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John J. Pouch, and Davld C .  L l u  

N a t l o n a l  Aeronaut lcs and Space A d m l n l s t r a t l o n  
Lewls Research Center 
Cleveland. Ohlo 44135 

SYNOPSIS The t r l b o l o g l c a l  p r o p e r t i e s  and mechanlcal s t r e n g t h  o f  boron n i t r l d e  f i l m s  were I n v e s t l -  
gated. The BN f l l m s  were predomlnant ly  amorphous and n o n s t o l c h i o m e t r l c  and c o n t a l n e d  smal l  amounts of 
ox ldes  and c a r b l d e s .  I t  was found t h a t  t h e  y l e l d  p r e s s u r e  a t  f u l l  p l a s t l c l t y ,  t he  c r l t l c a l  l o a d  t o  
f r a c t u r e ,  and t h e  shear s t r e n g t h  o f  l n t e r f a c l a l  adhesive bonds ( c o n s i d e r e d  a s  adhesion) depended on 
t h e  t y p e  o f  m e t a l l i c  s u b s t r a t e  on which t h e  BN was d e p o s l t e d .  
t h e  c r i t i c a l  l oad  and t h e  adheslon. The y l e l d  pressures of t h e  BN f l l m  were 12  GPa f o r  t h e  440C 
s t a l n l e s s  s t e e l  s u b s t r a t e ,  4.1 GPa f o r  t h e  304 s t a l n l e s s  s t e e l  s u b s t r a t e .  and 3.3 GPa f o r  t h e  t l t a n l u m  
s u b s t r a t e .  

The harder  t h e  subs t ra te ,  t h e  g r e a t e r  

P 

1 INTRODUCTION 

Cons lderab le  research  has been conducted on t h e  
adhesion, f r l c t l o n .  and wear o f  meta ls .  I n  
r e c e n t  years t h e  I n c r e a s i n g  p o t e n t i a l  f o r  t h e  use 
o f  u l t r a h a r d ,  h lgh- tempera ture  m a t e r l a l s  such as 
ceramics I n  t r l b o l o g l c a l  systems and I n  thermody- 
n a m l c a l l y  e f f l c l e n t  engines ( S t l r l l n g ,  a d l a b a t l c  
d l e s e l ,  and gas t u r b l n e )  I n  b o t h  t e r r e s t r i a l  and 
space environments has focused a t t e n t i o n  on these 
m a t e r i a l s .  

A p r o m i s l n g  ceramlc m a t e r l a l  f o r  use as a 
h igh- tempera ture ,  w e a r - r e s l s t a n t ,  s o l l d  l u b r l -  
c a t l n g  f l l m  as w e l l  as a p r o t e c t i v e  I n s u l a t o r  
f l l m  on sernlconductors under a v a r i e t y  o f  e n v l -  
ronmental  c o n d l t l o n s  I s  boron n i t r i d e  (BN) (1 -4 ) .  

Boron n l t r l d e  f l l m s  can be d e p o s l t e d  by a 
v a r i e t y  o f  techn lques  l n c l u d l n g  I o n  beam depo- 
s l t l o n  ( 5 , 6 ) ,  low-temperature chemlcal  vapor 
d e p o s i t l o n  ( 7 . 8 ) .  plasma d e p o s i t i o n  (9.10),  
r a d l o f r e q u e n c y  g low d l s c h a r g e  (11) .  s p u t t e r l n g  
( 1 2 ) ,  b o r a z i n e  p y r o l y s l s  (13 ) .  and o t h e r s  (14 ) .  
The s t r e n g t h  and d u r a b l l l t y  o f  t h e  f l l m s  depend 
l a r g e l y  on t h e  l n t e r f a c l a l  adheslve bond formed 
between t h e  f l l m  and t h e  s u b s t r a t e .  

I n  t h l s  study BN t h i n  f l l m s  were syntheslzed 
by u s l n g  an I o n  beam e x t r a c t e d  f r o m  a b o r a z i n e  
(63N3H6) plasma ( 6 ) .  The f l l m s  were homogeneously 
depos l ted  on m e t a l l i c  s u b s t r a t e s .  The o b j e c t l v e s  
of t h i s  study were t o  I n v e s t i g a t e  t h e  t r l b o l o g l -  
c a l  p r o p e r t l e s  and mechanical s t r e n g t h  ( l n t e r -  
f a c l a l  adheslve and i n t r l n s l c  cohesive s t r e n g t h )  
of hard and b r l t t l e  BN f i l m s  depos i ted  on m e t a l -  
I l c  s u b s t r a t e s  (440C b e a r l n g  s t a l n l e s s  s t e e l ,  304 
s t a l n l e s s  s t e e l ,  and t l t a n l u m ) .  The m l c r o s t r u c -  
t u r e  and chemical  compos l t lon  o f  t h e  BN f l l m  were 
a l s o  examined. 

S lng le -pass  s c r a t c h  exper iments were 
conducted t o  examine t h e  adhesion, de format ion ,  
and f r a c t u r e  behav lo r  o f  BN f l l m s  s l l d i n g  aga lns t  
a diamond p l n  I n  a l r  a t  a r e l a t l v e  h u m l d l t y  o f  
45 per  cent  and a t  room temperature.  

2 MATERIALS 

T h l n  f l l m s  c o n t a l n l n g  BN have been syn thes lzed 
by a c o n e r c l a l  f l r m  u s i n g  an I o n  beam e x t r a c t e d  
f r o m  a b o r a z l n e  (B3N3H6) plasma ( 6 ) .  The sub- 
s t r a t e s  used f o r  s c r a t c h  exper iments and x - ray  
p h o t o e l e c t r o n  spectroscopy (XPS) analyses were 
440C s t a l n l e s s  s t e e l ,  304 s t a i n l e s s  s t e e l ,  and 
t l t a n l u m  (99.97 per cent  pure)  (15 ) .  T h e l r  sur -  
faces were f l n l s h e d  w l t h  dlamond powder (3-pm 
p a r t i c l e  dlam) and w i t h  alumlnum o x l d e  (1-pm 
dlam) be fore  t h e  BN f l l m s  were depos i ted .  The 
BN f l l m s  on t h e  m e t a l l l c  s u b s t r a t e s  were a p p r o x l -  
mate ly  2 ym t h l c k .  The s u b s t r a t e s  used f o r  Auger 
e l e c t r o n  spectroscopy and secondary I o n  mass 
spec t romet ry  (AESISIM) ana lyses  were s l l l c o n  
( 3 , 4 ) .  

3 APPARATUS 

The i o n  source used t o  d e p o s i t  BN f l l m s  I s  
d e s c r l b e d  I n  Ref .  6. 

The f r l c t l o n  and wear apparatus used I n  t h l s  
I n v e s t l g a t l o n  was capab le  o f  s c r a t c h l n g  t h e  
s u r f a c e  o f  a BN f l l m  w i t h  a rounded diamond p i n  
( a  Rockwel l  cone diamond w l t h  a t l p  r a d l u s  o f  
0.2 n). The apparatus was c o m n e r c l a l l y  p u r -  
chased ( 1 6 ) .  A l oad  was a p p l l e d  by p l a c l n g  
deadwelghts on a pan on t o p  o f  a rod .  The o t h e r  
end o f  t h e  rod  conta lned t h e  dlamond p l n .  
p l e z o e l e c t r l c  acce le rometer  mounted j u s t  above 
t h e  dlamond p l n  d e t e c t e d  t h e  a c o u s t l c  emiss ion  
r e l e a s e d  as t h e  c o a t l n g  f l l m  was d i s t u r b e d .  

f o r  chemical  compos l t lon  analyses o f  t h e  BN 
f i l m s .  

A 

The XPS and AES/SIMS systems were a l s o  used 

4 EXPERIMENTAL PROCEDURE 

For t h e  exper lments I n  a l a b o r a t o r y  a l r  atmos- 
phere t h e  diamond p i n  sur faces  were scrubbed 
w i t h  l e v l g a t e d  alumina (1- and 1 / 4 - ~ m  p a r t i c l e  
dlam) and r l n s e d  w l t h  t a p  water ,  t h e n  w l t h  d l s -  
t i l l e d  water ,  and f l n a l l y  w l t h  ZOO-proof e t h y l  



a l c o h o l  b e f o r e  each s lng le -pass  s l l d l n g  exper-  
Iment.  The BN f l l m s  were a l s o  r i n s e d  w l t h  
200-proof e t h y l  a lcoho l  b e f o r e  use. A f t e r  t h e  
sur faces  o f  p l n  and BN f l l m  had been d r l e d  w l t h  
n l t r o g e n  gas, t h e  speclmens were p laced I n t o  t h e  
f r l c t l o n  and wear apparatus.  The speclrnen sur -  
faces were t h e n  brought I n t o  c o n t a c t  and loaded, 
and t h e  f r l c t l o n  experlment was begun. The t h e  
I n  c o n t a c t  b e f o r e  s l l d l n g  was 30 sec. 
s l l d l n g  experlment c o n s l s t e d  o f  a s l n g l e  pass 
w l t h  a t o t a l  s l l d l n g  d i s t a n c e  o f  about 10 a t  
a s l l d l n g  v e l o c l t y  o f  12 mn/mln. 
emlss lon  s l g n a l  was c o n t l n u o u s l y  mon l to red  d u r l n g  
s l l d l n g .  
were examlned by scanning e l e c t r o n  mlcroscopy, 
o p t i c a l  mlcroscopy, and sur face  p r o f l l o m e t r y .  

Each 

The a c o u s t t c  

The wear t r a c k s  formed on t h e  BN f l l m s  

For t h e  surface chemical  analyses I n  vacuum 
the  speclmens were p laced I n  vacuum chambers, 
and t h e  systems were evacuated and baked o u t  t o  
achleve a p ressure  o f  30 nPa (10-10 t o r r )  o r  
lower .  

The XPS was c a l l b r a t e d  r e g u l a r l y .  The 
ana lyzer  c a l l b r a t l o n  was determlned by assurnlng 
the  b l n d l n g  energy f o r  t he  g o l d  4 f  7/2 peak t o  be 
83.8 eV. The magnesium KU x- ray  was used w l t h  an 
x-ray source power o f  400 W (10 kV; 40 mA).  The 
spec t ra  were obtalned w l t h  a pass energy o f  25, 
50, o r  100 eV. The XPS was used I n  c o n j u n c t l o n  
w l t h  argon I o n  s p u t t e r i n g  t o  c l e a n  t h e  speclmens. 
I o n - s p u t t e r  e tch lng  was performed w l t h  a beam 
energy o f  3 keV a t  20-mA beam c u r r e n t  w l t h  an 
argon pressure  o f  0.7 mPa. The I o n  beam was con- 
t l n u o u s l y  r a s t e r e d  over t h e  specimen sur face .  
A f t e r  s p u t t e r  e tch lng  t h e  system was reevacuated 
t o  a p ressure  o f  30 nPa o r  lower .  The r e l a t l v e  
atomlc concent ra t lons  o f  t h e  var lous  c o n s t l t u e n t s  
on t h e  BN f l l m  surfaces analyzed by XPS were 
determined by uslng peak area  ( a t o m i c )  s e n s l t l -  
v l t y  f a c t o r s  and the r e l a t i v e  peak areas o f  
p h o t o e l e c t r o n s  (17).  

depos l ted  on a s l l l c o n  s u b s t r a t e  were ob ta lned by 
u s l n g  t h e  AES/SIMS system. I o n  s p u t t e r  e t c h l n g  
was performed w l t h  3-keV argon Ions .  Abso lu te  
e t c h  r a t e s  were determlned by comparlson w l t h  
e l l l p s o m e t r l c a l l y  determlned f l l m  th lcknesses .  
Abso lu te  va lues  o f  t h e  atomlc c o n c e n t r a t l o n s  were 
ob ta lned by c o r r e c t l n g  the  peak-to-peak s l g n a l  
ampl l tude by t h e  correspondlng e lementa l  s e n s l -  
t f v l t y  f a c t o r  (18) .  The m l c r o s t r u c t u r e  o f  t h e  BN 
f l l m  was examlned by t r a n s m l s s l o n  e l e c t r o n  mlc ro-  
scopy and d l f f r a c t l o n  I n  a mlcroscope o p e r a t l n g  
a t  100 kV. BN f l l m s  were removed f rom the  
s u b s t r a t e s  by mechanlcal methods l n c l u d l n g  I o n  
e t c h l n g  . 

Composl t lonal  depth  p r o f i l e s  o f  a BN f l l m  

5 RESULTS AND DISCUSSION 

5.1 M l c r o s t r u c t u r e  

A t y p i c a l  t ransmlss lon  e l e c t r o n  photomlcrograph 
( F l g .  l ( a ) )  l n d l c a t e s  t h a t  t h e  BN f l l m  lacked 
t h e  macroscoplc s t r u c t u r a l  f e a t u r e s  common I n  
b o t h  t h e  m o n o l l t h l c  c u b l c  and hexagonal forms o f  
BN. I n  t h e  absence o f  macroscoplc c r y s t a l l l n l t y  
n e l t h e r  g r a l n s ,  g ra ln  boundar ies,  g r a l n  o r l e n t a -  
t l o n s ,  n o r  a d d i t i o n a l  phases were found t o  e x l s t .  
The e l e c t r o n  d l f f r a c t l o n  p a t t e r n  o f  t h e  f l l m  
( F l g .  l ( b ) )  l n d l c a t e s  a d i f f u s e d  r i n g  s t r u c t u r e  
c o n t a l n l n g  t h r e e  r l ngs  t h a t  were l d e n t l f l e d  as 
hexagonal (BN)4H. T h l s  evldence suggests t h e  
presence, I n  a d d l t l o n  t o  a s t r u c t u r e l e s s  amor- 
phous phase, of a c r y s t a l l l n e  phase w l t h  a s l z e  

range o f  8 t o  30 nm. That I s ,  t h e  f l l m s  were n o t  
comple te ly  amorphous; p r o p e r t l e s  c h a r a c t e r l s t l c  
o f  hexagonal BN were d e t e c t e d .  T h l s  f l n d l n g  
agrees w l t h  e l e c t r o n  m l c r o s c o p l c a l  and o p t i c a l  
band gap o b s e r v a t l o n s  (3 .4 ) .  

5.2 Chemical compos l t lon  

XPS survey s p e c t r a  (scans of 1100 eV) o f  t h e  BN 
f l l m  sur faces  on t h e  s u b s t r a t e s  o b t a l n e d  b e f o r e  
s p u t t e r  c l e a n l n g  t y p l c a l l y  r e v e a l e d  a carbon peak 
as w e l l  as an adsorbed oxygen peak, as shown by 
curves ( a )  I n  F l g .  2. A l a y e r  o f  adsorbate  on 
t h e  s u r f a c e  c o n s i s t e d  of water  vapor and hydro- 
carbons f r o m  the  atmospher lc envlronment t h a t  may 
have condensed and become p h y s l c a l l y  adsorbed t o  
t h e  BN f l l m .  A f t e r  BN f l l m  sur faces  had been 
argon I o n  s p u t t e r  c leaned f o r  4 5  mln, smal l  c a r -  
bon and oxygen c o n t a m l n a t l o n  peaks as w e l l  as 
boron and n i t r o g e n  remalned ( c u r v e s  (b )  I n  
F l g .  2 ) .  

The B l s  p h o t o e l e c t r o n  emlss lon  l l n e s  o f  t h e  
BN ( F l g .  2) peaked p r l m a r l l y  a t  190 eV, whlch I s  
a s s o c l a t e d  w l t h  BN. They a l s o  I n c l u d e d  a s m a l l  
amount o f  B4C. The N l s  p h o t o e l e c t r o n  l l n e s  f o r  
t h e  BN peaked p r i m a r i l y  a t  397.9 eV. whlch I s  
aga ln  a s s o c l a t e d  w l t h  BN. 
l l n e s  taken f rom t h e  as- rece lved s u r f a c e  a t  
264.6 eV I n d i c a t e  the  presence o f  a d v e n t l t l o u s  
adsorbed carbon c o n t a m l n a t l o n  w l t h  a smal l  amount 
o f  c a r b l d e s .  A f t e r  s p u t t e r  c l e a n l n g  t h e  adsorbed 
carbon c o n t a m l n a t l o n  peak dlsappeared f r o m  t h e  
spectrum, and t h e  r e l a t l v e l y  smal l  c a r b i d e  peak 
c o u l d  be seen. The O l s  p h o t o e l e c t r o n  l l n e s  o f  
t h e  as- rece lved BN s u r f a c e  peaked a t  531.6 eV 
because o f  adsorbed oxygen c o n t a m l n a t l o n  and 
o x l d e s .  A f t e r  s p u t t e r  c l e a n l n g  t h e  adsorbed 
oxygen c o n t a m l n a t l o n  peak disappeared f r o m  t h e  
spectrum, b u t  t h e  smal l  o x l d e  peak remalned. 

The C I S  p h o t o e l e c t r o n  

The peak I n t e n s i t y  f o r  b o t h  boron and n l t r o -  
gen a s s o c l a t e d  w l t h  BN Increased w l t h  argon I o n  
s p u t t e r  c l e a n l n g ;  t h a t  f o r  carbon and oxygen 
decreased marked ly .  The BN f l l m  depos l ted  on 
t h e  440C s u b s t r a t e  was n o n s t o l c h l o m e t r l c .  w l t h  a 
B/N r a t l o  o f  1.6 (-2).  

Elemental  depth  p r o f l l e s  f o r  t h e  lon-beam- 
d e p o s l t e d  BN f l l m  on s l l l c o n  were ob ta lned as a 
f u n c t l o n  o f  t h e  s p u t t e r l n g  t l m e  f rom AES analyses 
( F l g .  3 ) .  The h e i g h t  o f  t h e  boron and n l t r o g e n  
peaks r a p l d l y  Increased w l t h  an I n c r e a s e  l n  t h e  
s p u t t e r i n g  t lme.  The oxygen and carbon peaks, 
however, decreased I n  t h e  f l r s t  1 t o  2 mln and 
remalned c o n s t a n t  t h e r e a f t e r .  The BN f l l m  depos- 
l t e d  on s l l l c o n  had a B/N r a t l o  o f  about 2. Thus 
XPS and AES analyses c l e a r l y  r e v e a l e d  t h a t  BN was 
n o n s t o l c h l o m e t r l c  and smal l  amounts of ox ldes  and 
c a r b l d e s  were p r e s e n t  on t h e  s u r f a c e  and I n  t h e  
b u l k  of t h e  BN f l l m .  Contamlnants such as c a r -  
bides (e.g. ,  B4C) and ox ldes  may be I n t r o d u c e d  
and absorbed I n  t h e  BN f l l m  d u r l n g  I o n  beam 
s y n t h e s l s .  

were probed by SIMS. The s p e c t r a  I n d l c a t e d  t h e  
presence o f  t h e  f o l l o w i n g  secondary Ions :  Bt,  
B2', C', 0'. S i ' ,  S12'. and SIO'. 
observe! a t  14 amu c o u l d  r e s u l t  f rom N , CH2 , 
and S I 2  . 
r e l a t e d  t o  BN' 
The S l o t  
u h l c h  was p r e s e n t  a t  t h e  BN-SI I n t e r f a c e .  

The BN f l l m s  depos l ted  on s l l l c o n  s u b s t r a t e s  

The'peak 

A d d l t l o n a l  peaks a t  24 and 25 amu were 
and t h u s  supported t h e  XPS da ta .  

s l g n a l  was a s s o c l a t e d  w l t h  t h e  oxide, 

2 



. 
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5.3 Deformat ion  and f r a c t u r e  
A s e r l e s  o f  s c r a t c h  exper lments were conducted 
w l t h  BN f l l m s  on 440C s t a t n l e s s  s t e e l ,  304 s t a l n -  
l e s s  s t e e l ,  and t l t a n l u m  f l a t  s u b s t r a t e s  s l i d i n g  
a g a l n s t  dlamond p l n s  i n  l a b o r a t o r y  a l r .  Compara- 
t i v e  exper lments were a l s o  conducted w l t h  440C 
s t a l n l e s s  s t e e l  and t l t a n l u m  s l l d l n g  a g a i n s t  
diamond p l n s  I n  l a b o r a t o r y  a i r .  

When a BN f l l m  s u r f a c e  I s  brought  I n t o  
s l l d l n g  c o n t a c t  w l t h  a diamond under r e l a t i v e l y  
smal l  l o a d  (<2 N ) ,  e l a s t l c  de format lon  can occur 
l o c a l l y  I n  bo th  t h e  BN f l l m  and t h e  diamond. 
S l l d l n g  occurs a t  t h e  I n t e r f a c e .  However, I n  
these exper lments no permanent groove fo rmat lon  
due t o  p l a s t l c  f l o w  and no c r a c k l n g  o f  t he  BN 
f l l m  w l t h  s l i d l n g  were observed. An I n c r e a s e  
( o f  a few newtons) I n  load,  however, r e s u l t e d  i n  
p l a s t i c  d e f o r m a t l o n  o f  t h e  BN f l l m .  The diamond 
Indented  and s l l d  on t h e  BN f l l m  w l t h o u t  I t s e l f  
s u f f e r l n g  permanent de format lon ,  b u t  I t  caused 
permanent grooves I n  t h e  BN f l l m  and s u b s t r a t e  
d u r l n g  s l l d l n g .  
much l l k e  m e t a l l l c  f l l m s .  

The BN f l l m  deformed p l a s t l c a l l y  

When a much h l g h e r  load was a p p l l e d  on a BN 
f i l m ,  however, t h e  s l l d l n g  a c t i o n  produced 
l o c a l l y  gross s u r f a c e  and subsur face  f r a c t u r l n g  
I n  t h e  f l l m .  Scannlng e l e c t r o n  photomlcrographs 
o f  a wear t r a c k  on a BN f i l m  depos l ted  on a 304 
s t a l n l e s s  s t e e l  s u b s t r a t e  ( F l g .  4)  revea l  t h a t  
b o t h  p l a s t i c  d e f o r m a t l o n  and f r a c t u r e  occurred 
I n  t h e  BN f l l m .  The f r a c t u r i n g  r e s u l t e d  f r o m  
b r l t t l e  c racks  b e l n g  generated. propagated, and 
then I n t e r s e c t e d  I n  t h e  BN f l l m  and a t  t he  I n t e r -  
f a c e  between t h e  BN f i l m  and the  s u b s t r a t e .  The 
b a c k s c a t t e r  photomlcrograph ( F i g .  4 ( b ) )  revea ls  
two d l f f e r e n t  m a t e r l a l s :  ( 1 )  t h e  BN f l l m  stayed 
on t h e  s u b s t r a t e  ( d a r k  areas I n  t h e  photomlcro- 
graph) and ( 2 )  t h e  BN f l l m  f ragments came o f f  
r e v e a l l n g  t h e  304 s t a l n l e s s  s t e e l  s u b s t r a t e  
( l l g h t  a r e a s ) .  

Scannlng e l e c t r o n  photomlcrographs o f  a wear 
t r a c k  on a BN f i l m  depos l ted  on a 440C s t a l n l e s s  
s t e e l  s u b s t r a t e  ( F i g .  5) r e v e a l  t h a t  t h e  BN f l l m  
deformed p l a s t i c a l l y  d u r l n g  s l l d i n g  a t  a l o a d  o f  
1 .1  N. Permanent grooves were formed where the 
dlamond began t o  s l l d e  ( F l g .  5 ( b ) ) .  However, the 
s l l d l n g  a c t i o n  a l s o  produced sudden gross f l a k l n g  
o f  t h e  BN f i l m .  A l a r g e  l l g h t  a rea  I n  the  l a s t  
h a l f  o f  t h e  wear t r a c k  ( F i g .  5 ( a ) )  I s  a f r a c t u r e  
p l t  where t h e  BN f l l m  was comple te ly  removed 
a l o n g  t h e  s l l d i n g  d l r e c t l o n  o f  t h e  dlamond. T h i s  
I s  con f l rmed by t h e  b a c k s c a t t e r  photomlcrograph 
( F i g .  5 ( c ) ) ,  whlch shows t h e  l l g h t  a rea  t o  be the  
440C s t a l n l e s s  s t e e l  s u b s t r a t e .  The f r a c t u r l n g  
and removal o f  t h e  BN f l l m  f r o m  t h e  440C sub- 
s t r a t e  were caused by f r a c t u r e  o f  coheslve bonds 
I n  t h e  BN f l l m  and l n t e r f a c l a l  adhesive bonds 
between t h e  f l l m  and t h e  s u b s t r a t e  I n  and near 
t h e  c o n t a c t  r e g l o n  w l t h  t h e  dlamond. The BN f i l m  
was f r a c t u r e d  and removed f rom t h e  t l t a n l u m  sub- 
s t r a t e  I n  a s l m l l a r  manner. 

Acous t ic  emlss lon  I s  r e l e a s e d  and de tec ted  
when adhes lve  bonds between t h e  BN f l l m  and the 
s u b s t r a t e  n r  l n t r l n s l c  cohes lve  bonds !r! t h e  BN 
f l l m  a r e  broken and new s u r f a c e  I s  c rea ted .  The 
p a t t e r n  and l n t e n s l t y  o f  t h e  a c o u s t i c  emlsslon 
depend on t h e  n a t u r e  o f  t h e  d l s t u r b a n c e :  
c r a c k l n g ,  f l a k l n g  o f  chevron-shaped fragments,  o r  
f l a k l n g  o f  I r r e g u l a r - s h a p e d  fragments,  e t c .  (16).  

T v p l c a l  a c o u s t l c  emlss lon  t r a c e s  f o r  a BN 
f l l m  on a m e t a l l i c  s u b s t r a t e  measured a t  loads  

o f  6 ,  6, and 10 N a r e  p resented  I n  F lg .  6. No 
a c o u s t l c  emlsslon was d e t e c t e d  a t  loads o f  b N o r  
l e s s .  Traces f o r  loads h i g h e r  than B N, whlch 
a r e  t h e  c r i t l c a l  loads  t o  f r a c t u r e  f o r  a BN f l l m  
depos l ted  on a t l t a n l u m  s u b s t r a t e ,  c l e a r l y  
I n d l c a t e d  evldence o f  a c o u s t l c  emlss lon  s l g n a l  
o u t p u t .  The a c o u s t l c  emlss lon  was re leased as 
t h e  BN f l l m  was d l s t u r b e d .  Such a c o u s t l c  
emlss lon  I s  due t o  t h e  sudden r e l e a s e  o f  e l a s t l c  
energy when c racks  propagate t o  t h e  c o a t l n g -  
s u b s t r a t e  I n t e r f a c e  ( l b ) .  I n  genera l  t h e  
a c o u s t l c  emlss lon  s l g n a l  l e v e l  Inc reased w l t h  an 
I n c r e a s e  I n  load, as demonstrated I n  F lg .  b. 
Thus t h e  c r l t l c a l  l o a d  t o  f r a c t u r e  o f  a BN f i l m  
on a meta l  s u b s t r a t e  can be d e t e c t e d  by an acous- 
t i c  emlss lon  techn lque.  A l though t h e  f a l l u r e  
modes f o r  BN f l l m s  d l f f e r e d  w l t h  t h e  m e t a l l l c  
s u b s t r a t e ,  t h e  c r l t l c a l  loads  o b t a l n e d  acous- 
t l c a l l y  agreed w e l l  w l t h  those d e t e c t e d  by 
o p t l c a l  and SEM mlcroscopy o f  t h e  scra tches .  

5.4 Y l e l d  p ressure  and Meyer 's  law 

The f o r e g o l n g  r e s u l t s  revea led  t h a t  t h e  s l l d i n g  
a c t l o n  o f  t h e  dlamond r e s u l t s  I n  a permanent 
groove I n  t h e  BN f l l m  a t  c e r t a i n  loads .  Scra tch  
measurements were t h e r e f o r e  conducted w l t h  a BN 
f i l m  depos l ted  on t h e  s u b s t r a t e s ,  s t a r t l n g  f r o m  
t h e  s m a l l e s t  loads  a t  which t h e  scra tches  were 
v l s l b l e  by o p t l c a l  microscopy and d e t e c t a b l e  by 
s u r f a c e  p r o f l l o m e t r y .  

The w l d t h  D and h e l g h t  H o f  a groove 
w l t h  some amount o f  deformed BN p l l e d  up a l o n g  
I t s  s l d e s  a r e  d e f l n e d  I n  F l g .  7 .  The w l d t h s  o f  
t h e  grooves r e p o r t e d  h e r e l n  were o b t a l n e d  by 
a v e r a g l n g  t h e  w l d t h s  f rom 10 o r  more measurements 
o f  s u r f a c e  p r o f i l e  t r a c e s  o r  o f  o p t l c a l  m lc ro-  
scopy. Mean c o n t a c t  p r e s s u r e  ( y l e l d  p ressure)  P 
d u r i n g  s l l d l n g  may then be d e f l n e d  by P = W/A 
where W I s  t h e  a p p l l e d  l oad  and A S  I s  t h e  " 
p r o j e c t e d  c o n t a c t  a rea  and I s  g l v e n  by 
( o n l y  t h e  f r o n t  h a l f  o f  t h e  p i n  I s  I n  c o n t a c t  
w l t h  t h e  f l a t )  ( 1 9 ) .  

The y l e l d  p ressure  over t h e  c o n t a c t  a rea  
g r a d u a l l y  rose  u n t l l  t h e  d e f o r m a t l o n  passed t o  a 
" f u l l y  p l a s t l c  s t a t e "  ( T a b l e  1 ) .  The mean con- 
t a c t  p r e s s u r e  a t  a f u l l y  p l a s t l c  s t a t e  P, I s  
h i g h e r  than (by  about 25  p e r  c e n t )  b u t  p ropor -  
t l o n a l  t o  t h e  measured V lckers  hardness (16 ) .  

o f  t h e  r e s u l t l n g  s c r a t c h  may be expressed by a 
number d e r l v e d  f rom e m p l r l c a l  r e l a t l o n s  ( 2 0 ) .  
When t h e  w l d t h  o f  t h e  r e s u l t l n g  s c r a t c h  D f o r  
BN f l l m s  I s  p l o t t e d  a g a l n s t  t h e  load W on loga-  
r l t h m l c  c o o r d l n a t e s ,  t h i s  1s expressed by W = kDn 
( l . e . ,  Meyer 's law, as t y p i c a l l y  p resented  i n  
F i g .  6 ) .  

F I g u r e  8 p r e s e n t s  d a t a  f o r  s c r a t c h  w l d t h s  
o b t a l n e d  f o r  BN f l l m s  on 440C s t a l n l e s s  s t e e l ,  
304 s t a l n l e s s  s t e e l .  and t l t a n l u m  s u b s t r a t e s .  
Comparatlve d a t a  f o r  uncoated 440C s t a l n l e s s  
s t e e l ,  304 s t a i n l e s s  s t e e l .  and t l t a n l u m  them- 
se lves  a r e  a l s o  presented. The p o r t l o n  LM f o r  
EN f i l m s  o r  : 'Ma  f o r  i incoated m e t a i i i c  mate- 
rials I s  g r a d u a l l y  curved b u t  I s  cons ldered t o  
be composed o f  a p p r o x l m a t e l y  s t r a i g h t  p o r t i o n s  
o f  t r a n s l t l o n a l  s lopes .  For example, t h e  t r a n s l -  
t l o n a l  s lopes a r e  2.b and 2.2 f o r  BN f l l m  on 440C 
s t a l n l e s s  s t e e l .  The p o r t l o n  MN f o r  BN f l l m s  
o r  M ' N '  f o r  uncoated meta ls  I s  a s t r a i g h t  l l n e  
o f  s lope 2. I t  1: e v l d e n t  t h a t  MN o r  # ' t i '  I s  
t h e  range over u h l c h  Meyer 's law I s  v a l i d  f o r  BN 

2 
As  = 0 /B 

The r e l a t l o n  between t h e  l o a d  and t h e  w l d t h  
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f l l m s  on m e t a l l l c  subs t ra tes  and f o r  uncoated 
m e t a l l l c  m a t e r l a l s .  Here t h e  Meyer Index n I s  
cons tan t  and has the va lue  2. Thus t h e  BN f i l m s  
on m e t a l l i c  subs t ra tes  behave p l a s t l c a l l y  much 
l l k e  me ta l s  when they a r e  b rough t  I n t o  c o n t a c t  
w i t h  hard  s o l l d s  such as dlamond. 

A s  d i scussed  e a r l l e r ,  however, when t h e  l o a d  
exceeds a c e r t a l n  c r l t l c a l  va lue ,  t h e  s l l d l n g  
d c t l o n  produces l o c a l l y  gross s u r f a c e  and subsur-  
f ace  f r a c t u r l n g  I n  t h e  BN f i l m  on t h e  m e t a l l l c  
subs t ra tes .  The c r l t l c a l  l o a d  t o  f r a c t u r e  
depends s t r o n g l y  on t h e  s u b s t r a t e .  The c r l t l c a l  
loads  t o  f r a c t u r e  the  BN f l l m  on 440C s t a l n l e s s  
s t e e l ,  304 s t a l n l e s s  s t e e l ,  and t l t a n l u m  were 
1.1, 0.7, and 0.8 N ,  r e s p e c t l v e l y  ( F i g .  8 and 
Table 1) .  

I t  I s  l n t e r e s t l n g  t o  n o t e  t h a t  t h e  p o r t l o n  
F F ,  r e p r e s e n t l n g  the c o n d l t l o n  o f  f r a c t u r e  where 
t h e  l oad  exceeded the  c r l t l c a l  load ,  I s  rough ly  
expressed by W = kDn I n  F l g .  8. The f r a c -  
t u r e d  s c r a t c h  f o r  t he  BN f l l m  on t h e  s u b s t r a t e  
was a lmos t  as wide as t h a t  f o r  t h e  uncoated 
m e t a l l i c  m a t e r l a l  used f o r  t h e  s u b s t r a t e .  Th is  
ev ldence con f l rms  t h a t  cracks a r e  generated f rom 
t h e  c o n t a c t  a rea  r a t h e r  than  f rom t h e  f r e e  su r -  
f ace  o f  t h e  f i l m .  I t  suggests t h a t  t h e  s u b s t r a t e  
i s  r e s p o n s i b l e  n o t  o n l y  f o r  c o n t r o l l l n g  t h e  c r i t -  
i c a l  l oad  t o  f r a c t u r e  t h e  BN f l l m  b u t  f o r  t h e  
e x t e n t  o f  f r a c t u r e  as w e l l .  

5 .5  Adheslon and shear s t r e n g t h  

E l t h e r  I n t e r f a c l a l  adheslve bonds between t h e  
c o a t l n g  and t h e  subs t ra te  o r  cohesive bonds I n  
t h e  BN c o a t l n g  were broken when c r l t l c a l l y  
loaded. For  example, w l t h  440C s t a l n l e s s  s t e e l  
and t i t a n l u m  some o f  t h e  l n t e r f a c l a l  adhesive 
bonds between t h e  BN f l l m  and t h e  s u b s t r a t e  were 
g e n e r a l l y  weaker than t h e  coheslve bonds I n  t h e  
BN f l l m .  The f a l l e d  s u r f a c e  revea led  t h e  com- 
p l e t e  removal  o f  the BN f i l m  f rom t h e  440C 
s t a l n l e s s  s t e e l  su r face  o r  t h e  t l t a n l u m  su r face  
( F i g .  5 ) .  

On t h e  o t h e r  hand. w i t h  t h e  304 s t a l n l e s s  
s t e e l  s u b s t r a t e  the l n t e r f a c l a l  adhesive bonds 
between t h e  BN f l l m  and t h e  s u b s t r a t e  were gen- 
e r a l l y  s t r o n g e r  than t h e  coheslve bonds I n  t h e  
BN f i l m .  The BN f l l m  f l r s t  cracked when I t  was 
c r l t l c a l l y  loaded.  The f a l l u r e  o f  t h e  BN f l l m  
Induced f r a c t u r e  of l n t e r f a c l a l  adheslve bonds 
between I t  and t h e  subs t ra te ,  and t h e  BN f l l m  
f ragments were p a r t l a l l y  removed f rom t h e  
subs t ra te .  

A l though t h e  f a l l u r e  modes observed w l t h  t h e  
BN f i l m s  on 440C s t a l n l e s s  s t e e l ,  304 s t a l n l e s s  
s t e e l ,  and t l t a n l u m  were d i f f e r e n t .  F l g .  8 sug- 
ges ts  t h a t  t h e  shear s t r e n g t h ,  cons lde red  as 
t h e  adheslon s t reng th  o f  t h e  l n t e r f a c l a l  bonds 
between t h e  BN f i l m  and t h e  subs t ra te ,  was 
r e l a t e d  t o  t h e  mechanlcal s t r e n g t h  o f  t h e  
subs t ra te .  

Benjamln and Weaver (21)  had d e r l v e d  t h e  
f o l l o w i n g  express lons f o r  s c r a t c h  adheslon i n  
terms o f  shear ing  s t r e s s  S produced a t  t h e  
c o a t l n g - s u b s t r a t e  i n t e r f a c e  by t h e  p l a s t l c  d e f o r -  
mat lon,  t h e  hardness o f  t h e  s u b s t r a t e  ( y l e l d  
p ressu re  a t  f u l l y  p l a s t l c  s t a t e  Pm), t h e  c r l t -  
I c a l  l oad  a p p l l e d  on t h e  p l n  Wc, and t h e  t l p  
r a d i u s  o f  t h e  p l n  R :  

S = K(3)'" 

s c -  2wC 
n D R  

These r e l a t l o n s  a l l o w  f o r  t h e  c a l c u l a t i o n  o f  
t h e  shear s t r e n g t h  ( l . e . ,  t h e  adheslon s t r e n g t h  
o f  t h e  i n t e r f a c i a l  bonds (21, 1 9 ) ) .  The r e s u l t s  
a r e  p resen ted  I n  Tab le  1. The va lues o f  t h e  
c r l t l c a l  l oads  were ob ta lned  and conf i rmed n o t  
o n l y  by o p t i c a l  and SEM mlcroscopy o f  t h e  
sc ra tches ,  b u t  a l s o  by t h e  a c o u s t i c  emlss lon 
technique.  The hardnesses o f  t h e  m e t a l l l c  sub- 
s t r a t e s  were ob ta lned  f rom t h e  da ta  on uncoated 
m e t a l l l c  m a t e r l a l s .  Table 1 r e v e a l s  g e n e r a l l y  
t h e  s t r o n g  c o r r e l a t l o n  between t h e  shear s t r e n g t h  
(1 .e . .  adheslon)  and t h e  hardness o f  t h e  sub- 
s t r a t e .  The ha rde r  t h e  m e t a l l i c  s u b s t r a t e ,  t h e  
g r e a t e r  t h e  shear s t r e n g t h .  

6 CONCLUSIONS 

As a r e s u l t  o f  s lng le -pass  s c r a t c h  exper lments 
conducted w l t h  boron n i t r i d e  (BN) f i l m s  on 440C 
s t a l n l e s s  s t e e l ,  304 s t a l n l e s s  s t e e l ,  and t l t a -  
n lum s u b s t r a t e s  I n  s l l d l n g  c o n t a c t  w i t h  a dlamond 
p l n ,  t h e  f o l l o w i n g  conc lus lons  were drawn: 

1. Ion-beam-deposlted BN f i l m s  a r e  n o t  
comp le te l y  amorphous b u t  c o n t a l n  ( t o  a smal l  
e x t e n t )  hexagonal BN. 

2 .  The su r faces  o f  spu t te r - c leaned  BN 
f l l m s  a r e  n o n s t o l c h l o m e t r l c ,  w l t h  a B/N r a t l o  o f  
approx ima te l y  2, and c o n t a l n  sma l l  amounts o f  
ox ides  and c a r b i d e s  I n  a d d l t l o n  t o  BN. 

3. BN f l l m s ,  l l k e  me ta l  f i l m s ,  deform e l a s -  
t l c a l l y  and p l a s t l c a l l y  I n  t h e  l n t e r f a c l a l  r e g l o n  
between two s o l l d s  I n  c o n t a c t  under l oad .  U n l l k e  
me ta l  f l l m s ,  however, when c r l t l c a l l y  loaded, BN 
f l l m s  can f r a c t u r e .  

4. The y l e l d  pressures a t  a f u l l y  p l a s t i c  
s t a t e  a r e  12  GPa (1200 kg/mm2) f o r  BN f i l m  on 440C 
s t a l n l e s s  s t e e l ,  4.1 GPa (420 kg/mm2) f o r  BN f l l m  
on  304 s t a l n l e s s  s t e e l ,  and 3.3 GPa (340 kg/mm2) 
f o r  BN f l l m  on t l t a n l u m .  

5.  The r e l a t l o n  between t h e  l o a d  W and 
t h e  w l d t h  o f  t h e  p l a s t l c a l l y  deformed groove 0 
f o r  BN f l l m s  I s  expressed by W = kDn ( l . e . ,  
t h e  c l a s s i c a l  Meyer ' s  l aw) .  

a BN f l l m  on  a m e t a l l l c  s u b s t r a t e  ob ta lned  acous- 
t l c a l l y  agrees w e l l  w l t h  those  d e t e c t e d  by o p t l -  
c a l  and SEM mlcroscopy o f  t h e  sc ra tches .  The 
c r l t l c a l  l o a d  Inc reases  w l t h  l n c r e a s l n g  hardness 
o f  t h e  s u b s t r a t e .  

6 .  The c r l t l c a l  l o a d  r e q u l r e d  t o  f r a c t u r e  

7 .  There appears t o  be s t r o n g  c o r r e l a t i o n  
between t h e  shear s t r e n g t h  o f  l n t e r f a c l a l  adhe- 
s l v e  bonds (cons lde red  as adheslon)  and t h e  hard-  
ness o f  t h e  s u b s t r a t e .  The ha rde r  t h e  m e t a l l i c  
subs t ra te ,  t h e  g r e a t e r  t h e  shear s t r e n g t h .  
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Table 1 C r l t l c a l  normal l o a d  t o  f r a c t u r e  BN f j l m  I n  s l l d l n g  c o n t a c t  and shear 
s t r e n g t h  o f  l n t e r f a c l a l  adheslve bonds 

Substrate Hardness of y i e l d  p ressu re  

p l a s t l c  s t a t e ,  
s u b s t r a t e  a t  a f u l l y  

Pm 

GPa kg/mm2 GPa k g / m 2  

040C s t a l n l e s s  7.1 720 12 1200 
s t e e l  

304 s t a l n l e s s  2.5 255 4.1 420 
s t e e l  

T I  t a n  1 urn 2.6 270 3.3 340 

C r l t l c a l  
normal 

l oad ,  

N 
WC 9 

1.1  

.7 

.a 

I n t e r f a c i a l  
adheslve 
s t r e n g t h ,  

S 

0.77 

.37 

From eq. ( 1 )  G q G z  
79 

38 

.40 1 41 

From eq. ( 2 )  - 
GPa 

0.68 

.29 

.30 

. . .  

cg/mm2 

69 

30 

31 
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( A )  TRANSMISSION ELECTRON MICROGRAPH. 

( B )  ELECTRON D I F F R A C T I O N  PATTERN. 

FIGURE 1. - TYPICAL MICROSTRUCTURE AND ELECTRON D I F F R A C T I O N  

PATTERN OF BN COATING F I L M .  
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FIGURE 2. - XPS SPECTRA OF ION-BEAM-DEPOSITED BN F I L M  (SPUTTERING T I M E ,  45 M I N ;  SUBSTRATE, 440C STAINLESS STEEL) .  
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( A )  SECONDARY ELECTRON IMAGE SEM. 

(B) BACKSCATTER ELECTRON IMAGE SEM. 
FIGURE 4 .  - SCANNING ELECTRON PHOTOMICREOGRAPHS OF WEAR ON BN FILM SURFACE 

GENERATED BY 0.2-mfl -RADIUS DIAMOND P I N ,  SUBSTRATE, 304 STAINLESS STEEL: 

LOAD. 0.7 N: S L I D I N G  VELOCITY,  12 MWMIN: LABORATORY A I R .  



b 

( A )  SECONDARY ELECTRON IMAGE SEM (LOW M A G N I F I C A T I O N ) .  

(B) SECONDARY ELECTRON IMAGE SEM ( H I G H  MAGNIFICATION). 

(c) BACKSCATTER ELECTRON IMAGE SEM. 
FIGURE 5 ,  - C r r y r l r r ~ r  EO 

I V ~ I V U  LECTRON PHOTOMICROGRAPHS OF WEAK i R A C r i  ON 8K F I L M  

SURFACE GENERATED BY 0.2-MM-RADIUS DIAMOND P I N .  SRBSTRATE, 44oc STAINLESS 

STEEL; LOAD, 1.1 N; SLIDING VELOCITY. 12 MMIMIN: LABORATORY AIR. 
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MAXIMUM SHEAR STRESS 'OVEMENT 

FIGURE 7. - DEFINITION OF MEAN CONTACT PRESSURE 
(P = w/As), OR SCRATCH HARDNESS. 
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