lope 

If w e  assume t h a t  t h e  number of contac ts  i s  one to 0 - 5  g m  and 30 a t  

Such w i l l  be i l l u s t r a t e d  i n  

The e f f e c t  of changing the value of t h e  yield poin t  value for  s i l v e r  under 

a one gram load with a l l  o ther  var iables  constant i s  shown i n  Figure L o  

y i e l d  poin t  may be increased by work hardening e f f e c t s  during compression 

and/or t h e  absolute value f o r  t h e  metal under inves t iga t ion  may not be p rec i se ly  

known f o r  the  condition of the  sample under t e s t .  Under e i t h e r  condi t ion t h e  

e f f e c t  i s  not grossly s ign i f i can t  t o  t h e  o v e r a l l  i n t e rp re t a t ion  of one contact  

The 

r e s i s t ance  versus loading curve during one cycle ,  i , e ,  loading and unloading, 

s ince  each poin t  i s  r e l a t e d  t o  t h e  p r io r  po in t  plus  some small increment hY due 

t o  work hardening e f f ec t s ,  I n  t h e  overa l l  problem of placing r e s i s t i v i t y  data 



SWHO 177 i W - 3 3 N V l S i S 3 8  13VlN03 

. 



il  

a? 
II 

t 
\ - 
0 
rc, 

I I I I I I 3 b Lo In d rc, cu - 
0 0 0 0 0 0 0 

S ~ H O l l l l W  33NNlS 1S3U 13WlN03 

r i l  

a 
0 
-1 

2 
a 
IE: 
(3 

> n z  



12 

on an absolute sca l e ,  however, t h i s  may w e l l  cause a number of problems i n  

i n t e rp re t a t ion  ., 

The r e s i s t i v i t y  of t he  metal increases with t h e  degree of work hardening, 

however, due t o  t h e  low value of the r e s i s t i v i t y  pe r  centimeker of d i s loca t lon  

l i n e  (2xlO-l’ ohm-cm) and t h e  exceedingly s m a l l  contact area t he  change would 

not be expected t o  be s ign i f i can t .  

This po in t  i s  emphasized by the examination of t he  contact r e s i s t ance  

versus unloading behavior s ince  during t h i s  phase t h e  forces  a t  t h e  in t e r f ace  

w e  changed, causing d is loca t ion  l i ne  movements; however, exceastve contact  

r e s i s t i v i t y  changes a r e  not  evident as w i i l  be shown l a t e r ,  

I n  conclusion, therefore ,  during one p a r t i c u l a r  experiment as the  load 

between two contacting metal surfaces i s  increased i n  a continuous f a s h i m ,  the 

relative contact  res i s tance  value wou ld  de tec t  i n t e r f a c i s 1  changes i n  contact 

radius  equivalent t o  l e s s  than  0.05 p provided t h a t  we make the reascnable 

assumption that between a load o f  1 .01  grams and l , 0 2  grams the  values of 

r e s i s t i v i t y ,  y i e l d  point and the number of contact pc in t s  do not change, 

Su f f i c i en t  data has not ,  as y e t ,  been accumulated t o  r e l a t e  t he  absolu-te R 

t o  t h e  absolute contact a r ea ,  Precipitous changes i n  any of the  var iables  would 

be r e a d i l y  detected as major discontinuations i n  observed curves,  

occur a t  extremely l i g h t  loads o r  under p a r t i c u l a r  contaminated condi t ions,  

c 

Such cnly 

Before considering the  da ta  obtained from the  study of various m e t a l  

systems and spec i f i c  contaminants l e t  u s  b r i e f l y  examine t h e  apparatus develop- 

ed i n  t h i s  laboratory f o r  experiments exploring these  r e l a t ionsh ips ,  Figure 5 
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shows t h e  t y p i c a l  adhesion c e l l  used f o r  u l t r a  high vacuum adhesion studies 

by automatically loading crossed wire samples and cont inual ly  p l o t t i n g  on 

an X-Y char t  t he  va r i a t ion  i n  contact r e s i s t ance  with the  va r i a t ion  load ,  

The 50 mm O.Db x 300 mm pyrex adhesion c e l l  shown i n  Figure 5 w a s  

a f f ixed  t o  t h e  vacuum system iso la t ion  valve by means of a 40 mm pyrex- 

metal  conf la t  f lange,  which a l s o  supported side-arms f o r  t h e  t i tanium sorpflan 

pump (F) and t h e  argon gas supply (GI. 

f lash ing  of t h e  wire immediately a f t e r  bakeout, t he  s m a l l  t i tanium pump could 

maintain the  adhesion c e l l  pressure below lo-' Torr vhen the  i inch i s o l a t i i n  

valve w a s  closed t o  prevent o i l  contamination. Several  20 c:: pyrex s t s r age  

c e l l s  were f i l l e d  with spectrographically pure argon or  contaminant gases and 

i s o l a t e d  from t h e  UHV system by glass  break-off s e a l s  t h a t  could be broken 

with an i ron  s lug  when argon pressure w a s  desired.  

Upon shorough degassing and p a r t i a l  

The pressure i n  the  adhesion c e l l  w a s  measured by a Redhead Gage (NHC 

Type 752 ) (E)  mounted on a 25 mm pyrex tube of low conductance i n  l i n e  of s i g h t  

with t h e  samples, 

An alumina tube acted as a tors ion  balance beam and w a s  supported by an 

aluminum bracket on a tungsten wire at t h e  balance po in t ,  

steel support rods were welded t o  the conf l a t  f lange t o  support t h e  tungsten 

wire between them i n  a hor izonta l  posi t ion.  The conf la t  f lange d s o  supported 

two l 2 , 5  mm. Pyrex-kovar through-seals f o r  fi lament leads  and power leads  t o  

the  i r o n  sample ( C )  mounted on t h e  beam. 

beam at  the  end opposite from the  sample, 

beam t o  be moved and thereby posi t ion t h e  sample on t h e  bean r e l a t i v e  t o  t h e  f lxed  

Two 5 " O  mm s t a i n l e s s  

A magnetic rod w a s  f ixed  t o  t h e  to r s ion  

This magnetic r3ii allowed t h e  to r s ton  
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simple, 

ion bombardment, Also f ixed  a t  t h e  end of the  beam opposite t he  sample w a s  an 

i s o l a t e d  support wire f o r  t h e  150 mm nude 0.023 mm constantan s t r a i n  gage wire (D), 

The lower end of t h e  s t r a i n  gage wire held a second magnetic rod ( I ) ,  through which 

a load w a s  applied t o  t h e  samples by a solenoid (K) outside t h e  system, 

ex terna l  leads t o  t h e  s t r a i n  gage entered through a side arm mounted glass- 

metal s e a l .  

A maximum separat ion of about 30 mm could be achieved during argon 

The 

During 8 normal adhesion cycle the  samples were brought i n t o  proximity 

by 

on t h e  end of t he  to r s ion  beam such t h a t  about one mm separat ion remained 

between the  two samples, 

samples i n t o  contact ;  a t  the  end o f t h e  loading 

force  w a s  ava i lab le  t o  cause f rac ture  i f  adhesion occurred, The load 3n t h e  

contacted samples w a s  appl ied by varying the  l i n e  hiput to &ri Electi-3 DC 

power supply between zero and 110 volts ,  w h i l e  t he  power supply output w a s  set 

a t  a predetermined vol tage corresponding t o  a solenoid f i e l d  necessary t o  

e s t a b l i s h  a desired peak load. 

a va r i ac  with a synchronous motor which reversed a t  t h e  110 v o l t  point  and 

reduced t h e  voltage l i n e a r l y  t o  zero. 

of 1.62 gms/min during a normal adhesion cyc le ,  

ad jus t ing  t h e  ex te rna l  permanent magnet (H) r e l a t i v e  t o  the  magnetic rod 

In  t h i s  configuration a load w a s  appl ied t o  br ing t h e  

cycle t h i s  residual. separat ion 

This solenoid input  power w a s  var ied  by dr iv ing  

The load w a s  appl ied and removed a t  a r a t e  

The s t r a i n  gage de tec tor  consisted of a Sanborn-Model 312 t ransducer  

ampl i f ie r  ind ica tor  with the  smallest d iv is ion  i n  t h i s  system corresponding t o  

0,02 gms, readable t o  within - 0,010 gms. After  each s e r i e s  of adhesion runs + 



. 

t h e  s t r a i n  gage - lhass r e l a t ionsh ip  was ca l ib ra t ed  through t h e  0-5 ~ I U  range 

of operat ion by replacing t h e  f ixed  upper sample w i t h  a ca l ib ra t ed  force t rans-  

ducer. 

t o  a known load. 

o r  f r i c t i o n ,  which could a r i s e  i f  the gage were c a l i b r a t e d  a f t e r  removal from 

t h e  system o r  by other  i n d i r e c t  techniques. 

measurement w a s  found t o  be - 0.010 gm. 

s tudies  were made of the  automatic loading p r o f i l e  during the  

The readings of the s t r a i n  gage ampl i f ie r  were then compared d i r e c t l y  

This eliminated any question of va r i ab le s ,  such as beam f lex ing  

The range of s e n s i t i v i t y  of t he  mass 
+ 

Numerous 

s tandardizat ion procedure, i. e.  when t h e  standardized force  transducer replaced 

t h e  f ixed  sample. 

312 t ransducer  amplif ier  as t h e  input t o  the  "y" funct ion of 

and following t h e  cyc l ic  v a r i a t i o n  with time. 

p e r f e c t  sawtooth curve with a s lope of 1.42 gms/min. 

from t h i s  shape were encountered. 

This was accomplished by placing t h e  output from the  Sanborn 

an "x - y" recorder ,  

The load  was  applied i n  a near 

No s ign i f i can t  va r i a t ions  

The torsion beam arrangement was designed f o r  pure normal loading. The 

objec t  being t o  reduce shear deformation i n  the  i n t e r f a c e  of t he  adhesion couple 

t o  a min imum during loading, since small t angen t i a l  movement can rupture  the  

contaminant fi lms. 

unavoidable v ibra t ion .  

condi t ions,  these  v ibra t ions  could be observed as an i n s t a b i l i t y  i n  t h e  contact 

r e s i s t ance  reading. 

The only tangent ia l  motion arose from very s m a l l ,  but  

Under very l i g h t  loading ( e  30 mg) and non-adhesive 

Numerous adhesion cycles from zero load t o  peak load  were made at  peak loads 

between 0.03 gm. t o  6.0 gms. i n  s teps  of about 0.03 gm f o r  each change of 

sur face  s t a t e  experienced by a sample. That is  how t h e  da ta  f o r  Figure 1 w a s  
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obtained as w e l l  as t h a t  f o r  t h e  other systems inves t iga ted  t o  da te ,  

s i l v e r - s i l v e r ,  s i lver- tungsten,  s i lver -n icke l ,  copper-nickel, t i tanium-titanium, 

molybdenm-molybdenum, iron-iron (65 ppm carbon), and i ron-iron (ul t ra  pure) ., 

e ,g ,  

Figure 6 i l l u s t r a t e s  two d i s t i n c t  types of curves which have been observed 

t 

i n  a l l  of t hese  inves t iga t ions  and which a c t  as one method of charac te r iza t ion  

of m e t a l l i c  adhesion and t h e  e f f e c t s  of contaminant l aye r s .  

samplesrff t he  ccntact  res i s tance  (e.g.  r e l a t e d  t o  t h e  contact area) remains 

constant  a s ign i f i can t  Junction s t rength has been es tab l i shed  along the  in t e r f ace ;  

t ha t  i s ,  e l a s t i c  compressive s t r e s ses  accumulated i n  t h e  contact zone can not 

r e tu rn  t h e  in t e r f ace  t o  i t s  o r i g i n a l  c y l i n d r i c a l  shape, When contaminants a r e  

present ,  however, or a @me of weakness e x i s t s  along the  i n t e r f a c e ,  the  contact  

a r ea  p e r  u n i t  load is  completely revers ib le  such as shown i n  the upper curve 

demonstrating the  e f f e c t  of re leased e l a s t i c  s t r e s s e s .  Actual data d i s t i n c t i v e l y  

i l l u s t r a t e  these  f a c t s  and t h e  p o s s i b i l i t y  of some intermediate cases as shown 

i n  Figures  7 and 8. F i g u ~ e ~ g  illustrates a d i r e c t  reproduction of an X-Y p l o t  

of an adhesion cycle.  Figures 10 and 11 a r e  taken from the  s tud ie s  on Fe-Fe 

contaminated with 65 ppm carbon which i l l u s t r a t e  the r ep roduc t ib i l i t y  of t h e  

experimental data .  

of contact  r e s i s t ance  versus load (as shown i n  Figure 9 )  by means of t h e  da t a  poin ts  

shown, This i s  the  only s ignif icance of these  poin ts .  The observed contact 

r e s i s t ance  i n  Figures 10 and 11 i s  s ign i f i can t  s ince  i f  we apply t h e  u l t r a  pure 

i ron  d a t a  t o  our t h e o r e t i c a l  equation k we obta in  a curve which i s  about two 

orders  of magnitude 

Upon unloading t h e  

Each curve w a s  t r ans fe r r ed  from a continuous X-Y recording 

lower i n  Rc than i s  shown. The surface cleaning treatment 
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of t h e  impure i r o n  metal samples should, according t o  all previous work on 

metal samples of T i - T i ,  Mo-Mo, e t @ ,  , produce c lean  sur faces  providing r a t h e r  

s t a b l e  adhesion Junctions,  Furthermore, numerous repeated cleaning cycles 

d id  not produce a lower contact res i s tance  as w a s  observed i n  the  cases of  

T i  and Moo Applying t h e  known values for t h e  r e s i s t i v i t y  ( g O T  p c m ,  and y f e l d  

poin t  ( 2 , 5  Kg/mm 1 of pure i ron  t o  the t h e o r e t i c a l  equation and assuming a 

probable number of contact change 

2 

( c f .  Figure 3 ) ,  t h e  lower ha l f  of Figure 1 2  

w a s  developed. Curve 30 from Figure 10 i s  shown r e l a t i v e  t o  a secmd t h e o r e t i c a l  

curve ( A ' F ' D ' )  displaced two orders  of magnitude hfghey, It w a s  assumed a t  

t h i s  time t h a t  sur face  contamination by bulk d i f fus ion  t o  t h e  surface l a y e r s  caused 

t h i s  discrepancy, For example, if carbon accumulated i n  the  s u r f i c f a l  l a y e r s  t o  

a concentration near t h a t  of normal cast i r o n  t h e  r e s i s t i v i t y  would be about 

an o rde r  of magnitude higher as would t h a t  of t h e  y i e l d  pofnt of t he  s u r f i c i d  

system, Dissolved oxygen o r  nitrogen might a l s o  cause t h e  same phenomena, I n  

my event, t h e  d a t a  f rm run 30 e t e , ,  i nd ica t ed  t h a t  a surface contaminant was 

present  and pure i ron  w a s  not involved. 

s t r eng th  adhesion, a f u r t h e r  case f o r  contamination, Recently duping t h e  

The i n t e r f a c e  d id  G o t  i nd ica t e  bulk 

inves t iga t ion  of ultra pure iron these observations were confirmed as were t h e  

genera l  p red ic t ions  of contamination and contact r e s i s t ance .  Several  data po in t s  

from u l t r a  pure i r o n  a r e  compared t o  t h e  t h e o r e t i c a l  curve of pure i r o n  i n  

Figure 13. 

a t  l ~ l O - ~  Torr and a t  room temperature f o r  l e s s  than t en  minutes and t h e  contact 

r e s i s t a n c e  rose from 6 milliohms t o  g rea t e r  than an ohm under 

The pure i ron  system with clean sur faces  w a s  contaminated with oxygen 

a one gram load ,  
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A number of fu r the r  s ign i f icant  f ea tu re s  ought t o  be considered i n  the  

c h a r a c t e r i s t i c  shape of t he  runs 30 - 33 (Figure 10). 

at  l i g h t  loads seems t o  have a slope (log-log p l o t )  i n  t he  range of -2 

changes t o  about -0.4 as the  load  i s  increased t o  about 1 .6  - 1.7 

The deformation prccess  

which 

gms. A t  some 

poin t  g rea t e r  than 2,5 gms t h e  slope again changes t o  a value of -O,l5 o r  l e s s ,  

The degree of s c a t t e r  f o r  about 50 cycles can be shown approximately 

+ 
Stage I -2 - 0.5 slope 

Stage I1 -0.4 - 0.1 
Stage I11 0.15 - 0.05 

+ 
+ 

During unloading, R remains constant t o  a poin t  of about 1.3 grams con- 
0 

t a c t  fo rce ,  a t  t h i s  load the  s t a b l e  junct ion d i s in t eg ra t e s  t o  a contact  

r e s i s t ance  value approximating t h e  loading value of R 

loading cycle. This aspect w i l l  be discussed l a t e r  based on t h e  load  deformation 

mechanisms 

as measured during t h e  
0 

A cornperison of the  theo re t i ca l  curve shown i n  Figure 3 is made w i t h  run 

30 from Figure 10 i n  Figure 12 ,  where afdd'  i s  a reproduction of t h e  observed 

run 30. Also p l o t t e d  on Figure 12  is a curve A'F'D' which represents  a two order 

of magnitude displacement of curve A-F-D t o  a higher r e s i s t ance ,  For now, t h i s  

displacement can be considered as simply t h e  change i n  bulk r e s i s t i v i t y  of t he  

i ron  concerned from 9.7 ~ 5 2  -cm t o  97 ~ 5 2  -cm and a change i n  y i e l d  point  of from 

2.5 Kg/m 

orders  of magnitude. Since the s h i f t  i n  pos i t i on  of A-F-D t o  A'FsD' does not 

2 2 (3.5 K s i )  t o  10.0 Kg/mm (14. K s i )  which w i l l  account f o r  t h e  two 

e f f e c t  the slope of t h e  t h e o r e t i c a l  curves, l e t  us compare t h e  s lopes with t h e  

observed curve afdd' 



. 

The slope of t h e  t h e o r e t i c a l  curve between A-F i s  apprcxfmately -2 or 

t h a t  of t h e  observed data between a-f; f ir thermore,  very high slopes were 

observed under very l i g h t  loads f o r  nearly a l l  of t h e  150 runs conducted 

i n  t h i s  p a r t i c u l a r  investigation, 

( A ' )  t o  many (F') was a r b i t r a r i l y  chosen as 0.5 gms. and 1 . 0  gms, t h i s  could 

a l s o  have been equally wel l  chosen t o  coincide with t h e  observed curve (a-f). 

The s lope  between fd on t h e  observed curve l i e s  i n  the range -0 ,b which i s  

somewhat l e s s  than predic ted  i n  F'D' (-0,5) 

discuss ion  of Figure 12, it i s  evident t h a t  i f  t h e  number of a s p e r i t f e s  i n  contact 

were increasing, t h e  deformation slope w i l l  a l s o  increase  i n  a similar continuous 

manner. Since t h e  observed slope (f-d) i s  l e s s  than t h a t  ca lcu la ted  at 

and i s  l i n e a r ,  t h e  d i f fe rence  cannot be a t t r i b u t e d  t o  a continuous change i n  the  

number of contacting a s p e r i t i e s .  Since r e s i s t i v i t y  does not vary s i g n i f i c a n t l y  

with pressure,  t h e  va r i a t ion  between f and d m i g h t  be accounted f o r  by break- 

throughs i n  a contaminant layer; however, such breakthroughs would abruptly 

decrease t h e  contact r e s i s t ance  also causing non-linear increase  i n  slope,  

Since t h e  change from a f e w  a spe r i ty  contac ts  

FrDm t h e  previous equations and the  

d 
-0,5 

again not i n  accord with t h a t  observed. Variation i n  t h e  y i e l d  po in t  could 

s h i f t  the  curve i n  t h e  proper d i rec t ion ;  however, one would again expect a loss  

i n  l i n e a r i t y  which i s  not observed, 

The t h r e e  most l i k e l y  explanations f o r  t h e  smaller s lope  are: 

a ,  That t h e  deformation process of t h e  a s p e r i t i e s  i s  a 

mixture of e l a s t i c  ( s lope  -0.33) and p l a s t i c  ( s lope  -0,501 

processes.  

b ,  That surface creep i s  superimposed on t h e  deformation curve, 

c ,  Surface contaminants have modified t h e  ove ra l l  deformation process,  

Creep w a s  observed t o  expand the contact a r e a  over a s i g n i f i c a n t  period of 
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time, as i s  repor ted  l a t e r ,  

The s m a l l  s lope (-0-15) observed between d and d s  i s  a l s o  a c h a r a c t e r i s t i c  

observed i n  Figure 10.  

i , e ,  where t h e  i n t e r a c t i o n  between a s p e r i t i e s  has ceased except f o r  creep md 

bulk e l a s t i c  support of t h e  load  has ensued. 

t h a t  t h e  slope of t h e  

t h e  work hardening of t h e  a r e a  t e s t ed ,  

adhesion curve (Figure 10) a l s o  var ies  between 0.05 and 0,15m 

Stage I11 may s i g n i f y  t h e  beginning of bulk phenomena, 

It i s  i n t e r e s t i n g  to note 

creep curves va r i e s  between 0.05 and 0 ~ 8  depending on 

The slope of t h e  l as t  po r t ion  of t h e  

Although t h e  prime purpose of these inves t iga t ions  was not intended t o  

include t h e  process of creep i n  t h e  formation of an i n t e r f a c e ,  preliminary 

s t u d i e s  were i n i t i a t e d .  A s ign i f i can t  amount of creep was observed i n  t h e  

loaded in t e r f ace  a t  room temperature, e ,g .  0,17 T 

carbon couples. 

growth" of two contacting surfaces 

between iron-iron 65 ppm 
mP 

This process corresponds t o  what has been described as "junction 

subQected t o  a lo%d f o r  a period cf +,;me, 

The creep process also lends credence t o  t h e  proposed model of rough 

sur face  contact phenomena, i . e ,  p l a s t i c  deformation of a s p e r i t i e s  as micro- 

deformation and e l a s t i c  o r  p l a s t i c  macro-deformation, Creep had not been 

considered previously f o r  two bodies i n  e l a s t i c  (macro) contact s ince  it w a s  

thought t h a t  t h e  p l a s t i c i t y  of t h e  material must be involved i n  t h e  creep process,  

We can now consider t he  creep process of t h e  a s p e r i t i e s  which were p l a s t i c a l l y  

deformed, even though t h e  bulk e l a s t i c  po in t  had not been exceeded, 

A b r i e f  ana lys i s  of t h i s  process w i l l  i l l u s t r a t e  t he  p o s s i b i l i t i e s  of a study 

of creep i n  a more d e t a i l e d  manner. Consider a r e l a t ionsh fp  similar to t h a t  
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developed i n  equation 4. 

time, Tabor (16) has shown t h a t  

If t h e  t rue  a r e a  ( A  ) i s  s tudied  as a function of n 

p I v = w  - 
P Equation 1 2  

where W i s  t h e  load  and P i s  the  y ie ld  pressure i n  hardness s t u d i e s ,  

Furthermore, P i s  r e l a t e d  t o  t i m e  (t) by 

-l/m P = A l t  

where 

A = system constant 

Q = Activatfon energy of creep 

5 

R = Universal constant 

T = Absolute temperature 

M = Mechanical deformation c o n s t a t ,  

by substitution 
- l / m  

4v = W/A1t 
Equation 13 

By proceeding as i l l u s t r a t e d  i n  the  development of equation 4 and making use 

of t h e  t i m e  dependent equation w e  a r r ive  a t  a r e l a t ionsh ip  between R and t o  
C 

-1/2m R = A2t  
Equation 1 4  C 

where 

A2 = II p 
2 

WA1 = constant 
- 

5.6n 1 / 4  

= Bulk r e s i s t i v i t y  

n = Number of contact po in t s  

W = Load 
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By choosing t h e  load  i n  t h e  creep experiment t o  exceed the  load  (1.3 gm) 

where t h e  number of contact po in t s  become constant,  time becomes the  only magor 

va r i ab le  i n  t h e  expression, 

range from -0.2 f o r  t h e  new contact po in t s  and -0.05 f o r  t he  multi-contact 

po in t s .  

d u c t i l e  deformation process and 1 0  for t h e  work hardened process,  

values a re  cons is ten t  with values suggested by Tabor. 

The observed slopes of numerous creep curves 

This suggests t h a t  t h e  value of E m u s t  vary between 2,5  f o r  t h e  

These 

The creep inves t iga t ions  were not intended t o  be exhaustive; and therefore ,  

t h e  only va l id  conclusion t h a t  can be drawn from t h e  data and co r re l a t ions  i s  

t h a t  a technique has been developed which shows much promise f o r  t h e  study of 

i n t e r f a c i a l  deformation phenomena, The technique could a l s o  poss ib ly  develop 

t h e  mechanism of contaminant l a y e r  - r e a l  sur face  deformation 

we l l  as t h e  a c t i v a t i o n  energy for creep i n  t h e  surface l aye r s  of various s t a t e s  

of contamination. 

processes,  as 

I n  conclusion t h e  evidence presented c e r t a i n l y  demonstrates t h a t  a technique 

has been devised which aids 

inc luding  deformation processes, adhesion and adhesion junction f r a c t u r e ,  The 

ana lys i s  of t h e  observed data strongly ind ica t e  t h a t  contact r e s i s t ance  

measurements can be considered i n  d e t a i l  i n  a manner r e l a t i v e  i n  one adhesion 

cyc le  but a g rea t  deal of caution must be used t o  ex t rapola te  these  analyses 

t o  absolu te  values even though such a n  ex t rapola t ion  would be most des i r ab le ,  

Ce r t a in ly  more in tens ive  s tud ie s  would supply the  secu r i ty  necessary t o  make these  

ex t rapola t ions  and provide even more d e t a i l s  of s u r f i c i a l  behavior. 

t h e  so lu t ion  of t h e  creep problem in  t h e  contact zone a t  zero load  is genera l ly  

i n  the cha rac t e r i za t ion  of s u r f i c f a l  phenomena 

For example, 
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. 

recognized as "neck growth" i n  powder compacting problems and has never been 

examined under conditions of l imi ted  o r  cont ro l led  contamination, 

d i f fus ion  i s  the  fundamental parameter which i s  involved i n  t h i s  process,  

Cer ta in ly  o the r  processes will become involved as t h e  explora t ion  of t h i s  

research a rea  expands, 

Surface 

J 
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