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ADBESION, FRICTION, AND WEAR OF BINARY ALLOYS I N  
CONTACT WITH SINGLE-CRYSTAL SILICON CARBIDE 

by Kazuhisa Miyoehi and Donald H. Buckley 

ABSTRACT 

S l i d i n g  f r i c t i o n  exper iments  were conducted w i t h  v a r i o u s  i ron-base  
a l l o y s  ( a l l o y i n g  e lements  were T i ,  C r ,  Mn, N i ,  Rh, and W) i n  c o n t a c t  wi th  a  
s i n g l e - c r y s t a l  s i l i c o n  c a r b i d e  {0001) s u r f a c e  i n  vacuum. R e s u l t s  i n d i c a t e  
a t ~ m i c  s i z e  m i s f i t  and c o n c e n t r a t i o n  of a l l o y i n g  e lements  p l a y  a  dominant 
r o l e  i n  c o n t r o l l i n g  adhesion,  f r i c t i o n ,  and wear p r o p e r t i e s  of i ron-base  
b i n a r y  a l l o y s .  The c o n t r o l l i n g  mechanism of t h e  a l l o y  p r o p e r t i e s  i s  a s  an  
i n t r i n s i c  e f f e c t  invo lv ing  t h e  r e s i s t a n c e  t o  s h e a r  f r a c t u r e  of cohes ive  
bonding i n  t h e  a l l o y .  The c o e f f i c i e n t  of f r i c t i o n  g e n e r a l l y  i n c r e a s e s  wi th  
a n  i n c r e a s e  i n  s o l u t e  c o n c e n t r a t i o n .  The c o e f f i c i e n t  of f r i c t i o n  i n c r e a s e s  
a s  t h e  so lu te - to - i ron  a tomic r a d i u s  r a t i o  i n c r e a s e s  o r  d e c r e a s e s  from un- 
i t y .  Al loys  having h i g h e r  s o l u t e  c o n c e n t r a t i o n  produce more t r a n s f e r  t o  
s i l i c o n  c a r b i d e  t h a n  do a l l o y s  having iow s o l u t e  c o n c e n t r a t i o n s .  The chemi- 
c a l  a c t i v i t y  of t h e  a l l o y i n g  element i s  a l s o  a n  important  parameter  i n  con- 
t r o l l i n g  adhes ion  and f r i c t i o n  o f  a l l o y s .  

INTRODUCTION 
0 
m 
w S i l i c o n  c a r b i d e  i s  widely used a s  a n  a b r a s i v e  f o r  i n d u s t r i a l  g r ind ing .  " However, because  t h e  s u r f a c e  i n t e r a c t i o n s  invo lved  a r e  s o  complex, o u r  know- 

l e d g e  of t h e ' i n d u s t r i a l  g r i n d i n g  i s  l i m i t e d .  A b e t t e r  unders tand ing  of t h e  
fundamental  behavior  o f  s i l i c o n  c a r b i d e  d u r i n g  t h e  p rocess  o f  g r i n d i n g  
shou ld  a l t e r  improvements i n  i t s  e f f i c i e n c y  by p rov id ing  a  more j u d i c i o u s  
s e l e c t i o n  of m a t e r i a l s ,  l u b r i c a n t s ,  and o p e r a t i n g  parameters .  

Fundamental s t u d i e s  on t h e  s u r f a c e  i n t e r a c t i o n s ,  t h a t  i s ,  t h e  f r i c t i o n  
and wear behav ior  of s i l i c o n  c a r b i d e  shou ld  commence w i t h ' c l e a n  s u r f a c e s  of 
comparat ively  s imple ,  p u r e  m e t a l s  a d  b i n a r y  o r  t e r n a r y  a l l o y s .  

The p r e s e n t  a u t h o r s  have conducted e x p e r i m e n t a l  s t u d i e s  t o  determine 
t h e  t r i b o l o g i c a l  p r o p e r t i e s  of s i n g l e - c r y s t a l  s i l i c o n  c a r b i d e  i n  c o n t a c t  
w i t h  c l e a n  s u r f a c e s  of pure  m e t a l s  i n  vacuum ( r e f .  1 ) .  It i s  very  important  
t o  g a i n  a  b e t t e r  fundamental  unders tand ing  o f  t r i b o l o g i c a l  p r o p e r t i e s  of 
s i l i c o n  c a r b i d e  s l i d i n g  a g a i n s t  a l l o y s .  Because i t  i s  w e l l  known t h a t  t h e  
presence of s m a l l  amounts of a l l o y i n g  e lements  i n  a l l o y e d  m e t a l s  c a n  marked- 
l y  a l t e r  t h e i r  s u r f a c e  a c t i v i t y  ( r e f s .  2 t o  4 ) .  . The a u t h o r s  a l s o  found t h a t  
s m a l l  c o n c e n t r a t i o n s  o f  chromium i n  i?:on r e s u l t e d  i n  an  i n c r e a s e  i n  t h e  ad- 
h e s i o n  and f r i c t i o n  of t h e  a l l o y s  c o n t a c t i n g  s i l i c o n  c a r b i d e  ( r e f .  5 ) .  The 
e x a c t  r o l e  of a l l o y i n g  e lements  i n  t h e  adhes ion ,  f r i c t i o n ,  and wear of 
a l loy-ceramic c o n t a c t s  was n o t  c l e a r l y  r e v e a l e d  i n  r e f e r e n c e  5, because of 
t h e  smal l  s e l e c t i o n  of a l l o y i n g  elements.  

On t h e  o t h e r  hand, t h e  a tomic s h e  and c o n c e n t r a t i o n  o f  t h e  a l l o y i n g  
e iement  a r e  extremely important  f o r  t h e  abras ive-wear  and f r i c t i o n  behavior  
of iron-base b inary  a l l o y s  i n  c o n t a c t  w i t h  s i i i c o n  ca rb ide .  The c o e f f i c i e n t  



of  f r i c t i o n  and a b r a s i v e  wear volume g e n e r a l l y  d e c r e a s e s  w i t h  i n c r e a s i n g  
s o l u t e  c o n c e n t r a t i o n  ( r e f .  6 ) .  There i s  a  c o r r e l a t i o n  between t h e  s o l u t e -  
to - so lven t  ( i r o n )  a tomic r a d i u s  r a t i o  and t h e  c o e f f i c i e n t  of f r i c t i o n .  
There  i s  a l s o  a  good r e l a t i o n  between wear and t h e  change i n  s o l u t e  concen- 
t r a t i o n .  F r i c t i o n  and wear decrease  a s  t h e  so lu te - to - i ron  atomic r a d i u s  
r a t i o  e i t h e r  i n c r e a s e s  o r  d e c r e a s e s  from u n i t y .  Thus, of f u r t h e r  i n t e r e s t  

I &  a r e  t h e  e f f e c t s  of a tomic s i z e  and c o n c e n t r a t i o n  of a l l o y i n g  element on t h e  
+ adhes ive  wear and f r i c t i o n  of a l l o y s .  

This  i n v e s t i g a t i o n  was conducted t o  de te rmine  t h e  e f f e c t  o f  a l l o y i n g  
e lements  ( s u c h  a s  T i ,  C r ,  Mn, N i ,  Rh, and W) on t h e  adhes ion ,  f r i c t i o n  and 
wear behavior  of i ron-base ,  b ina ry ,  s o l i d - s o l u t i o n  a l l o y s  i n  s l i d i n g  c o n t a c t  
w i t h  s i n g l e - c r y s t a l  s i l i c o n  c a r b i d e  {0001) s u r f a c e .  Experiments were con- 
duc ted  w i t h  l o a d s  of 0.05 t o  0.3 newton, a t  a  s l i d i n g  v e l o c i t y  of 3x10'3 
mete r  p e r  minute ,  i n  a vacuum o f ,  lom8 p a s c a l ,  a t  room tempergture  w i t h  
s l i d i n g  on t h e  s i l i c o n  c a r b i d e  {0001) b a s a l  p lane  i n  t h e  (1010) d i r e c t i o n .  
The a l l o y s  were a l l  p o l y c r y s t a l l i n e .  

f MATERIALS I 
Table  I p r e s e n t s  t h e  analyzed composi t ions  i n  atomic p e r c e n t  o f  t h e  

i ron-base  a l l o y s  used i n  t h e  p r e s e n t  i n v e s t i g a t i o n .  The i ron-base  b i n a r y  
a l l o y s  were prepared by Stephens  and Witzke ( r e f .  71, and t h e y  arc-melted 
t h e  h igh-pur i ty  i r o n  and h igh-pur i ty  a l l o y i n g  e lements  ( T i ,  C r ,  Mn, N i ,  Rh, 
and w). The s o l u t e  c o n c e n t r a t i o n s  ranged from approximately  0.5 a tomic per-  
c e n t  f o r  t h e s e  elan,ents t h a t  have extremely l i m i t e d  s o l u b i l i t y  i n  i r o n  up t o  
approximately  16 a tomic p e r c e n t  f o r  t h e s e  e lements  t h a t  form a  s e r i e s  of 
s o l i d  s o l u t i o n s  w i t h  i r o n .  

The s i n g l e - c r y s t a l  s i l i c o n  c a r b i d e  used i n  t h e s e  exper iments  was a  
99.9-percent-pure compcund of s i l i c o n  and ca rbon  and had a  hexagonai-closed 
packed c r y s t a l  s t r u c t u r e .  The composit ion and microhardness  d a t a ,  of s i n -  
g l e - c r y s t a l  s i l i c o n  c a r b i d e  a r e  a l s o  shown i n  t a b l e  11. . 

EXPERIMENTAL APPARATUS AND PROCEDURE 

Apparatus 

The a p p a r a t u s  used i n  t h e  i n v e s t i g a t i o n  was mounted i n  a n  u l t r a h i g h  
vacuum system. The appara tus  measures adhes ion ,  l o a d ,  and f r i c t i o n .  The 
vacuum system a l s o  con ta ined  t o o l s  f o r  s u r f a c e  a n a l y s i s ,  a n  Auger emiss ion  
spec t romete r  (AES) , and a  low-energy e l e c t r o n  d i f  f r a c t i o  T (LEED) system. 
The mechanism used f o r  measuring adhesion,  load ,  and f r i c t i o n  i s  shown'sche- 
m a t i c a l l y  i n  F ig .  1. A gimbal-mougted beam i s  p r o j e c t e d  i n t o  t h e  vacuum 
system. The beam c o n t a i n s  two f l a t s  machined normal t o  e a c h  o t h e r  w i t h  two 
s t r a l n  gages  mounted thereon.  The 0 .79-mil l imeter  r a d i u s  a l l o y  p i n  i s  
mounted on t h e  end o f  t h e  beam. A s  a  l o a d  i s  a p p l i e d  by moving t h e  beam i n  
t h e  d i r e c t i o n  normal t o  t h e  d i s k ,  i t  i s  measured by t h e  s t r a i n  gage. The 
v e r t i c a l  s l i d i n g  motion of t h e  p i n  a long t h e  d i s k  s u r f a c e  i s  accomplished 
through a  motor ized gimbal assembly. Under a n  a p p l i e d  load t h e  f r i c t i o n  
f o r c e  i s  measured d u r i n g  v e r t i c a l  t r a n s l a t i o n  o f  t h e  s t r a i n  gage maunted 



normal t o  t h a t  used t o  measure load.  T h i s  f e a t u r e  was used t o  examine t h e  
c o e f f i c i e n t  o f  f r i c t i o n  a t  v a r i o u s  loads ,  a s  shown i n  Fig .  1. 

Specimen P r e p a r a t i o n  1 
The i ron-base  b inary  a l l o y  p i n s  and t h e  d i s k s  of s i l i c o n  c a r b i d e  were 

p o l i s h e d  wi th  3-micrometer-diameter diamond powder and t h e n  l-micrometer- 
d i a m e t e r  aluminum ox ide  ( ~ 1 ~ 0 ~ )  powder. Both p i n  and d i s k  s u r f a c e s  were 
r i n s e d  with 200-proof e t h y l  a l c o h o l  b e f o r e  i n s t a l l a t i o n  i n  t h e  vacuum cham- 
ber .  

The specimens were t h e n  p laced  i n  t h e  vacuum chamber, which was evac- 
u a t e d  BII~ baked o u t  t o  a p r e s s u r e  of 1 . 3 3 ~ 1 0 ' ~  p a s c a l  (10-10 t o r r ) .  And 
t h e n ,  argon g a s  was b l e d  back i n t o  t h e  vacuum chamber t o  a p r e s s u r e  of 1.3 
p a s c a l s .  A 1000-vo l t -d i rec t -cur ren t  p o t e n t i a l  was a p p l i e d ,  and t h e  spec i -  
mens (bo th  d i s k  and p i n )  were argon s p u t t e r  bombarded f o r  30 minuikes. A f t e r  
s p u t t e r i n g  was completed,  t h e  vacuum chamber was reevacuated,  and AES (Auger 
emiss ion  spectroscopy)  s p e c t r a  of che d i s k  s u r f a c e  were o b t a i n e d  t o  d e t e r -  
mine t h e  degree  o f  s ~ t r f a c e  c l e a n l i n e s s .  When t h e  d i s k s  were c l e a n ,  a s  evi-  
denced by Auger s p e c t r a ,  f r i c t i o n  exper iments  were conducted. 

Experimental  Procedure  

Loads o f  0.05 t o  0 .3  newton were a p p l i e d  t o  t h e  pin-disk  c o n t a c t  by 
d e f l e c t i n g  t h e  beam of  F i g .  1. Both loed  and f r i c t i o n  f o r c e  were con t in -  
uous ly  :vonitored d u r i n g  t h e  f r i c t i o n  exper iments .  The s l i d i n g  v e l o c i t y  was 
3 m i i l i m e t e r s  p e r  minute,  wi th  a s l i d i n g  d i s t a n c e  o f  2.5 m i l l i m e t ~ r s  p e r  
p a s s  s l i d i n g .  A l l  f r i c t i o n  exper iments  i n  vacuum were conducted wi th  t h e  
sys tem evacuated t o  a p r e s s u r e  o f  lom8 pasca l .  

, RESULTS AND DISCUSSION 

C l e a n l i n e s s  of S i l i c o n  Carbide  Sur faceb  
t. 

An Auger emiss ion  spectroscopy spectrum of t h e  s i n g l e - c r y s t a l  s i l i c o n  
c a r b i d e  {OOOL} s u r f a c e s  ob ta ined  before  s p u t t e r  c l e a n i n g ,  b u t  a f t e r  p o l i s h -  
i n g  and bake o u t  i s  shown i n  f i g u r e  2 ( a ) .  I n  a d d i t i o n  t o  t h e  s i l i c o n  and 
ca rbon  peaks, a n  oxygen peak i s  a l s o  p r e s e n t .  The oxygen peak and t h e  chem- 
i c a l l y  s h i f t e d  s i l i c o n  peaks  a t  78 and 89 e l e c t r o n  v o l t s  ( e ~ )  i n d i c a t e  a 
l a y e r  of S i02  on t h e  s i l i c o n  c a r b i d e  s u r f a c e s  a s  w e l l  a s  a s imple ,  ad- 
so rbed  f i l m  of  oxygen ( r e f s .  8 and 9). The Auger spectrum taken  a f t e r  t h e  
s i l i c o n  c a r b i d e  s u r f a c e  had been s p u t t e r  c l e a n e d  ( f i g .  2 ( b ) )  c l e a r l y  r e v e a l s  
t h e  s i l i c o n  and carbon peaks a t  92 and 272 eV, r e s p e c t i v e l y ;  t h e  oxygen peak 
i s  n e g l i g i b l e .  

Fundamental Behavior of Adhesion, F r i c t i o n ,  and Wear 

Adhesion and f r i c t i o n .  - S l i d i n g  f r i c t i o n  exper iments  werc: condueted 
w i t h  G n - b a s e  b i n a r y  a l l o y s  i n  c o n t a c t  w i t h  s i n g l e - c r y s t a l  s i1 , icon c a r b i d e  
I n  vacuum. The b i n a r y  a l l o y  systems were i r o n  a l l o y e d  w i t h  v a r i o u s  concen- 
t r a t i o n  wi th  t i t a n i u m ,  chromium, manganese, n i c k e l ,  rhodium o r  tungsten.  



F i g u r e  3  shows t y p i c a l  f r i c t i o n - f o r c e  t r a c e s  r e s u l t i n g  from such s l i d i n g ~ .  
The f r i c t i o n - f o r c e  t r a c e s  ob ta ined  i n  t h i s  i n v e s t i g a t i o n  a r e  c h a r a c t e r i z e d  
by a  s h a r p b r e a k  i n  t h e  f r i c t i o n  f o r c e  a t  p o i n t  b  i n  Fig.  3 ,  t h a t  i s ,  s t i c k -  
s l i p  behavior .  Tl-e l i n e  a-b i n  Fig .  3  r e p r e s e n t s  t h e  r e g i o n  where bo th  
load ing  and t a n g e n t i a l  (rs;~ear)  f o r c e s  a r e  be ing  a p p l i e d ,  b u t  where no g r o s s  
s l i d i n g  occur red .  The p o i n t  b  i s  t h e  o n s e t  o f  s l i p .  Line  b-c r e p r e s e n t s  
t h e  r e g i o n  where t h e  s u r f a c e s  of a l l o y  and s i l i c o n  c a r b i d e  a r e  i n  r a p i d  
s l i p .  I n  F i g .  3 ( b ) ,  t h e  p o i n t s  c  may be l o c a t e d  at: t h e  same p l a c e  a s  a .  

The c o e f f i c i e n t  of s t a t i c  f r i c t i o n  lls i s  d e f i n e d :  us = Fmax/W, 
where F a x  i s  t h e  f r i c t i o n  f o r c e  a t  which t h e  f i r s t  sharp b reak  i s  ob- 
s e r v e d  i n  t h e  f r i c t i o n  f o r c e  t r a c e  and W i s  t h e  nomial  load.  

The average c o e f f i c i e n t  of f r i c - i o n  i n  a  s i n g l e  p a s s  s l i d i n g  o r  - 
mul t i -pass  s l i d i n g  i s  d e f i n e d  3s: P = FmU/W, where gmmax i s  t h e  aver-  
age  f r i c t i o n  f o r c e  c a l c u l a t e d  from maximum-peak-heights I n  which t h e  s h a r p  
b reaks  a r e  observed i n  t h e  f r i c t i o n  f o r c e  t r a c e .  

Wear. - F i g u r e  4 r e p r e s e n t s  a  scanning e l e c t r o n  micrograph and an  X-ray - 
map of a  wear t r a c k  on t h e  s i l i c o n  c a r b i d e  genera ted  by a s i n g l e  s t i c k  and 
s l i p  of t h e  8.12 a tomic p e r c e n t  t i t an ium- i ron  a l l o y  r i d e r ,  a s  shown i n  F ig .  
3 ( a ) .  I n  t h e  X-ray energy d i s p e r s i v e  map, t h e  c o n c e n t r a t i o n s  of w h i t e  s p o t s  
correspond t o  t h o s e  l o c a t i o n s  i n  t h e  micrograph ( f i g .  4 ( b ) ) ,  where cop ious  
amounts of a l l o y  have t r a n s f e r r e d ,  It i s  obvious  from t h o s e  photographs 
t h a t  a  l a r g e  amount o f  a l l o y  t r a n s f e r s  t o  t h e  s i l i c o n  c a r b i d e  s u r f a c e .  I n  
F i g .  &!a) t h e  l i g h t  a r e a ,  where a  l o t  o f  a l l o y  t r a n s f e r  i s  e v i d e n t ,  was t h e  
c o n t a c t  a r e a  b e f o r e  s l i d i n g  o f  t h e  r i d e r .  It  i s  t h e  a r e a  where t h e  s u r f a c e s  
o f  a l l o y  and s i l i c o n  c a r b i d e  were s t i c k i n g  t o  one t o  t h e  o t h e r  and where 
s t r o n g  i n t e r f a c i a l  adhes ion  occurred.  T h i s  a r e a ,  where b o t h  t h e  load ing  and 
t a n g e n t i a l  ( s h e a r )  f o r c e  were a p p l i e d  t o  t h e  specimen, corresponds w i t h  t h e  
r e g i o n  a-b o f  Fig .  3 ( a ) .  A l l  of t h e  s i n g l e - c r y s t a l  s i l i c o n  c a r b i d e  s u r f a c e s  
i n  s l i d i n g  c o n t a c t  w i t h  t h e  a l l o y s  shown i n  t a b l e  I con ta ined  t h e  m e t a l l i c  
e lements  on t h e i r  s u r f a c e s ,  i n d i c a t i n g  t r a n s f e r  o f  t h e  a l l o y  t o  s i l i c o n  c a r -  
b i d e  wi th  even a  f i r s t  s i n g l e  s t i c k  and s l i p  of t h e  a l l o y  r i d e r  on s i l i c o n  
c a r b i d e .  

F igure  5 r e p r e s e n t s  t y p i c a l  r i d e r  wear s c a r  on an  i ron-base  b inary  a l -  
( i n  t h i s  c a s e ,  8.12 a t  % Ti-Fe a l l o y )  genera ted  by a  s i n g l e  s t i c k  and 

p  behav ior  a s  ;hown i n  Fig .  3 ( a ) .  The s i z e  o f  wear s c a r  i s  comparable 
w i t h  t h a t  of t h e  a r e a  o f  a l l o y  t r a n s f e r  shown i n  Fig .  4. The wear s c a r s  
r e v e a l  a  l a r g e  number o f  smal l  s i z e  grooves and microcracks  formed p r i m a r i l y  
by s h e a r i n g s  of t h e  i n t e r f a c e s  and i n  t h e  b u l k  of t h e  a l l o y s .  Close examin- 
a t i o n  of F i g .  5(b)  i n d i c a t e s  t h a t  t h e  c r a c k s  a r e  very smal l  i n  s i z e ,  a're I n  
t h e  wear s c a r ,  and propagate  n e a r l y  p e r p e n d i c u l a r  t o  t h e  s l i d i n g  d i r e c t i o n .  

F igure  6  r e p r e s e n t s  scanning e l e c t r o n  micrographs  of a  wear t r a c k  on 
t h e  s i l i c o n  c a r b i d e  s u r f a c e  and a  wear s c a r  of t h e  a l l o y  r i d e r  genera ted  by 
10 passes  o f  t h e  a l l o y  on s i l i c o n  ca rb ide .  It becomes obvious  from F i g .  
6 ( a )  t h a t  t h e  cop ious  amount of a l l o y  t r a n s f e r  t o  t h e  s i l i c o n  c a r b i d e  o c c u r s  
w i t h  mul t i - con tac t  and s l i d i n g .  Al loys ,  g e n e r a l l y ,  produced f o u r  t y p e s  of 
wear  w i t h  a l l o y  mul t i -pass  s l i d i n g  on s i l i c o n  c a r b i d e :  (1) a  very t h i n  



t r a n s f e r  f i l m  on t h e  c o n t a c t  a r e a ,  (2 )  ~ n u l t i l a y e r  t r a n s f e r  f i l m s ,  ( 3 )  very 
s m a l l  p a r t i c l e s  (submicron i n  s i z e ) ,  and ( 4 )  piled-up p a r t i c l e s  ( s e v e r a l  
micrometers  i n  s i z e ) .  The t r a n o f e r  f i l m  i s  observed i n  t h e  wear t r a c k  on  
s i l i c o n  c a r b i d e  s u r f a c e .  The p a r t i c l e s  a r e  seen  i n  and by t h e  wear t r a c k .  
T h i s  r e s u l t  i s  c o n s i s t e n t  w i t h  e a r l i e r  s t u d y  ( r e f .  1) .  

The wear s c a r s  on a l l  t h e  a l l o y  r i d e r s  a f t e r  t h e y  s l i d  a g a i n s t  s i l i c o n  
c a r b i d e  showed ev idence  of ( 1 )  a  l a r g e  nutnber of p l a s t i c i t y  deformed 
grooves ,  i n d e n t a t i o n s ,  and c racks .  The grooves  and i n d e n t a t i o n s  were t h e  
r e s u l t  of plowing by t r a n s f e r r e d  a l l o y  d e b r i s  on s i l i c o n  c a r b i d e ,  a n d / o r  
s l i d i n g  and r o l l i n g  of wear d e b r i s  of s i , l i c o n  c a r b i d e  and a l l o y .  The 
c r a c k s ,  a s  t y p i c a l l y  shown i n  P i g ,  7 ,  p ropaga te  p e r p e n d i c u l a r  t o  t h e  s l i d i n g  
d i r e c t i o n  i n  t h e  wear s c a r  of t h e  a l l o y .  Such c r a c k s  i n i t i a t e  and p ropaga te  
w i t h  maximum s h e a r  s t r e s s e s  i n  t h e  weakest i n t e r f a c i a l  r e g i o n  of a l l o y  i n  
t h e  p rocess  where b o t h  load ing  and t a n g e n t i a l  f o r c e s  a r e  being a p p l i e d  t o  
t h e  i n t e r f a c e .  

Thus, f r a c t u r e  of cohesive  bonds i n  a l l o y  o c c u r s  dur ing  s l i d i n g .  And 
t h e  shear ing  a t  t h e  i n t e r f a c e  and i n  t h e  b u l k  a r e  t h e  main f a c t o r s  respon- 
s i b l e  f o r  t h e  observed adhesion,  f r i c t i o n  and wear behavior.  

E f f e c t s  of a l l o y i n g  element on t h e  t r i b o l o g i c a l  behav ior  w i l l  b e  d i s -  
c u s s e d  i n  t h e  n e x t  s e c t i o n .  

Al loy ing  Element E f f e c t s  on  T r i b o l o g i c a l  P roper t  i e s  

Adhesion and f r i c t i o n .  - The c o e f f i c i e n t s  of f r i c t i o n  f o r  a  number of 
i ron-base  b i n a r y  a l l o y s  i n  c o n t a c t  w i t h  s i l i c o n  c a r b i d e  were examined a s  a  
f u n c t i o n  of load.  ~ l l  examinat ions  i n d i c a t e d  no s i g n i f i c a n t  change i n  t h e  
c o e f f i c i e n t  o f  s t a t i c  f r i c t i o n  o r  t h e  average  c o e f f i c i e n t  of f r i c t i o n  dur ing  
s i n g l e  pass  s l i d i n g  w i t h  load o v e r  t h e  load  range of 0.05 t o  0.3 newton. 

The average  c o e f f i c i e n t s  of s t a t i c  f r i c t i o n  o v e r  t h e ' e n t i r e  load  range 
f o r  i ron-base  b i n a r y  a l l o y s  a r e  p resen ted  i n  Fig.  8 a s  a  f u n c t i o n  of s o l u t e  
c o n c e n t r a t i o n .  The d a t a  of t h e s e  f i g u r e s  i n d i c a t e  t h a t  t h e  c o e f f i c i e n t  of 
f r i c t i o n  g e n e r a l l y  i n c r e a s e s  markedly wi th  t h e  presence of any a l l o y i n g  e l e -  
ment r e l a t i v e  t o  t h e  r e s u l t s  f o r  pure  i r o n .  Th is  c o n t i n u e s  wi th  f u r t h e r  
i n c r e a s e s  i n  t h e  c o n c e n t r a t i o n  of a l l o y i n g  element bu t  n o t  so  markedly a s  
t h e  i n i t i a l  i n c r e a s e .  The i n c r e a s i n g  r a t e  i n  t h e  c o e f f i c i e n t  of f r i c t i o n  
s t r o n g l y  depends on t h e  a l l o y i n g  element. 

It should be no ted  t h a t  t h e  average c o e f f i c i e n t  of f r i c t i o n  f o r  p u r e  
i r o n  i n  sl.idj.ng c o n t a c t  wi th  s i n g l e - c r y s t a l  s i l i c o n  c a r b i d e  was about '0.5 
r e f .  1 .  T h i s  v a l u e  was o b t a i n e d  under  i d e n t i c a l  exper imenta l  c o n d i t i o n s  
t o  t h o s e  of t h i s  i n v e s t i g a t i o n .  The c o e f f i c i e n t  of f r i c t i o n  was about  0.6 
f o r  pure  t i t a n i u m ,  0.5 f o r  pure  n i c k e l  and t u n g s t e n  and 0.4 f o r  pure  rho- 
dium. The c o e f f i c i e n t s  of f r i c t i o n  f o r  t h e  a l l o y s  a r e  g e n e r a l l y  much high- 
e r ,  a s  much a s  twice  t h o s e  f o r  pure  metals .  

F igure  9 p r e s e n t s  t h e  average  c o e f f i c i e n t s  o f  s t a t i c  f r i c t i o n  f o r  t h e  
v a r i o u s  a l l o y s  of F ig .  9 a s  a f u n c t i o n  o f  s o l u t e - t o - i r o n  atomic r a d i u s  



r a t i o .  I n  Fig. 9 ( a ) ,  t he  s o l u t e  concent ra t ions  a r e  a l l  about 4 atomic per- 
cent .  I n  Fig. 9(b) the c o e f f i c i e n t s  of s t a t i c  f r i c t i o n  f o r  the maximum so l -  
u t e  concent ra t ion  ( s e e  t a b l e  I)  of each a r e  p l o t t e d .  The maximum s o l u t e  
concent ra t ions  extend t o  approximately 16 atomic percent .  

There appears t o  be good agreement between t h e  adhesion and f r i c t i o n  
and the so lu te - to- i ron  atomic r ad ius  r a t i o ,  The c o r r e l a t i o n  of t h e  coe f f i -  
c i e n t  of s t a t i c  f r i c t i o n  and solute- to- i ron atomic rad ius  r a t i o  i s  separated 
i n t o  two cases :  f i r s t ,  the c a s e  f o r  a l loy ing  with manganese and n i c k e l ,  
which have smal le r  atomic r a d i i  than i r o n ;  and, second, t he  case  f o r  a l loy-  
ing  with chromium, rhodium, tungsten, and titanium, which have l a r g e r  atomic 
r a d i i  than i ron .  The c o e f f i c i e n t s  of s t a t i c  f r i c t i o n  inc rease  genera l iy  a s  
t h e  solute- to- i ron atomic r ad ius  r a t i o  i nc reases  o r  decreases  from uni ty .  
The increas ing  r a t e  of t h e  - u e f f i c i c n t s  of s t a t i c  f r i c t i o n  f o r  a l l oy ing  e l e -  
ments, t h a t  have s m a l l e ~  atomic c a d i i  t han  i r o n  a r e  much g r e a t e r  t han  t h a t  
f o r  a l l oy ing  elements,  t h a t  have largeer  a ~ o m i c  r a d i i  than i ron .  Aiomic s i z e  
r a t i o  values reported he re in  a r e  from Ref. 7. The c o r r e l a t i o n s  i n d i c a t e  
t h a t  the atomic s i z e  of t he  s o l u t e  i s  an  important f a c t o r  i n  c o n t r o l l i n g  t h e  
adhesion and f r i c t i o n  i n  iron-base binary a l l o y s  a s  wel l  a s  the  abras ive  
wear and f r i c t i o n  reported by t h e  present  au thors  ( r e f .  6 )  and the  a l l o y  
hardening repor ted  by Stephens and Witzke ( r e f .  7 ) .  The con t ro l l i ng  mechan- 
i s m  of adhesion and f r i c t i o n  of a l l o y s  may be r a i s i n g  the Pe i e r l e s  s t r e s s  
and/or  an inc rease  i n  l a t t i c e  f r i c t i o n  s t r e s s ,  by s o l u t e  atoms, r e s i s t i n g  
t h e  shear  f r a c t u r e  of coheslve bonding i n  the  a l l o y ,  

More d e t a i l e d  examination of Fig. 9  i n d i c a t e s  t h a t  the  c o r r e l a t i o n  f o r  
manganese, n i c k e l ,  and chromium i s  b e t t e r  than  t h a t  f o r  t i tanium, tungsten,  
rhodiuni, and chromium. The c o e f f i c i e n t  of f r i c t i o n  f o r  rhodium i s  r e l a t i v e -  
l y  low, and t h a t  f o r  t i t an ium i s  r e l a t i v e l y  high. The r e l a t i v e  chemical 
a c t i v i t y  of t he  t r a n s i t i o n  meta ls  (metals  wi th  p a r t i a l l y  f i l l e d  d  shell.) as 
a  group can be  ascer ta ined  from t h e i r  percent  d  bond cha rac t e r  a f t e r  Pauling 
( r e f .  10). The au thors  a l ready  determined t h d t  t h e  c o e f f i c i e n t  of f r i c t i o n  
f o r  s i l i c o n  ca rb ide  i n  contac t  with var ious  t r a n s i t i o n  metals  was r e l a t e d  t o  
t h e  d  bond cha rac t e r ,  t h a t  i s ,  chemical a c t i v i t y  of t h e  metal ( r e f .  1 ) .  The 
more a c t i v e  t h e  metal ,  t h e  h igher  t h e  c o e f f i c i e n t  of f r i c t i o n .  Table 111 
shows the  r e c i p r o c a l  d bond cha rac t e r  of meta ls  ca l cu la t ed  from the d a t a  of 
Ref. 10. The g r e a t e r  t h e  r ec ip roca l  percent  d  bond cha rac t e r ,  the  more 
a c t i v e  the  meta l  and t h e  higher  the  c o e f f i c i e n t  of f r i c t i o n  ( r e f .  1 ) .  

Rhodium-iron a l l o y s  i n  con tac t  with s i l i c o n  ca rb ide  showed r e l a t i v e l y  
low f r i c t i o n .  On the o t h e r  hand, t i tanium-iron a l l o y s  showed r e l a t i v e l y  
h igh  f r i c t i o n .  The r e s u l t s  seem t o  be r e l a t e d  t o  t h e  chemical a c t i v i t y  of 
a l l oy ing  elements,  t h a t  i s ,  the  rhodium i s  l e s s  a c t i v e  and t i t an ium is more 
a c t i v e ,  a s  i nd ica t ed  i n  t a b l e  111. The good c o r r e l a t i o n  f o r  manganese, 
n i c k e l  and chromium i n  Fig.  9  i s  due t o  t h e  r e c i p r o c a l  percent  d  bond char- 
a c t e r  f o r  t hose  being t h e  almost same va lue  f o r  each. 

Wear and f r i c t i o n .  - The t r a n s f e r  of t h e  a l l o y  t o  s i l i c o n  ca rb ide  had 
occurred with a  s i n g l e  pass  s l i d i n g  of t h e  a l l o y  r i d e r  t o  s i l i c o n  carb ide .  
Once the t r a n s f e r  of a l l o y  s t a r t s  i n  the  f i r s t  s ingle-pass  s l i d i n g  of t h e  
r i d e r ,  the phenomenon of multi-pass s l i d i n g s  becomes one of a l l o y  s l i d i n g  



a g a i n s t  i t s e l f  o r  b o t h  a l l o y  and s i l i c o n  c a r b i d e .  Th is  i n f l u e n c e s  subse- 
quent f r i c t i o n  p r o p e r t i e s  and a l l o y  t r a n s f e r  t o  t h e  s i l i c o n  c a r b i d e  and t h e  
n a t u r e  of t ' r a n s f e r  f i lm.  And i t  i s  a n t i c i p a t e d  t h a t  t h e  f r i c t i o n  p r o p e r t i e s  
and a l l o y  t r a n s f e r  w i l l  be r e l a t e d  t o  t h e  a l l o y  element and i t s  concentra-  
t i o n .  

F i g u r e  10 r e p r e s e n t s  t y p i c a l  d a t a  o f  t h e  c o e f f i c i e n t s  of f r i c t i o n  as a  
f u n c t i o n  of number of passes .  When repea ted  passes  of t h e  a l l o y  r i d e r s  a r e  
made o v e r  t h e  same s i n g l e - c r y s t a l  s i l i c o n  c a r b i d e  s u r f a c e ,  t h e   coefficient^ 
of f r i c t i o n  f o r  a l l o y s  hav ing  h i g h  s o l u t e  c o n c e n t r a t i o n  o r  chemical ly  a c t i v e  
a l l o y i n g  elements (Mn, N i ,  ~ i )  i n  t a b l e  I g e n e r a l l y  decreased w i t h  number of 
passes .  The c o e f f i c i e n t s  of i : - ic t ion f o r  f i r s t  pass  s l i d i n g  d i f f e r  much 
from t h o s e  f o r  t h e  second p a s s  s l i d i n g  and m u l t i p l e  p a s s  s l i d i n g .  Th is  i s  
due t o  a  l a r g e  amount of a l l o y  t r a n s f e r  t o  t h e  s i l i c o n  c a r b i d e  s u r f a c e  even 
i n  t h e  f i r s t  a ing le -pass  s l i d i n g  o f  t h e  r i d e r .  

On t h e  o t h e r  hand, t h e  c o e f f i c i e n t s  of f r i c t i o n  f o r  t h e  a l l o y  hav ing  
low s o l u t e  c o n c e n t r a t i o n  o r  chemical ly  l e s s  a c t i v e  a l l o y i n g  element gener- 
a l l y  e x h i b i t  s m a l l  changes and f l u c t u a t i o n s  w i t h  t h e  number of p a s s e s ,  a s  i s  
shown t y p i c a l l y  i n  F ig .  10(b) .  

The f l u c t u a t i n g  behav ior  of t h e  c o e f f i c i e n t  oE f r i c t i o n  a l s o  s t r o n g l y  
depends o n  t h e  n a t u r e  of t h e  t r a n s f e r  of t h e  a l l o y s .  

For  i ron-base  b inary  a l l o y s  w i t h  s o l u t e s  such a s  t i t a n i u m ,  tungs ten ,  
chromium, n i c k e l  and manganese, t h e  c o e f f i c i e n t s  of f r i c t i o n  d u r i n g  mul t i -  
p a s s  s l i d i n g  g e n e r a l l y  d e c r e a s e  a s  t h e  s o l u t e  c o n c e n t r a t i o n  i n c r e a s e s .  Al- 
l o y s  hav ing  h i g h  s o l u t e  c o n c e n t r a t i o n  i n  t a b l e  I produced much more t r a n s f e r  
t h a n  d o  a l l o y s  having Low s o l u t e  c o n c e n t r a t i o n ,  a s  was a l r e a d y  mentioned i n  
a  former s e c t i o n .  These phenomena of f r i c t i o n  and a l l o y  t r a n s f e r  a r e  con- 
s i s t e n t .  The phenomenon of  m u l t i p a s s  s l i d i n g  f o r  a l l o y  having h i g h  s o l u t e  
c o n c e n t r a t i o n  i s  s t r o n g l y  becoming one of a l l o y  s l i d i n g  a g a i n s t  i t s e l f  r a t h -  
er t h a n  a g a i n s t  s i l i c o n  c a r b i d e .  That f o r  a l l o y  having l d w  s o l u t e  concen- 
t r a t i o n  become a l l o y  s l i d i n g  a g a i n s t  b o t h  z l l o y  and s i l i c o n  c a r b i d e .  

Thus, t h e  f r i c t i o n  p r o p e r t i e s  i n  m u l t i p a s s  s l i d i n g  s t r o n g l y  depend on 
t h e  amount and n a t u r e  of a l l o y  t r a n s f e r  which i s  c o n t r o l l e d  by t h e  a l l o y i n g  
element and i t s  c o n c e n t r a t i o n u  There fore ,  examination o f  changes i n  t h e  
c o e f f i c i e n t  of f r i c t i o n  w i t h  number o f  p a s s e s  w i l l  sugges t  a  measure of t h e  
amount o r  n a t u r e  of a l l a y  t r a n s f e r .  

F i g u r e  11 p r e s e n t s  changing of c o e f f i c i e n t  of f r i c t i o n  w i t h  number o f  
p a s s e s  as a f u n c t i o n  of s o l u t e  c o n c e n t r a t i o n s  a t  a  load of 0.2 newton. The 
changes were e s t i m a t e d  from t h e  d a t a ,  and a r e  shown t y p i c a l l y  i n  F i g .  10. 
The changing of c o e f f i c i e n t  o f  f r i c t i o n  i s  expressed  a s :  - 
pmultipass = AV. Where i s  t h e  c o e f f i c i e n t  of f r i c t i o n  f o r  f i r s t  
p a s s  s l i d i n g  and i s  t h e  average c o e f f i c i e n t '  o f  f r i c t i o n  c a l -  
c u l a t e d  from t h e  c o e f f i c ~ e n t s  of f r i c t i o n  f o r  second t o  t en th -pass  s l i d -  
i n g ~ .  The change of c o e f f i c i e n t  of f r i c t i o n  g e n e r a l l y  i n c r e a s e s  a s  t h e  s o l -  
u t e  c o n c e n t r a t i o n  i n c r e a s e s  wi th  t h e  e x c e p t i o n s  o f  rhodium and chromium and 



t h e  change of c o e f f i c i e n t  of f r i c t i o n  s t r o n g l y  depends on  t h e  a l l o y i n g  e l e -  
ment. 

There fore ,  t h o s e  changes were p l o t t e d  a s  a  f u n c t i o n  of m a t e r i a l ,  t h a t  
i s ,  t h e  s o l u t e - t o - i r o n  atomic r a d i u s  r a t i o  i n  Fig .  12. There  appears  t o  b e  
v e r y  good agreement between t h e  change o f  c o e f f i c i e n t  o f  f r i c t i o n  w i t h  num- 
b e r  of p a s s e s  and t h e  s o l u t e  t o  i r o n  a tomic r a d i u s  r a t i o .  The c o r r e l a t i o n  
between t h e  r a t e  and t h e  s o l u t e  t o  ikon a tomic r a d i u s  r a t i o  i s  s e p a r a t e d  
i n t o  two c a s e s :  f i r s t ,  t h e  c a s e  f o r  a l l o y i n g  w i t h  manganese and n i c k e l ,  
which have s m a l l e r  a tomic r a d i i  from i r o n ,  and second, t h e  c a s e  f o r  chrom- 
ium, rhodium, t u n g s t e n ,  and t i t a n i u m ,  which have l a r g e r  a tomic r a d i i  than 
i r o c .  The change A o r  A /  i n c r e a s e s  a s  t h e  s o l u t e  t o  i r o n  atomic 
r a d i u s  r a t i o  i n c r e a s e s  o r  d e c r e a s e s  from u n i t y .  

Thus, t h e  c o r r e l a t i o n  i n  F i g .  1 2  i n d i c a t e s  t h a t  a tomic s i z e  of t h e  s o l -  
u t e  i s  an important  measure i n  t h e  change of t h e  c o e f f i c i e n t  of f r i c t i o n ,  
and t h e  amount and n a t u r e  of a l l o y  t r a n s f e r  d u r i n g  m u l t i p a s s  s l i d i n g .  

CONCLUSIONS 

The fo l lowing  c o n c l u s i o n s  a r e  drawn from t h e  d a t a  p r e s e n t e d  h e r e i n :  

1. The atomic s i z e  m i s f i t  and t h e  c o n c e n t r a t i o n  of a l l o y i n g  element a r e  
important  f a c t o r s  i n  c o n t r o l l i n g  t h e  adhes ion  and f r i c t i o n  o f  iron-base,  
b i n a r y  a l l o y  i n  c o n t a c t  wi th  s i l i c o n  c a r b i d e .  

2. The c o n t r o l l i n g  mechanism of adhes ion  and f r i c t i o n  of a l l o y s  can  be 
r a i s i n g  t h e  P e i e r l e s  s t r e s s  a n d / o r  a n  i n c r e a s e  i n  l a t t i c e  f r i c t i o n  s t r e s s  by 
s o l u t e  atoms, r e s i s t i n g  t h e  s h e a r  f r a c t u r e  of cohes ive  bonding i n  t h e  a l l o y .  

3, The c o e f f i c i e n t  of f r i c t i o n  g e n e r a l l y  i n c r e a s e s  markedly w i t h  t h e  
p resence  of any c o n c e n t r a t i o n  o f  a l l o y i n g  element i n  t h e  pure  m e t a l  and more 
g r a d u a l l y  w i t h  i n c r e a s i n g  t h e  c o n c e n t r a t i o n  of a l l o y i n g  erement.  

4. The c o e f f i c i e n t s  of f r i c t i o n  g e n e r a l l y  i n c r e a s e  a s  t h e  so lu te - to -  
i r o n  atomic r a d i u s  r a t i o  i n c r e a s e s  o r  d e c r e a s e s  from u n i t y .  

5. The a tomic s i z e  m i s f i t  and t h e  c o n c e n t r a t i o n  o f  a l l o y i n g  element a r e  
f a c t o r s  i n  c o n t r o l l i n g  t h e  f r i c t i o n  and a l l o y  t ra t i .efer  t o  s j . l i con  c a r b i d e  
d u r i n g  m u l t i p a s s  s l i d i n g s .  

Al loys  having h i g h  s o l u t e  c o n c e n t r a t i o n  produce more t r a n s f e r  t h a n  do 
a l l o y s  having low s o l u t e  c o n c e n t r a t i o n s .  The change of c o e f f i c i e n t  of' f  r i c -  
t i o n  dur ing m u l t i p a s s  s l i d i n g ,  which i s  i n f l u e n c e d  by a l l o y  t r a n s f e r ,  in-  
c r e a s e s  a s  t h e  so lu te - to - i ron  a tomic r a d i u s  r a t i o  i n c r e a s e s  o r  d e c r e a s e s  
f rom un i ty .  
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a ~ e f  e r e n c e  3. 

S o l u t e  
e lement  

T i  

C r  

Mn 

N i 

Rh 

W 

b ~ e f e r e n c e s  1 0  and 3 and " t a b l e  of p e r i o d i c  p r o p e r t i e s  of t h e  e lements ,"  
pub l i shed  by L. L. Wymon and J .  J .  Park  from N a t i o n a l  Bureau of 
S tandards ,  USCOMM-DC-28,801, 1961. 

FOR IRON-BASE $T>?A%Y ALLOYS 

Analyzed 
s o l u t e  

c o n t e n t ,  
a t .  % 

1.02 
2.08 
3.86 
8.12 
0.99 
1 .98 
3.92 
7.77 

16.2 
0.49 

.96 
1 .96  
3.93 
77 59 
E - 5 1  
st 03 
2.1CI 
4.021 
8. O:! 

15 .7  
1.31 
2.01 
4.18 
8.06 
0.83 
1.32 
3.46 
6.66 

S o l u t e  t o  i r o n  
atomic r a d i u s  

r a t i o s  
(b ) 

1.1476 

I 
1.0063 

1 r.:c 

0.9434 

1 
0.9780 

1.0557 ! I  

I 
1.1052 

i 

7 -.-,..,--,---, 
Ana,lyzeci % n k r a ~ i s t i e i a l  

con t en t ,  

2 3 -- 

C 

5 6 -- 
87 -- 
-- 
5 0 -- 
40 - - 
- - 
39 -- 
32 
- - 
- - 
2 8 -- 
4 8 - - 
3 8 -- 
20 - - 
12 
30 
- - 

6 1 -- - 2 1 -- 

ppm by 

0 

92 --- 
94 --- 

--- 
3 0 -- - 
8 5 --- 

--- 
6 5 --- 

134 --- 
- -- 

9 0 --- 
2 4 --- 
49 --- 

175  -- - 
133  
140 --- 

weight  

P 

7 
-&. 

9 - - 
-- 
1 2  -- 
1 0  -- 
-- 

6 -- 
8 -- 

-- 
6 -- 
5 - - 
7 -- 

22 -- 
1 9  
1 2  -- 
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TABLE I1 - COMPOSITION DATA, CRYSTAL STRUCTURE, AND 

HARDNESS OF SINGLE-CRYSTAL SILICON CARBIDE 

(a )  composit iona 

S i 

66.6% 

a 
Manufacturer ' s  ana lyses .  

L a t t i c e  
r a t i o  , 
c / a  

4,9058 

4.9069 

--, 

P l a n e  

(0001) 

(0001) 

I n t e r a t o m i c  
d i s t a n c e  

.,- 

(b) S t r u c t u r e  (c)  Hardness d a t a  

C 

33.3% 

a 
--, 

3.0817 

3.073 

D i r e c t  i o n  

<1120> 

< 1oio>  

C 

15.1183 

15.079 

TABLE I11 - AMOUNT AND RECIP CAL OF d CHARACTER FOR TRANSITION ELEMENTS !P 1,- 

0 

<500 ppm 

Knoop 
hardness  

numb e r  
(2.9 N) 

2670 

2825 

, r i  
'+-j 

Metal  Fe Mn N i  C r Rh 

0 
Amount of d c h a r a c t e r  39.7 40 .1  40.0 39 5 0 

B 

< l o 0  ppm 

W 

43 

R e c i p r o c a l d c h a r a c t e r  

P 

<206 ppm 

Ti 

2 7 

Others  

(0 .1  ppm 

0.68 0.67 0.68 0.69 0.54 
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F igure  1. - High-vacuum f r i c t ion  and wear apparatus. 
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(a) BEFORE S PUiTER CLEANING. 

(b) AFTER SPUlTER CLEANING. 

Figure 2. - Auger spectra of single-crystal si l icon carbide (0001) 
surface. 
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(a) FIRST STICK AND (b) SINGLE PASS SLIDING (AT 
SLIP. 10 PASSES SLIDING). 

Figure 3. - Typical examples of f r ict ion force trace for 8.12 at. % 
Ti-Fe alloy sliding on single-crystal silicon carbide {0001) su r -  
face. Load, 0.2 N. 



(a )  SCANNING ELECTRON MICROGRAPH. I 

(b l  IRON Ka, X-RAY MAP (5000 COUNTS). 

Figure 4. - T i tan ium- i ron  b inary  al loy (8. 12 at. % Ti) t rans fer  to 
single-crystal s i l i con carbide (0001) surface at start of sliding. 
Si l  icon carbide (0001) surface; s l id ing direction (10i0); sl id- 
i n g  velocity, 3 mmlm in ;  load, 0.2 N ;  room temperature; vac- 
u u m  pressure, lo-* Pa. 



ORIGINAL P M E  1s 
OF POOR Q U A L ~  

(a )  LOW MAGNIFICATION. 

( b )  HIGH MAGNIFICATION. 
Figure 5. - Wear scar o n  t i tan i i lm- i ron  b inary  al loy 18.12 at. T i )  

r ider  showing grocves and cracks. Single pass o n  S i c  100011 
surface; sl iding di rect ion (1070); sl iding velocity, 3 mmlmin;  
load, 0.2 N; room temperature; vacuum pressure, Pa. 
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(a1 8. 12 at. 7~ Ti-Fe ALLOY TRANSFER. 

(b1 2.68 at. 70 Ti-Fe ALLOY TRANSFER. 

Figure 6. - Ti-Fe alloys t ransferred to single-crystal s i l icon carbide 
d u r i n g  s l id ing as a resu l t  of 10 parses of riders. Scanning elec- 
t r o n  micrographs of wear tracks on s i l icon carbide 10001: surfaces 
d u r i n g  sliding. Load. 0. 2 N. 



(a )  SCANNING ELECTRON hllCROGRtlPH. 

( b )  SCANNING ELECTRON AllCROGRAPtI. 

Figure 7. - Wear scar or! 8. 12 at. %: Ti-Fe alloy r ider showing grooves, 
indentations, and fracture. Ten passes on sit icon carbide rOOOll 
surface; load, 0. 2 N. 



1.0 

l rPURE IRON 

.5  & I I I I I 
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(b) NICKEL-IRON ALLOY. 
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(d) RHODIUM-IRON 
ALLOY. 

(e) TUNGSTEN-IRON 
ALLOY. 
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SOLUTE CONCENTRATION, at. % 

(c) CHROMIUM-IRON ALLOY. (f) TITANIUM-IRON 
ALLOY. 

Figure 8. - Coefficient of f r ict ion for various iron-base binary 
alloys as funct ion of solute concentration. Single-pass 
sliding on single-crystal si l icon carbide (0001) surface; 
sl iding direction, (10i0); sl iding velocity, 3 mmlmin; load, 
0.2 N; room temperature; vacuum pressure, 10-8 Pa. 
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(a) Solute concentration of about 4 at. %. 
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? . O r  
Solute Ti 

.90 .95 1.00 1.05 1.10 1.15 
Solute-to-iron atomic radius ratio 

(b) Maximum solute concentrations of alloys. (See 
table I. ) 

Figure 9. - Coefficients o f  f r ic t ion for iron-based b ina ry  
alloys as funct ion of solute-to-iron atomic radius 
ratio. Single-pass s l id ing on single-crystal s i l icon 
carbide (0001) surface; s l id ing direction, (10i0); sl id- 
i n g  velocity, 3 mmlmin; load, 0.2 N; room temper- 
ature, vacuum pressure, Pa, 



(a) 8.12 at. % Ti-Fe ALLOY. 

PASSES 

(b) 8.06 at. % Rh-Fe ALLOY. 

Figure 10. - Average coefficient of f r ic t ion,  calculated f rom maxi- 
mum-peak-heights i n  f r i c t ion  trace, as funct ion of number of 
passes of al loy r iders across single-crystal si l icon carbide 
(00011 surface. Load, 0.2 N. 

(a) Ti-Fe ALLOY. (b) Rh-Fe ALLOY. 

Figure 11. - Changes of coefficient of f r ic t ion Ap 
or  Ap/y with number  of passes as a funct ion 
of solute concentration. 
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F i g u r e  12. - Changes of coef f ic ient  of f r i c t i on ,  
AM o r  A N Y  as a f u n c t i o n  of so lute- to- i ron 
atomic rad ius  ratio. 
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