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Abs t rac t  

Rubbed f i l m s  o f  n a t u r a l  f l a k e  Madagascar 
g r a p h i t e  were a p p l i e d  t o  ASTM A-355(D) s t e e l  w i t h  
chemical su r face  pret reatments o f  z i n c  phosphate, 
gas n i t r i d e ,  s a l t  n i t r i d e ,  s u l f o - n i t r i d e ,  and 
w i t h  mechanical pret reatment  (sandb las t ing ) .  SAE 
1045 s t e e l  p i n s  were s l i d  aga ins t  these  f i l m s  
u s i n g  a  p in-on-d isk t r i bomete r .  The r e s u l t s  i n -  
d i c a t e  t h a t  two d i f f e r e n t  l u b r i c a t i n g  mechanisms 
can occur. I n  one t h e  chemical su r face  p r e t r e a t -  
ment, t h e  g r a p h i t e  can mix toge ther  t o  f o r m  a  
su r face  l a ; w  o f  t h e  two cons t i tuen ts ;  t h i s  p l a s -  
t i c a l l y  f l o w i n g  l a y e r  p rov ides  t h e  l u b r i c a t i o n .  
The longes t  endurance l i v e s  and t h e  lowest  p i n  
wear r a t e s  were obta ined w i t h  t h i s  mechanism. I n  
t h e  o ther ,  s u r f  ace topography appeared t o  c o n t r o l  
t h e  mechanism: A  rough sur face  was necessary t o  
serve as a  r e s e r v o i r  t o  supply  t h e  g r a p h i t e  t o  
t h e  f l a t  meta l1 i c  p la teaus  where i t  was sheared 
i n  ve ry  t h i n  f i l m s  between t h e  p la teaus  and t h e  
s l i d i n g  p i n  surface, For  t h i s  mechanism, chemi- 
c a l  pret reatment  seemed t o  do l i t t l e  more t h a n  
serve as a  means f o r  roughening t h e  sur face.  
Mean f r i c t i o n  was n o t  s i g n i f i c a n t l y  in f luenced  
b y  chemical pret reatment ,  b u t  su r face  roughness 
e f f e c t s  were observed. 

INTRODUCTION - 

The o b j e c t  o f  s o l i d  f i l m  l u b r i c a t i o n  i s  t o  
i n s e r t  between two r e l a t i v e l y  moving sur faces a  
s o l i d  o r  s o l i d s  which have low shear s t reng th .  
The most w i d e l y  used s o l i d  l u b r i c a n t s  w i t h  low 
shear s t reng ths  a re  t h e  l a y e r - l a t t i c e  o r  laminar  
s o l i d s ,  such as g r a p h i t e  and molybdenum d i s u l f i d e  
( 1  -3).  Both have hexagonal c r y s t a l  s t ruc tu res ,  
and, when rubbed under pressure, t h e  basal planes 
o r i e n t  on t h e  su r face  so t h a t  t h e y  become p a r a l -  
l e l  t o  t h e  s l i d i n g  i n t e r f a c e  (4-7).  Th is  f a c i l -  
i t a t e s  shear and t h e  c r y s t a l s '  a b i l i t y  t o  f l o w  
i n t o  themselves. 

The f a c t  t h a t  a  s o l i d  has a  l a y e r - l a t t i c e  
c r y s t a l  s t r u c t u r e  does n o t  ensure good l u b r i c a -  
t i n g  p r o p e r t i e s .  Both boron n i t r i d e  and mica 
have l a y e r - l a t t i c e  s t ruc tu res ,  y e t  n e i t h e r  i s  
considered a  good s o l i d  l u b r i c a n t  (1,3,4,8,9). 
Some evidence suggests t h e y  a re  n o t  good l u b r i -  
can ts  because t h e y  do n o t  adequate ly  adhere t o  
t h e  sur faces t o  be l u b r i c a t e d  (8) .  Thus, besides 
hav ing  low shear s t rength,  t h e  a b i l i t y  o f  t h e  
s o l i d  l u b r i c a n t  t o  adhere t o  t h e  sur faces i s  v e r y  
impor tan t .  ,- 

Adherence t o  t h e  sur faces may be chemical 
and/or  p h y s i c a l  i n  nature.  Even such l o w  energy 
sur faces as p o l y t e t r a f l u o r o e t h y l e n e  (PTFE) can 
c h e m i c a l l y  bond t o  a  meta l  su r face  i f  t h e  meta l  
i s  s u f f i c i e n t l y  c lean  (10). Phys ica l  bonding 
occurs b y  t h e  s o l i d  l u b r i c a n t  s imp ly  f i l l i n g  up 
t h e  v a l l e y s  between t h e  m e t a l l i c  a s p e r i t i e s  on 
t h e  sur face  (2,11,12). The amount o f  p h y s i c a l l y  
bonded s o l i d  l u b r i c a n t  can o f t e n  be increased b y  
a  c o n t r o l l e d  increase i n  t h e  roughness o f  t h e  
sur face.  Phys ica l  bonding has a l s o  been sugges- 
t e d  t o  occur  f o r  l a y e r - l a t t i c e  compounds such as 
g r a p h i t e  o r  MoS2 by  t h e  sharp edges o f  t h e  
c r y s t a l l i t e s  embedding i n t o  t h e  m e t a l l i c  sur faces 
(4913). 

Chemical p r e t r e a t i n g  o f  m e t a l l i c  subs t ra tes  
has been shown t o  increase t h e  endurance l i f e  of 
s o l i d  l u b r i c a n t s  (2,14,15). The mechanisms b y  
which t h i s  occurs a re  n o t  w e l l  understood. I s  it 
because chemical p r e t r e a t i n g  o f  t h e  sur faces i n -  
creases t h e  adherence o f  t h e  s o l i d  l u b r i c a n t ,  o r  
i s  i t  because t h e  chemical p re t rea tment  roughens 
t h e  sur face  and p rov ides  m i c r o r e s e r v o i r s  f o r  t h e  
s o l i d  l u b r i c a n t ?  

The purpose o f  t h i s  i n v e s t i g a t i o n  was t o  ob- 
t a i n  a  b e t t e r  understanding o f  t h e  mechanisms by  
which g r a p h i t e  p rov ides  l u b r i c a t i o n  by  s tudy ing  
t h e  e f f e c t  o f  rubbed (burn ished)  f i l m s  o f  graph- 
i t e  on var ious  chemica l l y  p r e t r e a t e d  sur faces.  
F r i c t i o n  c o e f f i c i e n t s ,  endurance l i v e s ,  p i n  wear 
r a t e s ,  f i l m  wear su r face  morphology, and energy 
d i s p e r s i v e  x- ray (EDS) ana lys is  o f  t h e  f i l m  wear 
t r a c k s  were determined f o r  g r a p h i t e  f i l m s  app l ied  
t o  sandblasted, z i n c  phosphated, gas n i t r i d e d ,  
s a l t  n i t r i d e d  (rough and smooth sur faces) ,  and 
s u l f o - n i t r i d e d  surfaces. 

MATERIALS 

N a t u r a l  f l a k e  Madagascar g r a p h i t e  w i t h  a  
mean p a r t i c l e  s i z e  o f  15 um ( s i z e  d i s t r i b u t i o n ,  
4 t o  40 and a  s p e c i f i c  g r a v i t y  o f  2.25 was 
used i n  t h i s  study. The p i n  specimens were made 
f r o m  SAE 1045 s t e e l  w i t h  a  Rockwell hardness o f  
6-90. The d i s k  specimens were made f rom ASTM 
A-355(D) s t e e l  w i t h  a  Rockwell hardness o f  C-28. 
The sur face  t reatments t o  t h e  s t e e l ,  sandblast,  
z i n c  phosphate, gas n i t r i d e ,  s a l t  n i t r i d e ,  and 
s u l f o - n i t r i d e ,  were app l ied  be fo re  c o a t i n g  w i t h  
g r a p h i t e .  The sur face  roughnesses o f  t h e  d i s k s  
a re  g iven  i n  Table 1  be fo re  and a f t e r  c o a t i n g  
w i t h  g raph i te .  Graphi te  was a p p l i e d  t o  s a l t  n i -  
t r i d e d  d i s k s  w i t h  two surface roughnesses. The 



surface p re t rea tmn ts  were appl ied by c  
manufacturers who specia l ized i n  prov id ing  these 
pretreatments. 

The moist  a i r  used i n  these experiments was 
of 50-percent r e l a t i v e  humidity. 

APPARATUS 

A pin-on-disk s l i d i n g  f r i c t i o n  apparatus was 
used i n  t h i s  study. The apparatus has been de- 
scr ibed i n  previous repor ts  (11,12). Bas ica l ly  
the f r i c t i o n  specimens (Fig. 1) consisted o f  a  
f l a t  d i sk  (6.3 cm d i m )  and a  stationary, hemi- 
spher ica l ly  t i pped  p i n  (0.476-cm rad.). The p i n  
s l i d  on a  5-cm-dim t rack  on t h e  d isk  a t  a  l i n e a r  
s l i d i n g  speed o f  2.6 m/sec ( f o r  a d isk  r o t a t i o n  
o f  1000 rpm). 

The apparatus used t o  apply t h e  s o l i d  l u b r i -  
cant powder t o  t h e  disks i s  shown i n  Fig. 2. The 
d isk  was attached t o  t he  v e r t i c a l  shaf t  o f  a  
small e l e c t r i c  motor by means o f  a  cup-shaped 
holder. Two v e r t i c a l  rods were used t o  r e s t r a i n  
a  f l o a t i n g  metal p l a t e  t o  which were attached t h e  
s o l i d  l ub r i can t  applicators. The b y k s  o f  po l -  
i sh ing  c l o t h s  were used as appliclators. The rub- 
bing l oad  was appl ied by  p lac ing  two 1-kg weights 
on top  o f  t h e  metal p la te .  

The rubbing apparatus was designed t o  f it 
w i t h i n  t he  b e l l  j a r  o f  a  vacuum system. The b e l l  
j a r  was evacuated t o  1000 Pa and then b a c k f i l l e d  
t o  atmospheric pressure w i th  50-percent r e l a t i v e  
humidi ty a i r .  

PROCEDURE 
p- 

Specimen Cleaning 

The pretreated s tee l  d isk surfaces were 
cleaned by washing w i t h  e thy l  alcohol and then 
by brushing under running d i s t i l l e d  water t o  r e -  
move dust pa r t i c l es .  Clean, d r y  a i r  was used t o  
qu i ck l y  d ry  t h e  surfaces. The disks were stored 
i n  a  desicator  u n t i l  they  were ready f o r  coat ing 
w i th  graphi te.  The p ins  were washed w i th  e thy l  
alcohol and then scrubbed w i t h  a  water paste o f  
lev iga ted alumina. The p ins  were then r insed i n  
d i s t i l l e d  water and d r i ed  w i t h  clean d ry  com- 
pressed a i r .  Graphite was not  applied t o  the  
pins. 

F i lm  Appl icat ion 

The procedure f o r  applying the  rubbed f i l m s  
was as fo l lows:  

(1  ) Apply a  small amount o f  graphi te powder 
t o  the cleaned d isk  surface and spread i t  evenly 
over the  surface w i t h  the back o f  a  po l ish ing  
c lo th .  

( 2 )  Apply about 0.5 g  o f  graphi te t o  the  
contact zone o f  the  app l ica tor  and d i s t r i b u t e  i t  
evenly. 

( 3 )  Assemble the  apparatus as shown i n  Fig. 
2 and apply two 1-kg weights f o r  the load. 

(4 )  Evacuate the  b e l l  j a r  t o  1000 Pa and 
then b a c k f i l l  i t  t o  atmospheric pressure w i th  an 
atmosphere o f  moist a i r  (50 percent r e l a t i v e  
humidity). Continue t o  purge the b e l l  j a r  w i t h  

m i s t  a i r  u n t i l  the disk i s  removed from t h e  
apparatus, 

(5 )  Set the  disk i n t o  r o t a t i o n  by gradua l ly  
increasing the  speed t o  15 rpm and rub f o r  1  hr. 

(6) Remove the  d isk  from the  apparatus and 
blow the  loose graphi te debris from the  surface 
w i t h  d r y  compressed a i r .  

Test Condit ions 

The specimens were inser ted  i n t o  t he  appara- 
tus, and the  chamber was sealed. Moist  a i r  was 
purged through the  chamber of 2000 cm3 a t  t h e  
r a t e  of 1500 cm3/min f o r  15 min before comnen- 
c i n g  the  tes t .  The disk was se t  i n t o  r o t a t i o n  a t  
1000 rpm (2.6 mls), and a  9.8-N load was gradu- 
a l l y  applied. The t e s t  temperature was 24O+3O C 
(ambient). 

Each t e s t  was stopped a f t e r  1  km o f  s l i d i n g  
and a t  f a i l u r e  (when the  f r i c t i o n  c o e f f i c i e n t  
reached a  value o f  0.25). One t e s t  f o r  each sur- 
face pretreatment was also stopped a f t e r  3  km o f  
s l i d i n g .  The p i n  and d isk  were removed f rom the  
apparatus ( a f t e r  stopping the  tes ts ) ,  and t h e  
contac t  areas were examined by o p t i c a l  microscopy 
and photographed. Surface p r o f i l e s  o f  t h e  d isk  
wear t r ack  were also taken. The specimens were 
then remounted i n  the  apparatus, and the  t e s t  
procedure was repeated. The p i n  was no t  removed 
from i t s  holder, and locat ing  p ins  ensured t h a t  
i t  was returned t o  i t s  o r i g i n a l  pos i t ion .  

The specimens were also observed i n  a  scan- 
n i n g  e lec t ron  microscope (SEM), and EDS spectra 
o f  undisturbed f i l m s  and wear t racks  were taken. 

RESULTS 

Endurance L i f e  

Endurance l i f e  was a r b i t r a r i l y  def ined as 
the  number o f  s l i d i n g  revolut ions ( i n  k i l ocyc les )  
t o  reach a  f r i c t i o n  c o e f f i c i e n t  o f  0.25. The en- 
durance l i v e s  obtained wi th  the  various p re t rea t -  
ments were compared (Fig. 3 and Table 2). Graph- 
i t e  f i l m s  applied t o  the z inc phosphated surfaces 
provided much longer endurance 1  ives than t h e  
other pretreatments. The su l f o -n i t r i ded  and the  
rough, s a l t - n i t r i d e d  surface gave the  shortest  
endurance l i ves .  The sandblasted, gas n i t r i ded ,  
and the  smooth, s a l t  n i t r i d e d  surfaces gave i n -  
termediate resu l t s .  Possible reasons f o r  these 
r e s u l t s  w i l l  be discussed i n  a  l a t e r  section. 

F r i c t i o n  Coef f ic ien t  

For a l l  o f  the experiments the  f r i c t i o n  co- 
e f f i c i e n t  s tar ted  out a t  some low value and then 
var ied  about t h i s  value f o r  an extended period. 
At some po in t  the f r i c t i o n  would then r i s e  grad- 
u a l l y  w i th  increasing s l i d i n g  t ime u n t i l  t he  
f a i l u r e  po in t  (0.25 f r i c t i o n  c o e f f i c i e n t )  was 
reached. Table 2  gives mean values f o r  t he  low, 
constant f r i c t i o n  coe f f i c i en ts  obtained i n  each 
t e s t .  Figure 4  gives the va r i a t i on  i n  f r i c t i o n  
c o e f f i c i e n t  obtained from t e s t  t o  t es t .  Except 
f o r  t he  smooth, s a l t - n i t r i d e d  surface (which i s  
s l i g h t l y  h igher) ,  the f r i c t i o n  c o e f f i c i e n t  v a r i -  



a t i o n  f o r  any one p a r t i c u l a r  su r face  g e n e r a l l y  
over laps  t h e  f r i c t i o n  c o e f f i c i e n t s  ob ta ined  f o r  
t h e  o t h e r  sur faces (F ig.  4). The sandblasted, 
gas-n i t r i ded ,  and s u l f o - n i t r i d e d  sur faces  p r o -  
duced g r e a t e r  v a r i a t i o n s  i n  f r i c t . i o n  c o e f f i c i e n t  
than  t h e  o t h e r  surfaces. 

Wear Rates 

P i n  wear volume was c a l c u l a t e d  a f t e r  1  and 
3  km o f  s l i d i n g  and a f t e r  f a i l u r e .  Table 2 g i v e s  
c a l c u l a t e d  p i n  wear r a t e  va lues i n  terms o f  wear 
volume p e r  u n i t  d i s tance  o f  s l i d i n g  f o r  s l i d i n g  
i n t e r v a l s  o f  0  t o  1  km, 1  t o  3 km, and 1  km t o  
t h e  f a i l u r e  p o i n t .  A bar  graph comparison o f  
these p i n  wear r a t e  values shows t h a t  d u r i n g  t h e  
f i r s t  k i l o m e t e r  o f  s l i d i n g ,  t h e  p i n  wear r a t e  i s  
cons iderab ly  h i g h e r  than  i t  i s  f o r  t h e  remainder 
o f  any i n d i v i d u a l  t e s t  (Fig. 5).  Obviously, t h i s  
i s  due t o  r u n - i n  e f f e c t s .  The s l i d i n g  i n t e r v a l  
f rom 1  t o  3  km represents t h e  s teady-state p e r i o d  
o f  wear and a  low va lue  f o r  any p a r t i c u l a r  t e s t .  
The s l i d i n g  i n t e r v a l  f rom 1  km t o  t h e  f a i l u r e  
p o i n t  rep resen ts  t h e  wear ob ta ined  d u r i n g  t h e  
s teady-state p e r i o d  and t h e  increased wear t h a t  
occurs near  t h e  end o f  t h e  t e s t  when t h e  l u b r i -  
can t  i s  g r a d u a l l y  depleted. Th is  i n t e r v a l  i s  
given, r a t h e r  than  3 km t o  t h e  f a i l u r e  p o i n t ,  be- 
cause some t e s t s  were n o t  stopped a f t e r  3 km o f  
s l i d i n g  and i t  was d e s i r a b l e  t o  compare a l l  t e s t s  
f o r  t h e  same s l i d i n g  i n t e r v a l s .  

The zinc-phosphated sur face  p re t rea tment  
gave by f a r  t h e  lowest  p i n  wear ra tes ,  a f t e r  r u n -  
i n  (Table 2 and Fig.  5). The sandblasted and t h e  
smooth, s a l t - n i t r i d e d  sur face  pret reatments p r o -  
duced t h e  nex t  bes t  r e s u l t s ,  a l though t h e  sand- 
b l a s t e d  sur face  appeared t o  g i v e  lower  wear dur -  
i n g  t h e  l a t e r  s l i d i n g  i n t e r v a l s ,  as i n d i c a t e d  by  
t h e  p i n  wear r a t e s  obta ined d u r i n g  t h e  1-km-to- 
f a i l u r e  s l i d i n g  i n t e r v a l .  The gas n i t r i d e d  sur -  
face  gave t h e  nex t  bes t  p i n  wear r a t e s ,  f o l l o w e d  
by  t h e  rough, s a l t - n i t r i d e d  sur face  and t h e  
s u l f o - n i t r i d e d  sur face.  Poss ib le  reasons f o r  
these d i f f e r e n c e s  i n  wear r a t e s  w i l l  be discussed 
i n  a  l a t e r  sect ion.  

The wear o f  t h e  p r e t r e a t e d  d i s k  sur faces was 
s tud ied  by  t a k i n g  sur face  p r o f i l e s  o f  t h e  wear 
t r a c k s  a t  t h e  end o f  each t e s t .  F i g u r e  6 g ives  
r e p r e s e n t a t i v e  p r o f i l e s  f o r  each sur face  p r e -  
t reatment .  Considerable wear o f  t h e  z i n c  phos- 
phated sur face  occurred, b u t  t h e  r e s t  o f  t h e  su r -  
faces tended t o  o n l y  have t h e  h i g h  spots worn 
o f f .  Wear morphology o f  t h e  graphite-rubbed, 
p r e t r e a t e d  sur faces w i l l  be discussed i n  t h e  nex t  
sec t ion .  

DISCUSSION - 
F i l m  Wear Surface Morphology 

Photomicrographs o f  t h e  rubbed g r a p h i t e  
f i l m s  a p p l i e d  t o  t h e  va r ious  p r e t r e a t e d  ASTM 
A-355(D) s t e e l  d i s k  sur faces a re  shown i n  Fig. 7. 
Coating tended t o  smooth t h e  surfaces, b u t  t h e  
r e l a t i v e  order  o f  roughness remained t h e  same be- 
f o r e  and a f t e r  c o a t i n g  (Table 1) .  Both mechani- 
c a l  and chemical pret reatment  i n f l u e n c e  t h e  sur -  

f a c e  morphology o f  t h e  rubbed g r a p h i t e  f i l m s  
(F ig .  7).  

Photomicrographs o f  small  s u r f a c e  areas o f  
t h e  wear t r a c k s  o f  t h e  rubbed g r a p h i t e  f i l m s  ap- 
p l i e d  t o  t h e  va r ious  p r e t r e a t e d  s t e e l  d i s k s  a re  
shown i n  Figs. 8  t o  12. The gas-n i t r i ded ,  s a l t -  
n i t r i d e d  (bo th  rough and smooth), and t h e  s u l f o -  
n i t r i d e d  wear t r a c k  sur faces were n o t  covered by  
a  cont inuous f i l m  o f  g r a p h i t e  a f t e r  6 k c y c l e s  o f  
s l i d i n g  (F igs.  8 t o  10). Small m e t a l l i c  p l a -  
teaus can be seen i n  t h e  wear t r a c k  f o r  t h e  gas- 
n i t r i d e d  sur face  (Fig. 8 ( a ) )  and t h e  smooth, 
s a l t - n i t r i d e d  sur face  (F ig.  9 (a ) ) .  Larger, 
r i d g e l i k e  p la teaus  can be seen f o r  t h e  rough, 
s a l t - n i t r i d e d  d i s k  (F ig.  9 (b ) ) ,  and t h e  s u l f o -  
n i t r i d e d  sur face  i s  covered w i t h  l a r g e  m e t a l l i c  
p la teaus  (Fig. 70). 

The sandblasted and t h e  z i n c  phosphated sur -  
faces were covered w i t h  a  much more cont inuous 
f i l m  o f  g r a p h i t e  than  t h e  o t h e r s  a f t e r  6 kcyc les  
o f  s l i d i n g  (F igs.  l l ( a )  and 12(a)) .  I n  f a c t ,  t h e  
z i n c  phosphated sur face  wear t r a c k  g i v e s  t h e  ap- 
pearance t h a t  t h e  g r a p h i t e  and t h e  z i n c  phosphate 
have mixed t o  fo rm a  cont inuous l a y e r  o n  t h e  
s u r f  ace. 

F a i l u r e  o f  t h e  f i l m s  appeared t o  b e  caused 
by  t h e  d e p l e t i o n  o f  t h e  g r a p h i t e  and t h e  exposure 
o f  l a r g e r  m e t a l l i c  reg ions.  A t  f a i l u r e ,  a l l  t h e  
sur faces were covered by  a  b lack,  powdery d e b r i s  
(F ig .  8 ( a ) )  which EDS ana lys is  showed t o  be com- 
posed o f  i r o n  o r  i r o n  compounds. 

The endurance l i v e s  o f  t h e  f i l m s  appear t o  
be r e l a t e d  t o  t h e  f i l m  forming a b i l i t y  o f  t h e  
g r a p h i t e  on t h e  p r e t r e a t e d  sur face  and t o  t h e  
f a c t  t h a t  t h e  rough sur face  ac ts  as a  r e s e r v o i r  
f o r  t h e  g raph i te .  D e f i n i n g  an optimum sur face  
roughness va lue  i s  d i f f i c u l t ,  however, s ince  r a d -  
i c a l l y  d i f f e r e n t  sur face s t r u c t u r e s  can produce 
t h e  same numerical su r face  roughness va lue  (such 
as Ra). For  example, t h e  sandblasted and t h e  
rough, s a l t - n i t r i d e d  sur face  have s i m i l a r  su r face  
roughness values (Table I ) ,  b u t  t h e  d i s t r i b u t i o n  
o f  t h e  meta l  on t h e  su r face  i s  e n t i r e l y  d i f f e r e n t  
(Figs. 9 (b )  and 11 ( b ) ) .  The rough, s a l t - n i t r i d e d  
sur face  tends t o  have long  r i d g e s  r u n n i n g  p a r a l -  
l e l  t o  t h e  p i n  s l i d i n g  d i r e c t i o n ;  w h i l e  t h e  sand- 
b l a s t e d  sur face  tends t o  have f l a t  p la teaus  ran-  
domly s c a t t e r e d  throughout t h e  wear t r a c k  reg ion .  
Since t h e  p i n  i s  s l i d i n g  p a r a l l e l  t o  t h e  meta l  
r i d g e s  o f  t h e  rough, s a l t - n i t r i d e d  sur face,  i t  
i s  d i f f i c u l t  ( i f  n o t  impossib le)  f o r  t h e  g r a p h i t e  
t o  g e t  i n t o  t h e  con tac t  area once t h e  o r i g i n a l  
f i l m  has worn away. But  on t h e  sandblasted sur -  
face, s ince  g r a p h i t e  surrounds t h e  m e t a l l i c  p l a -  
teaus, i t  i s  easy f o r  t h e  g r a p h i t e  t o  f l o w  i n t o  
t h e  con tac t .  I n  Fig. l l ( b )  t h i n  l a y e r s  o f  
g r a p h i t e  can be seen on t h e  m e t a l l i c  p la teaus.  

The z i n c  phosphate su r face  p re t rea tment  
tended t o  f u n c t i o n  d i f f e r e n t l y  f r o m  t h e  others.  
The f a c t  t h a t  i t  was t h i c k e r  (about 15 ?m) may 
have helped t h e  g r a p h i t e  mix w i t h  t h e  z i n c  phos- 
phate t o  fo rm a  cont inuous f i l m .  The wear p r o -  
cess tended t o  be gradual through t h e  z i n c  phos- 
phate layer ,  d u r i n g  which crumbl ing o f  t h e  l a y e r  
was found t o  occur  (F ig.  12 (b ) ) .  The EDS spectra 
o f  t h e  wear t r a c k  area on t h e  g r a p h i t e - f i l m  - 
zinc-phosphated - s t e e l  su r face  ( F i g .  13 )  show 



that the phosphorus and zinc were gradually de- 
pleted and the amount of iron increased with 
sliding duration. At failure there was essen- 
tially no phosphorus or zinc on the wear track. 

Transfer Film Morphology 

Photomicrographs of the transfer films after 
1 km of sliding are shown in Fig. 14. All pins 
showed a buildup of graphite in the contact inlet 
region and very thin plastically flowing films 
across the contact (Fig. 14). The zinc phospha- 
ted surface produced graphite transfer films that 
were thicker and more continuous than the others. 
The gas-nitrided and sulfo-nitrided produced 
transfer films were more discontinuous than the 
others. And the rough, circumferentially 
grooved, salt-nitrided surface produced stress 
risers (grooves) in the pin. 

Failure was characterized by the buildup of 
powdery wear debris on the pin. This debris did 
not coalesce to produce plastically flowing 
films. Again, EDS analysis showed the debris to 
be composed of iron or iron compounds. 

CONCLUSIONS 

Friction, wear, and wear surface morphology 
studies of rubbed graphite films applied to pre- 
treated ASTM A-355(D) steel disk surfaces indi- 
cate that 

1. The zinc phosphate chemical pretreatment 
provided the longest endurance lives and the low- 
est pin wear rates. 

2. The zinc phosphate (approx. 15 um thick) 
and the graphite mixed together to formed a thin, 
plastically flowing surface layer (approx. 3 urn 
thick). Some crumbling of the zinc phosphated- 
graphite surface occurred with sliding, but re- 
sidual graphite from the wear debris and from 
that distributed deep into the very rough pre- 
treated surface enabled a new, thin, plastically 
flowing surface layer to form. Failure occurred 
once the zinc phosphated layer had been depleted. 

3. The surface layers of the other pre- 
treated specimens showed minimal mixing with the 
graphite. The pin wear and the endurance life 
seemed to be controlled by the pretreated surface 
topography. The results indicate that surface 
topography should be optimized so that the val- 
leys in the surface serve as reservoirs to supply 
graphite to small, metallic plateaus. 

4. Sandblasted surfaces provided longer en- 
durance lives and lower pin wear rates than the 
chemical pretreated surfaces (except for the zinc 
phosphated surfaces), indicating that the chemi - 
ca1 treatment did not increase the adherence of 
the graphite to the disk; and, even if it did, 
the surface topography factor was of more impor- 
tance. 

5. Chemical pretreatment of the surfaces did 
not markedly affect the mean value of friction 
coefficient obtained. Surface roughness seemed 
to have a slight effect, as evidenced by the 
higher friction obtained for the smooth, salt- 
nitrided disk (0.18 versus 0.14 for the rough 
disk). 
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Table I 

Summary of Materi a1 s Properties 

Salt-ni trided, 
smooth surf ace 

Salt-nitrided, 
rough surface 

Sulfo-nitrided 

a ~ f t e r  treatment. 



Table I1 

Summary of Experimental Results 

a~ilocycles of sliding to reach a friction coefficient of 0.25. 

r 
Disk surf ace 
pretreatment 

Sandblasted 

Gas-nitrided 

Zinc-phosphated 

Salt-nitrided, 

smooth surface 

Salt-nitrided, 

rough surface 

Sulfo-nitrided 

Test 

1 

2 

3 

1 
2 

3 

1 

2 

3 

1 

2 

1 

2 

1 

2 

3 

Mean 
friction 

coefficient 

0.11 

-15 

-13 

0.12 
.14 

-16 

0.12 

.13 

.13 

0.19 

.18 

0.15 

.14 

0.11 

.12 

.14 

Endurance, a 
kilocycles 

167 

176 

179 

99 
112 

78 

41 2 

507 

470 

150 

155 

3 0 

3 1 

4 6 

3 3 

2 0 

Pin 

0 to 1 
kin 

530x10-l8 

3 2 0 ~ 1 0 - ~ ~  

630x10-l8 

1 2oox10-18 
1 700x10-~~ 

1 300x10-~~ 

270x10-18 

210x10-18 

280x10-l8 

540x10-18 

490x10-'~ 

7 200~10-18 

6 300x10-~~ 

g goo~10-18 

11 ooo~10-18 

6 800~10-18 

wear rate, 

1 to 3 
km 

20x10-~~ 

---------- 
---- - 

120x10-~~ 

---------- 
---------- 

5x10-l8 

---------- 
20x10-l8 

---------- 

3900x10-~~ 

---------- 
---------- 
---------- 

m31m 

1 kin to 
failure 
point 

80x1 0-I 

44xlO-l8 

70x10-~~ 

570x10-l8 

530xl0-~~ 

910x10-~~ 

6.8~10-l8 

7.7~10-l8 

10x10-~~ 

280x10-l8 

148x10-'~ 

1100x10-~~ 

3900x10-~~ 

1640x10-~~ 

4700x10-~~ 
5200x10-~~ 



RIDER SLANTED 
AT 45' TO DlSK ; 

Fig. 1. - High speed friction and wear rig. 



Fig. 2. - Burnishing aparatus. 



SAND- ZINC PHOS- GAS SALT NITRIDED SULFO- 
BLASTED PHATED NITRIDED SMOOTH ROUGH NlTRlDED 

SURFACE SURFACE 

Fig. 3. - Endurance of rubbed graphite f i lms o n  pretreated steel disks. 

SAND- 
BLASTED 

ZINC PHOS- GAS SALT NlTRlDED SULFO- 
PHATED NII'RlDED SMOOTH ROUGH NlTRlDED 

SURFACE SURFACE 
Fig. 4 - Friction coefficient for SAE 1045 pins sliding against graphite films rubbed 

onto pretreated steel disks. 



SLIDING DISTANCE, 
km ... . 

O T O l  

1 TO END OF TEST 

MAXIMUM 
MINIMUM 

-- 
SAND- ZINC PHOS- GAS SALT-NITRIDED SULFO- 
BLASTED PHATED NlTRlDED SMOOTH ROUGH NlTRlDED 

SURFACE SURFACE 

Fig. 5. - Pin wear rates for hemispherically tipped pins sliding against rubbed 
graphite films on pretreated steel disks. 



WEAR TRACK 

Fig. 6. - Surface profiles of wear tracks on graphite films rubbed onto 
pretreated steel disks. Pretreatment: (a) Sandblasted; (b) gas nitrided; 
(c) zinc phosphated; (d) salt nitrided, smooth surface; (el salt nitrided, 
rough surface; (f) sulfo-nitrided. 



Figure 7. - Photomicrographs of graphite f i lms rubbed onto pretreated steel disks. Pretreatment: 
(a) Sandblasted; (b) gas nitrided; (c) z inc phosphated; (dl salt nitrided, smooth surface; (el  
salt nitrided, rough  surface; (f) suifo-nitrided. 



Figure 8. - Wear tracks of graphite films rubbed onto gas nitrided 
steel disks (a) after 6 kcycles of sliding and (b) after 78 kcycles 
of sliding (failure coefficient of friction, 0.25). 



Figure 9. - Wear tracks of graphite f i lms rubbed onto (a) smooth- 
surface salt ni t r ided and (b) rough-surface salt ni t r ided steel 
disks; after 6 kcycles of sliding. 





Figure 11. - Wear tracks of graphite f i lms rubbed onto sandblasted 
steel disks after (a) 6 kcycles of sl iding and (b) 90 kcycles of sl i-  
ding. 



Figure 12. -Wear tracks of graphite films rubbed onto zinc phos- 
phated steel disks after (a) 6 kcycles of sliding and (b) after 250 
kcycles of sliding. The surface layer i n  part (a) appears to be a 
mixture of graphite and the zinc phosphated surface. 
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Fig. 13 - Energy dispersive x-ray spectra of wear tracks of 
graphite films rubbed onto zinc phosphated steel disks 
(a) before testing, (bl after 250 kcycles of sliding, and 
(c) after failure. 



Figure 14. - Transfer f i  lms on  p ins  after 1 k m  of s l id ing on graphite f i  Ims rubbed onto ?retreated steel disks. 
Pretreatments: (a) sandblasted; (b) gas nitr ided; (c l  z inc phosphated (Note t h i n  transfer i n  middle of 
wear scar. 1; (dl salt nitr ided, smooth surface; (e l  salt nitrided, rough  surface; (f) sulfo-nitr ided (Note 
less cont inuous transfer in middle of wear scar.). Dark areas i n  photsgraphs are graphite films, bright 
areas are metallic protrusions. 



Effect o f  Subst ra te  Chemi ea l  Pretreatment on t h e  
T r i  boa o g i  c a l  P rope r t i es  o f  Graph i te  F i lms 

Robert L. Fusaro 

Space Admin i s t ra t i on  
Lewis Research Center 
G I  eve1 and, Ohio 44135 

Technical Memorandum 
Vat iona l  Aeronautics and Space Admin i s t ra t i on  
Washington, D.C. 20546 

Prepared for  t h e  T h i r d  I n t e r n a t i o n a l  Conference on S o l i d  L u b r i c a t i o n  sponsored by 
t h e  American Soc ie ty  of L u b r i c a t i o n  Engineers, Denver, Colorado, August 5-9, 1984. 

Rubbed f i l m s  o f  n a t u r a l  f l a k e  Madagascar g r a p h i t e  were app l ied  t o  ASTM A-355(D) 
s t e e l  w i t h  chemical sur face pret reatments o f  z i nc  phosphate, gas n i t r i d e ,  s a l t  
n i t r i d e ,  s u l f o - n i t r i d e ,  and w i t h  mechanical pret reatment  (sandb las t ing) .  SAE 
1045 s t e e l  p i n s  were s l i d  aga ins t  these f i l m s  us ing  a  pin-on-disk t r ibometer .  
The r e s u l t s  i n d i c a t e  t h a t  two d i f f e r e n t  l u b r i c a t i n g  mechanisms can occur. I n  
t h e  chemical sur face pretreatment,  t h e  g r a p h i t e  can mix together  t o  form a  sur- 
f a c e  l a y e r  o f  t h e  two cons t i t uen ts  and t h i s  p l a s t i c a l l y  f l o w i n g  l a y e r  prov ides 
the  l u b r i c a t i o n  The longest  endurance l i v e s  and t h e  lowest p i n  wear r a t e s  were 
obta ined w i t h  t h i s  mechanism. I n  t h e  other ,  sur face topography appeared t o  
c o n t r o l  t h e  mechanism. A rough sur face was necessary t o  serve as a  r e s e r v o i r  
t o  supply t h e  g raph i te  t o  t h e  f l a t  m e t a l l i c  p lateaus where i t  was sheared i n  
very  t h i n  f i l m s  between t h e  p lateaus and t h e  s l i d i n g  p i n  surface. For t h i s  
mechanism, chemical pret reatment  seemed t o  do l i t t l e  more than serve as a  means 
f o r  roughening t h e  surface. Mean f r i c t i o n  was n o t  s i g n i f i c a n t l y  in f luenced b y  
chemical pretreatment,  b u t  sur face roughness e f f e c t s  were observed. 

Graphite; S o l i d  l u b r i c a n t ;  Surface pre- Unc lass i f ied  - u n l i m i t e d  
treatment;  F r i c t i o n ;  Wear; T r i  bo l  og i ca l  STAR Category 27 
p r o p e r t i e s  ; Lubr i  c a t i n g  mechanisms ; 
Transfer  f i 1 ms 
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