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T y p e  A ISI 304 a n d  310 s ta in le s s  s te e ls  w e re  im p la n te d  w ith  60 keV 

n i t r o g e n  io n s  w ith  d o se s  r a n g in g  from  0.5 X 1 0 ^  io n s /c m ^  to  10 X 1 0 ^  

io n s /c m ^  a n d  a t  te m p e r a tu r e s  from  1606 C to  400 "C. C o n v e rs io n  e le c tro n  

M ô ssb a u e r  s p e c tro s c o p y  a n d  X -ra y  d if f r a c t io n  w e re  u s e d  to  d e te rm in e  

th e  n e a r - s u r f a c e  m ic r o s t r u c tu r a l  a l te r a t io n s  r e s u l t in g  from  n i t ro g e n  

im p la n ta tio n . A u g e r  e le c tro n  s p e c tro s c o p y  p ro v id e d  im p la n te d  n i t ro g e n  

c o n c e n tr a t io n s  a s  a  fu n c t io n  o f  d e p th . R e su lts  w e re  c a re fu l ly  c o r r e la te d  

w ith  w e a r t e s t s  a n d  m ic ro h a rd n e s s  m e a su re m e n ts  m ade on  th e  sam e 

sam p les . D ram atic  im p ro v e m e n t in  w e a r  r e s is ta n c e  a n d  s u r f a c e  h a r d n e s s  

o c c u r r e d  w h en  th e  im p la n ta tio n  w as d o n e  a t  3806 C to  th e  h ig h e s t  d o se s  

a n d  th i s  w as fo u n d  to  b e  d u e  to  a  v e r y  d e e p  p e n e t r a t io n  (from  0.2 pm 

to  1.6 pm) o f  N to  fo rm  a  th ic k  la y e r  t h a t  is  s t r e n g th e n e d  b y  la rg e  

c o n c e n tr a t io n s  (from  7.5 at.% to  20 at.%) o f N in  so lid  so lu tio n . In  

a d d i t io n , i t  w as fo u n d  t h a t  a u s te n i te  t r a n s fo rm e d  to  m a rte  n s i te  in  

u n im p la n te d  sam p les  d u r in g  p o lish in g  a n d  w e a r  t e s t in g .  A r e v e r s e  

tr a n s fo rm a tio n  to  a u s te n i te  o c c u r r e d  d u r in g  im p la n ta tio n . H ow ever, th e  

ro le  o f m a rte  n s i te  in  th e  w e a r  b e h a v io r  o f im p la n te d  sam p les  w as fo u n d  

to  b e  u n im p o r ta n t .
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T rib o lo g y  is  th e  s tu d y  o f th e  b e h a v io r  o f m a te r ia ls  in  ru b b in g  

c o n ta c t .  T rib o lo g ic a l c h a r a c te r i s t i c s  in c lu d e  th e  h a r d n e s s ,  th e  f r ic t io n  

c o e ff ic ie n t , th e  w e a r r a t e  a n d  th e  to p o g ra p h y  o f th e  w e a r  t r a c k s .  S in ce  

th e s e  c h a r a c te r i s t i c s  a r e  s u r f a c e  s e n s i t iv e ,  a n y  m od ifica tio n  o f th e  

s u r f a c e  p r o p e r t i e s  c a n  b e  exam ined  b y  s tu d y in g  th e s e  tr ib o lo g ic a l 

c h a r a c te r i s t ic s .  I t  is  r e c o g n iz e d  t h a t  f r ic t io n  a n d  w e a r a r e  n o t in t r in s ic  

m a te r ia l p r o p e r t i e s  b u t  a r e  c h a r a c te r i s t i c s  o f th e  e n g in e e r in g  sy s te m , 

so  u n d e r s ta n d in g  tr ib o lo g ic a l  c h a r a c te r i s t i c s  is  e sp e c ia lly  im p o r ta n t  in  

th e  e n g in e e r in g  o f m a te r ia ls .

F o r o v e r  a  d e c a d e , th e  m e th o d  o f ion  im p la n ta tio n  h a s  b e e n  

d e v e lo p e d  to  im p ro v e  tr ib o lo g ic a l p r o p e r t i e s .  Io n  im p la n ta tio n  is  a  

u n iq u e  m e th o d  fo r  a l te r in g  th e  n e a r - s u r f a c e  ch em ica l co m p o sitio n  a n d  

m ic r o s t r u c tu r e  o f m a te r ia ls . T h is  m e thod  h a s  s e v e ra l  a d v a n ta g e s  a n d  

d is a d v a n ta g e s  in  co m p a riso n  w ith  o th e r  s u r f a c e  m o d ifica tio n  te c h n iq u e s .  

T he m ain a d v a n ta g e s  a r e  [1]: i t  is  a  n o n -e q u il ib r iu m  p ro c e s s  so  t h a t  

a n y  e lem en t c a n  b e  in c o rp o ra te d  in to  a n y  so lid ; low er p ro c e s s in g  

te m p e ra tu r e ,  a  u n ifo rm  m o d ifica tio n  d e p th ,  a n d  n e g lig ib le  s t r u c t u r a l  

d is to r t io n .  T he d is a d v a n ta g e s  a re :  th e  h ig h  c a p i ta l  c o s t,  th e  shallow  

p e n e t r a t io n  d e p th  a n d  t h a t  i t  is  a  l in e - o f - s ig h t  p ro c e s s .

While s u r f a c e  p r o p e r ty  im p ro v em en t b y  io n  im p la n ta tio n  h a s  b e e n  

sh o w n  in  m any  m a te r ia ls , th e  m ech an ism s r e s p o n s ib le  a r e  s t i l l  p o o rly  

u n d e r s to o d .

T he m a te r ia ls  u n d e r  in v e s t ig a t io n  b y  o u r  g ro u p  (C o lo rado  S ta te
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U n iv e r s i ty ,  CSU, a n d  C o lo rado  Schoo l o f M ines, CSM) a r e  p u r e  iro n  

(99.9985%), s ta in le s s  s te e l  (SS) (A IS I-304 a n d  310 ), a n d  c a rb o n  s te e l  

(0.4% c a rb o n ) .  F o r th e  p u r e  iro n  s tu d ie s  [2 ], n i t r o g e n  a n d  a rg o n  w ere  

im p la n te d . W ear t e s t s  w e re  d o n e  a t  CSU b y  u s in g  a  u n iq u e  o sc il la t in g  

p in - o n - d is c  t e s t  m ach ine  [3]. I t  h a s  b e e n  sh o w n  th a t  mild a d h e s iv e  

w e a r r e s is ta n c e  in c re a s e d  d ra m a tic a lly  a f t e r  n i t r o g e n  ion  im p la n ta tio n  

in to  p u r e  iro n . T he b a c k s c a t te r  M ô ssb au e r te c h n iq u e s  o f c o n v e rs io n  

e le c tro n  M ô ssb au e r s p e c tro s c o p y  (CEMS), c o n v e rs io n  x - r a y  M ô ssb au e r 

s p e c tro s c o p y  (CXMS) a n d  x - r a y  d if f ra c tio n  (XRD) h a v e  b e e n  u s e d  a t  CSM 

to  id e n t if y  th e  s u r f a c e  p h a s e s  b e fo re ,  d u r in g  a n d  a f t e r  th e  w e a r t e s t s .  

T h e se  te c h n iq u e s  h a v e  b e e n  d e s c r ib e d  in  som e d e ta i l  [2]. T he s tu d y  

sh o w ed  t h a t  th e  w e a r  r e s is ta n c e  is  d e te rm in e d  b y  w h ich  n i t r id e  is  

fo rm ed ; r a n k e d  fro m  m ost to  le a s t  w e a r  r e s is ta n c e ,  th e s e  a r e  Z ’-F e^N , 

6-FegN , a n d  ( -F e g N . T h e re  w as no e v id e n c e  o f lo n g  r a n g e  n i t r o g e n  

m ig ra tio n  o c c u r r in g  d u r in g  th e  w e a r  t e s t s ,  o f te n  s p e c u la te d  to  o c c u r  b y  

o th e r s .  T h is  th e s i s  d e s c r ib e s  s tu d ie s  o f n i t r o g e n  im p la n te d  304 SS a n d  

310 SS.

T he p u rp o s e  o f th i s  s tu d y  is  to  in v e s t ig a te  th e  s u r f a c e  

m ic r o s t r u c tu r e  o f a  s e r ie s  o f 304 SS a n d  310 SS sam p les  w ith  v a r io u s  

n i t r o g e n  im p la n ta tio n  d o s e s  a t  v a r io u s  im p la n ta tio n  te m p e r a tu r e s  a n d  

d o se  r a te s .  T he te c h n iq u e s  o f CEMS, CXMS a n d  XRD w ill b e  u s e d  a n d  

th e  r e s u l t s  w ill b e  c o r r e la te d  w ith  th e  m o d ifica tio n  o f s lid in g  w e a r 

b e h a v io r  in  o r d e r  to  e s ta b l is h  th e  m ech an ism s re s p o n s ib le  fo r  th e  

im p la n ta tio n  in d u c e d  im p ro v em en t. We will a lso  a t te m p t to  fo rm  th ic k
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n i t r id e  la y e r s  w ith  h ig h  im p la n ta tio n  d o se s  a n d  to  d e te rm in e  th e  optim um  

im p la n ta tio n  te m p e r a tu r e s ,  in  o r d e r  to  p ro d u c e  m ore d u ra b le  m a te r ia ls .

A u s te n it ic  s ta in le s s  s te e l  304 a n d  310 h a v e  b e e n  c h o se n  fo r  th i s  

p r o je c t  b e c a u se  th e y  a r e  p a r t  o f  a  fam ily  o f a llo y s  w ith  a  common fa c e -  

c e n te r e d - c u b ic  c r y s ta l  s t r u c t u r e  (fee ) . We w ill co m p are  t h e i r  b e h a v io r  

w ith  t h a t  o f th e  sim ple m ic r o s t r u c tu r e  o f p u r e  iro n  w h ich  is  b o d y -  

c e n te r e d - c u b ic  (b cc ) . A n o th e r  r e a s o n  fo r  c h o o s in g  th e  s te e ls  is  th a t  

a u s te n i t i c  s ta in le s s  s te e ls  a r e  v e r y  w ide ly  u s e d  m a te r ia ls . T h ey  h a v e  

o u ts ta n d in g  c o r ro s io n  r e s i s ta n c e s  o v e r  a  w ide r a n g e  o f te m p e ra tu r e s .  

T h ey  do n o t becom e b r i t t l e  a t  s u b - z e r o  te m p e r a tu r e s  e v e n  a s  low a s  -  

240*C [4]. U n fo r tu n a te ly ,  th e y  a r e  r a t h e r  s o f t  m a te r ia ls  a n d  th e r e f o r e  

o f te n  h a v e  p o o r w e a r  r e s is ta n c e .  S u r fa c e  m o d ifica tio n s  m ig h t e x te n d  

th e i r  u s e  in  tr ib o lo g ic a l a p p l ic a t io n s .
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R e c e n tly , s e v e ra l  g ro u p s  h a v e  s tu d ie d  v a r io u s  s ta in le s s  s te e ls .  I t  

is  w ell k n o w n  th a t  th e  a u s te n i t i c  s ta in le s s  s te e ls  b a s e d  o n  th e  F e -C r-N i 

s y s te m  h a v e  p o o r  w e a r  c h a r a c te r i s t i c s  d u r in g  s lid in g  c o n ta c t .  T he 

r e a s o n  fo r  th i s  p o o r  w e a r  b e h a v io r  is  n o t w ell u n d e r s to o d  [5].

A r e c e n t  s u r v e y  [6] h a s  p ro v id e d  u s e fu l  r e la t iv e  w e a r  d a ta  fo r  a  

v a r ie ty  o f s ta in le s s  s te e ls ,  b u t  e x p la n a tio n s  fo r  th e  o b s e rv e d  r a n g e  of 

r e s p o n s e s  h a v e  n o t  b e e n  g iv e n . T he  w o rk  o f Y ang e t  al. [7] h a s  sh o w n  

th a t  th e  d e b r is  p a r t ic le s  from  s e lf -m a te d  u n im p la n te d  304 SS a r e  

s t r o n g ly  fe r ro m a g n e tic  a n d  t h a t  th o s e  from  310 SS a r e  n o n -m a g n e tic . 

T he d e b r is  p a r t ic le  s iz e  in c r e a s e d  w ith  h ig h e r  s lid in g  s p e e d s ,  i. e. 

h ig h e r  s u r f a c e  te m p e ra tu re .  T h is  v e r if ie d  th e  im p o r ta n c e  o f th e  

fo rm a tio n  d u r in g  w e a r  t e s t in g  o f  s t r a in - in d u c e d  m a r te n s i te  (b o d y -  

c e n t e r - te t r a g o n a l ,  b e t)  in  som e s ta in le s s  s te e ls .  T h e ir  w e a r  t e s t s  

sh o w ed  th a t  304 SS h a d  th e  w o rs t  w e a r  r e s is ta n c e  a n d  310 h a d  th e  b e s t  

w e a r r e s is ta n c e  a n d  th a t  th e  w e a r  r e s is ta n c e  d e p e n d s  on  th e  s ta b i l i ty  of 

th e  a u s te n i te  p h a se .

S e v e ra l  p r e v io u s  s tu d ie s  [7 -9 ] on  u n im p la n te d  sam p les  fo u n d  th a t  

m a r te n s i te  is  fo rm ed  n o t o n ly  d u r in g  w e a r t e s t in g ,  w h e re  fo rm a tio n  o f 

m a r te n s i te  is  e x p e c te d  d u e  to  la rg e  s t r a in s ,  b u t  a lso  d u r in g  p o lish in g  

p r io r  to  w e a r  te s t in g .

T he r e s u l t s  o f th e  w o rk  b y  S p a lv in s  [10] sh o w ed  th a t  io n - n i t r id in g  is  

a  b e n e f ic ia l s u r f a c e  t r e a tm e n t  f o r  a u s te n i t ic  s ta in le s s  s te e l .  T h is  is  

b e c a u se  a u s te n i t i c  s ta in le s s  s te e ls  c o n ta in  s t r o n g  n i t r id e - fo rm in g
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e le m e n ts  s u c h  a s  C r. In  th e  io n - n i t r id in g  p ro c e s s ,  im p in g in g  io n s  

d e l iv e r  e n o u g h  e n e r g y  to  th e  sp ec im en , w h ich  is  th e  c a th o d e  o f a  d .c . 

glow  d is c h a rg e ,  to  h e a t  i t  to  a  p r e s e le c te d  n i t r id in g  te m p e ra tu re .  

U su a lly , th e  n i t r id in g  te m p e ra tu r e  r a n g e s  from  490 to  565 °C. T h is  

d if fu s io n -b a s e d  p ro c e s s  fo rm s  com plex n i t r id e s  w ith  a  d is t in c t  com p o u n d  

la y e r .  T he com p o u n d  la y e r  in c re a s e s  s u r f a c e  h a r d n e s s  a n d  th u s  

im p ro v e s  w e a r r e s is ta n c e .  M any k in d s  of s ta in le s s  s te e ls  s u c h  a s  A IS I- 

304, 305, 310, a n d  316 e tc . h a v e  b e e n  exam ined  [10]. I t  w as fo u n d  th a t  

th e  304 SS w h ich  is  th e  le a s t  s ta b le  w ith  r e s p e c t  to  th e  a u s te n i t i c -  

m a r te n s i te  p h a s e  t r a n s fo rm a tio n  e x h ib its  a  g r e a t  im p ro v em en t o f th e  

s u r f a c e  p r o p e r t i e s  a f t e r  io n - n i t r id in g .

M uch w o rk  h a s  b e e n  d o n e  o n  ion  im p la n te d  304 SS b y  d i f f e r e n t  

g ro u p s .  T he w o rk  o f D an ie ls  a n d  W ilbur ( a t  CSU) [11] sh o w ed  t h a t  

n i t r o g e n  im p la n ta tio n  o f 304 SS (w ith  a n  ion  e n e r g y  o f 60 keV, a  

c u r r e n t  d e n s i ty  o f 100 pA /cm ^ a n d  a  n i t r o g e n  ion  d o se  o f 2 X 1 0 ^  

N ^g/cm ^) in d u c e s  a n  in c re a s e  in  th e  lo a d -b e a r in g  c a p a c ity  to  o v e r  40 

tim es t h a t  o f u n im p la n te d  304 SS.

O liv e r 's  g ro u p  [12] h a s  sh o w n  th a t  th e  f r ic t io n  c o e f f ic ie n t o f 304 SS 

w as n o t c h a n g e d  s ig n if ic a n t ly  b y  n i t r o g e n  im p la n ta tio n  (w ith  a n  e n e r g y  

o f 90 keV , a  c u r r e n t  d e n s i ty  o f 5 pA /cm 2, a n d  a  d o se  o f 3.5 X 1 0 ^  

io n s /c m ^ ) a n d  th e  in i t ia l  w e a r  r a t e  f o r  th e  im p la n te d  304 SS w as a t  le a s t  

20 tim es  s lo w er th a n  u n im p la n te d  304 SS. No e v id e n c e  o f a  d i s t in c t  tw o - 

s ta g e  w e a r  p ro c e s s  w as fo u n d . S u r i  e t  a l. [13] fo u n d  t h a t  n i t ro g e n  

im p la n ta tio n  o f 304 SS (w ith  a  n i t r o g e n  c o n c e n tra t io n  o f 1 0 ^  io n s  cm” ^
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a n d  a t  50 keV) in c re a s e s  th e  w e a r  r a t e  in i t ia lly ,  b u t  t h a t  th e  w e a r  r a te  

a p p ro a c h e s  t h a t  o f u n im p la n te d  304 SS w h en  th e  s lid in g  d is ta n c e  

in c r e a s e s  u p  to  1000 m. T h ey  sa id  t h a t  th e  r e a s o n  fo r  th e  r e s u l t  th e y  

o b ta in e d  c o u ld  b e  a n  in c re a s e  in  s u r f a c e  te m p e r a tu r e  a t  th e  w ea r 

s u r f a c e  d u r in g  th e  w e a r  t e s t ,  th e r e b y  c a u s in g  th e  rem o v a l o f th e  

im p la n te d  io n s  n e a r  th e  s u r f a c e  b y  d iffu s io n .

S in g e r ’s g ro u p  [14] m e a su re d  th e  f r ic t io n  a n d  w e a r  r e s is ta n c e  o f 304 

SS im p la n te d  w ith  a  f lu e n c e  o f 4 X 1 0 ^  N /cm ^ a t  180 keV, u s in g  a  

h a rd e n e d  s te e l  b a ll s l id in g  ( s p e e d  = 0.1 m m /sec) a g a in s t  th e  im p la n te d  

s te e l .  T he r e s u l t s  sh o w ed  t h a t  n i t r o g e n  im p la n ta tio n  d id  n o t r e d u c e  

f r ic t io n  b u t  d e la y e d  w e a r  b y  in c re a s in g  th e  r e s is ta n c e  o f th e  s u r f a c e  to  

s h e a r .  No s ig n if ic a n t  n i t r o g e n  m ig ra tio n  w as fo u n d  to  o c c u r  d u r in g  th e  

w e a r  t e s t .  Also th e y  fo u n d  t h a t  n i t r o g e n  im p la n ta tio n  d e c re a s e d  th e  

a b r a s iv e  w e a r r e s is ta n c e  d u e  to  a  d e c re a s e  in  th e  d u c t i l i ty  o f 304 SS. 

T h ey  s u g g e s te d  th a t  th e  r e a s o n  fo r  d e c re a s in g  th e  d u c t i l i ty  o f 304 SS is 

t h a t  n i t r o g e n  im p la n ta tio n  p ro d u c e s  d e fe c t  c lu s t e r s  a n d  sm all d is lo c a tio n  

lo o p s  in  m e ta ls . T h is  is  in  a g re e m e n t w ith  M oore e t  al. [15] w ho fo u n d  

th a t  s o f t  p u r e  m e ta ls  m ay h a v e  a  h ig h  a b r a s iv e  w e a r  r e s is ta n c e  b e c a u se  

o f th e i r  h ig h e r  d u c t i l i ty .  I t  h a s  b e e n  a lso  s u g g e s te d  [16] t h a t  n i t ro g e n  

im p la n ta tio n  d e c r e a s e s  th e  a b r a s iv e  w e a r r e s is ta n c e  b e c a u se  o f  a  

tr a n s fo rm a tio n  o f th e  s u r f a c e  m a r te n s i te  to  a u s te n i te .  T h ey  a lso  p o in t

o u t  t h a t  te m p e r a tu r e  in c r e a s e s  (to  500°C) d u r in g  im p la n ta tio n  co u ld  be
/

th e  m a jo r f a c to r  to  c a u s e  th e  m a r te n s ite  to  t r a n s fo rm . T h o se  sam p les  

w ere  p o lish e d  a n d  im p la n te d  w ith  n i t r o g e n  w ith  a  d o se  o f 2 X 1 0 ^  io n s
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/c ra^  u s in g  ion  e n e rg ie s  o f 40 keV a n d  75 keV. T he te m p e ra tu r e  u s e d  

w as 200 °C. T he a b r a s iv e  w e a r  w as d e te rm in e d  b y  u s in g  3 pm diam ond 

p a r t ic le s .  T he r e c e n t  r e s u l t s  o f S in g e r  a t  al. [17] w ith  N, Ni, a n d  Ne 

ion  im p la n ta tio n  s u g g e s t  t h a t  th e  p r e s e n c e  o r  a b s e n c e  o f m a r te n s i te  in  

th e  304 SS s u r f a c e  b e fo re  w e a r  te s t in g  is  n o t a  m a jo r f a c to r  in  

d e c re a s in g  th e  w e a r  r e s is ta n c e .  A n o th e r  im p o r ta n t  a s p e c t  o f th i s  s tu d y  

[17] w as th e  s tu d y  o f im p la n ta tio n - in d u c e d  p h a s e  fo rm a tio n s . T h ey  

s u g g e s te d  t h a t  th e  p h a s e s  fo rm ed  d e p e n d  o n  th e  s ta r t in g  

m ic ro s t ru c tu r e .

S h r iv a s ta v a  e t  a l. [18] sh o w ed  a n  in c re a s e  o f th e  s u r f a c e  h a r d n e s s  of 

304 SS a f t e r  a n n e a lin g  (from  120°C to  520°C) sam p les  im p la n te d  w ith  5 X 

lO^G io n s /c m ^  a t  130 keV. T h e y  s u g g e s te d  th a t  a n n e a lin g  r e d u c e s  th e  

d is lo c a tio n  d e n s i ty  a n d  th i s  r e le a s e s  N w h ich  th e n  g o es  in to  so lid  

so lu tio n  a n d  in c re a s e s  th e  y ie ld  s t r e s s  a n d  th e r e f o r e  th e  h a r d n e s s .

I t  is  k n ow n  t h a t  m a r te n s ite  w ill fo rm  in  a u s te n i t i c  304 SS w h en  i t  is  

d e fo rm e d . W ork b y  W agner e t  al. [9] a n d  V ard im an  e t  al. [16, 19] h a s  

sh o w n  t h a t  n i t r o g e n  ion  im p la n ta tio n  c a u s e s  a  t r a n s fo rm a tio n  o f th e  

m a r te n s i te  to  a u s te n i te ;  h o w e v e r , w ith  in c re a s in g  im p la n ta tio n  d o s a g e s  a  

r e v e r s e  t r a n s fo rm a tio n  o c c u r r e d ,  from  a u s te n i te  to  m a r te n s ite .  T h is  

b e h a v io r  is  s u r p r i s in g  b e c a u se  o f th e  s ta b i liz in g  e f f e c t  o f N. A p o s s ib le  

e x p la n a tio n  co u ld  b e  th e  fo rm a tio n  o f C r - n i t r id e s  w h ich  d e s ta b i liz e  th e  

a u s te n i te .  A lso, h ig h  im p la n ta tio n  te m p e ra tu r e s  d e c re a s e d  th e  N c o n te n t  

o f th e  F e - n i t r id e s  a n d  in c re a s e d  th e  fo rm a tio n  o f C r - n i t r id e s .

T he s tu d ie s  o f p h a s e  t r a n s fo rm a tio n s  o f a  N im p la n te d  a u s te n i t i c
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s ta in le s s  s te e l  (C r/N i 18 /9 ) b y  L e u te n e c k e r  e t  al. [20] in d ic a te d  

c o n t r a d ic to r y  r e s u l t s :  t r a n s fo rm a tio n  o f m a r te n s i te  a n d  a u s te n i te  in  b o th  

d ire c tio n s ;  h ig h e r  N c o n c e n tra t io n  c a u s e s  N in  so lu tio n  a n d  lo w er 

c o n c e n tra t io n  c a u s e s  n i t r id e  p re c ip i ta t io n .  T he  s tu d ie s  s u g g e s te d  th a t  

th e  t r e a tm e n t  r e q u i r e d  to  c r e a te  a  h a rd ,  th ic k  € - n i t r id e  la y e r  on  F e -  

C r-N i s te e l  is  a  te m p e ra tu r e  b e tw e e n  200 "C to  3006 C a n d  a  c u r r e n t  

d e n s i ty  > 40 p A /cn Â

From  o u r  l i t e r a t u r e  re v ie w , we fo u n d  t h a t  N io n  im p la n ta tio n  o f 304 

SS a n d  310 SS g e n e ra lly  im p ro v e s  th e  s u r f a c e  m ech an ica l p r o p e r t i e s .  

T he e x p la n a tio n s  a r e  d i f f e r e n t .  Some o f them  fo c u se d  on  th e  p h a s e  

fo rm a tio n  a n d  som e o f  th em  o n ly  fo c u s e d  on  th e  s u r f a c e  p r o p e r t ie s .  No 

r e p o r t s  h a v e  b e e n  fo u n d  c o n c e rn in g  th e  sy s te m a tic  s tu d y  o f s u r f a c e  

tr ib o lo g ic a l  p r o p e r ty  im p ro v e m e n t o f N im p la n ta tio n  b e fo re , d u r in g  a n d  

a f t e r  w e a r  t e s t s  u s in g  M ô ssb a u e r te c h n iq u e s .  From  o u r  p u r e  iro n  

s tu d y ,  we fo u n d  t h a t  CEMS a n d  CXMS te c h n iq u e s  a r e  u s e fu l  te c h n iq u e s  

fo r  id e n t ify in g  th e  p h a s e s .  T he am o u n t o f N b o u n d  to  Fe a n d  th e  

th ic k n e s s  o f th e  n i t r id e  la y e r s  c a n  b e  d e te rm in e d  from  th e  f r a c t io n  o f 

th e  n i t r id e  p h a s e s  m e a su re d  b y  CEMS a n d  CXMS. T h ese  M ô ssb au e r 

te c h n iq u e s  a r e  id e a l f o r  th e  d e te c tio n  o f m a r te n s i te  in  s ta in le s s  s te e l ,  

w h ich  a c c o rd in g  to  th e  l i t e r a t u r e  is  c ru c ia l  to  u n d e r s ta n d  th e  w ea r 

b e h a v io r ,  e sp e c ia lly  fo r  304 SS.
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W a s h e r-s h a p e d  d is c s  w ith  a n  o u te r  d ia m e te r  o f 4.6 cm, a n  in n e r  

d ia m e te r  o f 1.43 cm, a n d  th ic k n e s s  0.18 cm w ere  m ach in ed  from  304 SS 

a n d  310 SS a llo y  p la te s .  T he nom inal co m p o sitio n s  o f 304 SS a n d  310 SS 

a r e  l i s te d  in  T ab le  1 [4].

TYPE .......Fe............ C Mn P S Si C r Ni

304(wt.%) 70.85 0.08 2.00 0.045 0.03 1.00 18.00 8.00
(at.%) 69.53 0.37 1.99 0.080 0.05 1.95 18.97 7.06

310(wt.%) 53.18 0.25 2.00 0.045 0.03 1.50 24.00 19.0
(at.%) 51.86 1.12 1.97 0.080 0.05 2.89 24.94 17.49

From  T ab le 1. we se e th a t  th e m ain d if f e r e n c e s  in  com p o sitio n

b e tw e e n 304 SS a n d  310 SS a r e  th e i r ch rom ium a n d n ic k e l c o n te n ts .

G re a te r  C r a n d  Ni c o n te n t  r e s u l t s  in  h ig h e r  te m p e ra tu r e  c o r ro s io n  

r e s is ta n c e  [4], a n d  a lso  in c re a s e d  s ta b i l i ty  w ith  r e s p e c t  to  

tr a n s fo rm a tio n  to  th e  m a r te n s i te  s t r u c t u r e .

T he s u r f a c e s  o f sam p le s  w e re  g ro u n d  f la t  a n d  p a ra l le l ,  th e n  one  

s u r f a c e  w as p o lish e d  w ith  6 pm d ia m e te r  g r i t  a n d  f in e  p o lish e d  w ith  0.3 

pm a lu m in a  g r i t  u n t i l  a  sm ooth  s u r f a c e  r e la t iv e ly  f r e e  o f s c r a tc h e s  w as 

o b ta in e d . P r io r  to  N im p la n ta tio n , e a c h  sam ple  w as c le a n e d  u lt r a s o n ic a l ly
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f o r  5 m in in  t r ic h lo ro e th y le n e  in  o r d e r  to  rem o v e  a n y  o il o r  g re a s e .  

T h is  w as fo llow ed  b y  a c e to n e  a n d  m e th an o l c le a n in g  b e fo re  d r y in g  th e  

sam p les  w ith  w arm  a ir .

N im p la n ta tio n  w as d o n e  b y  o u r  c o l la b o ra to rs  a t  CSU. T he ion  

im p la n te r  a t  CSU (F ig . 1) is  a  u n iq u e  in s t ru m e n t  w h ich  is  b a s e d  o n  io n -  

t h r u  s t e r  te c h n o lo g y . I t  c a n  o p e ra te  a t  v e r y  h ig h  c u r r e n t  d e n s i t ie s  (e .g . 

1500 pA /cm ^ ) o v e r  a  la rg e  a r e a  ( from  3 cm to  10 cm in  d ia m e te r  ). 

T h e se  f e a tu r e s  allow  m uch  s h o r t e r  im p la n ta tio n  tim es co m p ared  to  

c o n v e n tio n a l im p la n te rs .  G aseo u s io n s  s u c h  a s  n i t r o g e n ,  o x y g e n , a rg o n ,  

a n d  c a rb o n  h a v e  b e e n  s u c c e s s fu l ly  t is e d  in  th i s  s y s te m  to  im p la n t m any 

d i f f e r e n t  m eta l s u r f a c e s .  T he io n  s o u rc e  a lo n g  w ith  th e  d is c h a rg e  p o w er 

s u p p lie s  p ro d u c e s  a  u n ifo rm  ion  beam  w ith  a  m ix tu re  o f a b o u t  70% N+ 2  

a n d  30% N+ [21]. T he ion  beam  c u r r e n t  d e n s i ty  c a n  b e  a d ju s te d  from  10 

to  1500 pA /cm ^ o v e r  a n  io n  e n e r g y  r a n g e  from  10 to  80 keV. M ore 

d e ta i ls  c a n  b e  fo u n d  in  [22, 23].

F o r  o u r  s tu d y ,  sam p les  w e re  c lam ped  to  a  f ix tu r e  (sam ple  h o ld e r)  

b y  a  m ach in e  sc re w  a n d  im p la n te d  w ith  n i t r o g e n  a t  a n  e n e r g y  o f 60 keV 

a n d  a  c u r r e n t  d e n s i ty  o f 100 pA /cm ^ o r  500 pA /cm ^. All th e  sam p les  

in v e s t ig a te d  a r e  l i s te d  in  T ab le  2 w h e re  sam p les  a r e  g ro u p e d  a c c o rd in g  

to  to ta l  do se .
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E ig h t 304 SS sam p les  w e re  im p la n te d  w ith  d i f f e r e n t  to ta l  d o se  a t  

d i f f e r e n t  te m p e ra tu r e  a n d  fo u r  310 SS sam p les  w e re  im p la n te d  w ith  

d i f f e r e n t  to ta l  d o se  a t  th e  sam e te m p e ra tu re .  Sam ple SO-2 w as

im p la n te d  w ith  a  d o se  r a t e  o f 500 pA /cm ^. T he r e s t  o f th em  w ere  

im p la n te d  w ith  a  d o se  r a t e  o f 100 p A /cn Â  U su a lly , i t  is  d if f ic u lt  to  

c o n tro l  th e  te m p e r a tu r e  d u r in g  im p la n ta tio n  d u e  to  v a r ia b le  th e rm a l 

c o n ta c t  r e s is ta n c e  b e tw e e n  th e  sam p les  a n d  th e  sam ple  h o ld e r  th r o u g h  

w h ich  w a te r  o r  liq u id  n i t r o g e n  is  c i rc u la te d . H ere i t  w as c o n tro l le d  b y  

i n t e r r u p t in g  th e  beam  p e r io d ic a l ly  to  k e e p  th e  m e a su re d  te m p e ra tu r e  

w ith in  ± 50 °C o f a  d e s i r e d  v a lu e . T h is  w as a id e d  in  m ost c a s e s  b y  

u s in g  a  th e rm a l in s u la to r  (K ap to n  film ) b e tw e e n  sam ple  a n d  h o ld e r . No 

th e rm a l c o n ta c t  m edium  w as u s e d  fo r  sam p les  S l - 1  a n d  S 3 -1  a n d  th i s  

m e ta l-m e ta l c o n ta c t  k e p t  th e  te m p e ra tu r e  r e la t iv e ly  low. One sam ple 

(S 12-1 ) u s e d  a  s i lv e r  p a in t  c o n ta c t  to  p ro d u c e  th e  lo w es t te m p e ra tu r e .  

O th e r  sam p les , s u c h  a s  S l - 1 ,  a n d  S7-1  w e re  s u b je c te d  to  h ig h e r  

te m p e r a tu r e s  d u r in g  im p la n ta tio n  b y  u s in g  K ap ton  a n d  no beam  

in te r r u p t io n .

T he a v e ra g e  r a n g e  o f im p la n te d  io n s  in to  304 SS a t  th e  e n e r g y  of 

60 keV is  a b o u t  650 Â fo r  N+ , a n d  a t  th e  e n e r g y  o f 30 keV is  a b o u t  333 

A [24]. In  o u r  c a s e ,  th e  im p la n te d  io n s  a r e  a  m ix tu re  o f a b o u t  70% N+ 2  

a n d  30% N+ w ith  th e  e n e r g y  o f 60 keV. W hen N+ 2  w ith  th e  e n e r g y  o f 60 

keV r e a c h e s  th e  sp ec im en , e a c h  N+ 2  w ill s e p a r a te  in to  tw o N+ e a c h  

w ith  a n  e n e r g y  o f 30 keV. We e s tim a te  th e  m ean r a n g e  fo r  th i s  m ix tu re  

o f io n s  a s :
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Sam ple T o ta l Dose 
.ÜQDL!S/çm?).... ...

.Time a t  Tem p. Im p. Time Tem p.
_ C C ) ___

Therm ;

S 0 -1 1
S5-1

0
0

0
0

-----

S l- 1
S7-1

0.5X104Z
0.5X10

1:20
1:20

1:20
1:20

280
400

M-M2
M-M

S12-1
SO-24
S4-2

ix io J 3
1X104Z
1X1017

2:40
6:00
6:30

2:40
2:40
2:40

160
34O+5O
380±50

S -P 3
M-M
K5

S3-1
S9-1

4X1047
4X1017

10:40
40:30

10:40
10:40

350
380±50

M-M
K

S8-1 10X1017 98:48 26:40 38O+5O K

TO-26 0 0 ———

T l-1 0 0 —---

T l-2 0.5X1017 2:48 1:20 380±50 K

T0-1 1X1017 9:24 2:40 38O+5O K

T2-1 4X1017 55:30 10:40 380±50 K

T.3-1 ...... ......____10X1017 ...... 129:54 26:40 380±50

1 S im p lie s  304 SS
2 M-M im p lie s  m e ta l-m e ta l c o n ta c t
3 S -P  im p lie s  S ilv e r  P a in t
4 Im p la n te d  w ith  a  d o se  r a t e  o f 500 pA /cm ^
5 K im p lie s  K ap to n
6 T im p lie s  310 SS
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<R>= 0.70 x 333 (A) + 0.30 x 650 (A) = 430 (A) (1)

T h is  is  c o n s is te n t  w ith  th e  AES d e p th  p ro f i le s  ( d is c u s s e d  la te r )  from  

sam p les  t h a t  a r e  k e p t  cool e n o u g h  to  p r e v e n t  d if fu s io n  o f N (<200°C).

3.r..3 .W.EAR...._T.E.S_T.I.N.G

W ear te s t in g  w as d o n e  b y  th e  g ro u p  a t  CSU b y  u s in g  a  m odified  

p in - o n - d is c  w e a r t e s t e r .  T he c o n c e p t b y  w h ich  th e  w e a r  t e s t e r  

o p e ra te d  is  i l lu s t r a t e d  in  F ig . 2. As th e  f ig u r e  s u g g e s t s ,  th e  sy s te m  

p ro d u c e s  a  u n ifo rm ly  w o rn  a r e a  o n  sam p les  w h ich  a r e  r o ta te d  a t  a  sp e e d  

o f 80 rp m  (1.3 Hz) u n d e r  a  lu b r ic a te d  c o n d itio n . D u rin g  th e  w ea r 

te s t in g ,  a  c y l in d r ic a l  p in  w ith  a  d ia m e te r  6.4 mm a n d  a  h e m isp h e r ic a l 

c o n ta c t  s u r f a c e  (3.2 mm r a d iu s  o f c u r v a tu r e )  m oves a lo n g  th e  r a d iu s  

b a c k  a n d  f o r th  o v e r  th e  s u r f a c e  (4.4 cm o .d . a n d  2.1 cm i.d .)  o f th e  

ro ta t in g  sam ple  a t  a  f r e q u e n c y  o f 0.2 Hz. T he h e m isp h e r ic a l s u r f a c e  of 

th e  p in  is  fo rm ed  u s in g  a  sp e c ia l  too l a n d  th e n  p o lish e d  s im ila rly . T he 

p in  is  n o t im p la n te d  b e c a u se  th e  h e m isp h e ric a l s u r f a c e  o f th e  p in  will 

w e a r  aw ay  v e r y  q u ic k ly  to  a  d e p th  b e y o n d  th e  N -im p lan ted  la y e r  

th ic k n e s s  [3]. A lu b r ic a n t  (10% o leic  ac id  in  k e ro s e n e  ) is  s u p p lie d  

d u r in g  th e  w e a r te s t in g .  W ear d e b r is  is  c o lle c te d  w ith  a  f i l te r in g  

sy s te m  in  th e  c i r c u la t in g  lu b r i c a n t  sy s te m . W ear is  m o n ito red  b y  

c a r e fu l ' m ass  lo s s  m e a su re m e n ts . T he t e s t s  on  im p la n te d  sp e c im e n s  w ere  

c o n d u c te d  b y  in c re a s in g  th e  load  from  0.1 N u n t i l  a  s u d d e n  in c re a s e  in  

sam ple  m ass lo s s  w as m e a su re d .
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T he c o r r e s p o n d in g  lo ad  w as d e s ig n a te d  th e  c r i t ic a l  v a lu e  fo r  th e  sam ple. 

T h is  m e thod  is  d i f f e r e n t  th a n  th a t  d e v e lo p e d  fo r  N -im p lan ted  Fe in  

w h ich  th e  m ass  lo s s  w as m o n ito re d  v e r s u s  tim e a t  a  c o n s ta n t  load  [3]. 

I t  w as fo u n d  t h a t  e s s e n t ia l ly  no  w e a r  o c c u r r e d  v e r s u s  tim e a t  a  fix ed  

lo ad  e x c e p t fo r  th e  u n im p la n te d  sp ec im en s .

T he M o ssb au e r e f f e c t  is  th e  p h en o m en o n  o f re c o i lle s s  r e s o n a n c e  

a b s o rp t io n  o f /  - r a y s .  A f te r  th e  d is c o v e ry  b y  R udo lf M o ssb a u e r in  

1957, th i s  m eth o d  h a s  b e e n  u s e d  in  a lm o st a ll a r e a s  o f n a tu r a l  s c ie n c e  

b e c a u se  o f  th e  h ig h  e n e r g y  s e n s i t iv i ty .

N arrow  7  - r a y  e n e r g y  d is t r ib u t io n s  o f a b o u t  10” ^ eV ( d u e  to  no 

re c o il)  a llow s th e  m e a su re m e n t o f sm all p e r tu r b a t io n s  o f n u c le a r  e n e r g y  

le v e ls  c a u s e d  b y  th e  a tom ic e n v iro n m e n t o f n u c le i in  so lid  m a te r ia ls . 

T h e y  a r e  k n o w n  a s  h y p e r f in e  in te r a c t io n s .  T he h y p e r f in e  p a ra m e te r s  

in c lu d e  th e  iso m er s h i f t  (IS ), th e  q u a d ru p o le  s p l i t t in g  (QS), th e  in te r n a l

m a g n e tic  f ie ld  (H), a n d  th e  lin e  w id th  (W). M any b o o k s  a n d  re v ie w

p a p e r s  d e s c r ib e  th e  p h y s ic s  a n d  a p p lic a t io n s  o f M o ssb a u e r s p e c tro s c o p y

[25, 26].

F o r th i s  r e s e a r c h ,  th e  b a c k - s c a t t e r  M o ssb a u e r m e th o d s , in  p a r t i c u la r  

^ F e  c o n v e rs io n  e le c tro n  M o ssb a u e r s p e c tro s c o p y  (GEMS) a n d  c o n v e rs io n  

x - r a y  M o ssb a u e r s p e c tro s c o p y  (CXMS), h a v e  f a c i l i ta te d  th e  n e a r - s u r f a c e  

c h a ra c te r iz a t io n  o f n i t ro g e n - im p la n te d  304 SS. In  e s s e n c e  ^ F e  GEMS 

in v o lv e s  th e  d e te c tio n  o f b a c k - s c a t te r e d  e le c t ro n s ,  m ain ly  7.3 keV
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Lj_ ld

—  O'

2500 30001500 2000500 1000

F ig . 3. T he f r a c t io n  o f d e te c te d  e le c tro n s  c o r r e s p o n d in g  to  

M o ssb a u e r e v e n ts  w h ich  o c c u r  a t  d e p th s  D o r  le s s  f o r  304 SS , 310 SS, 

a n d  p u r e  iro n . (T he th r e e  c u r v e s  a r e  n o t d is t in g u is h a b le  d u e  to  v e r y  

s im ila r  m ass d e n s it ie s .)
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K -sh e ll in te r n a l  c o n v e rs io n  e le c tro n s ,  w h ich  a r e  e m itte d  w ith  a  90% 

p r o b a b il i ty  d u r in g  th e  d e c a y  o f ^ F e  s u b s e q u e n t  to  r e s o n a n t  a b s o rp t io n  

o f 7 - r a y s .  CXMS in v o lv e s  d e te c tio n  o f in te r n a l  c o n v e rs io n  x - r a y s  t h a t  

a r e  p ro d u c e d  w ith  a  24% p ro b a b il i ty  in  th e  sam e p ro c e s s  [26].

F ig . 3 a n d  F ig . 4 show  th e  p ro b in g  d e p th s  o f CEMS a n d  CXMS fo r  

304 SS a n d  310 SS co m p ared  to  t h a t  o f p u r e  Fe. T he th e o r ie s  u s e d  to  

p ro d u c e  th e s e  p lo ts  a r e  d is c u s s e d  in  [27]. As F ig . 3 s u g g e s ts ,  p u r e  Fe, 

304 SS a n d  310 SS h a v e  a lm o st th e  sam e e le c tro n  f r a c t io n  d e te c te d  from  

a  g iv e n  d e p th .  T he th e o ry  [28, 29, 2] sh o w s t h a t  th e  d e te c te d  e le c tro n  

f r a c t io n  from  a  c e r ta in  d e p th  o f a  g iv e n  h o m o g en eo u s sam ple  is 

d e p e n d e n t  o n ly  o n  th e  d e n s i ty  o f th e  m a te ria l. S in ce  th e  d e n s i t ie s  of 

p u r e  F e, 304 SS a n d  310 SS a r e  7.86, 7.90 a n d  7.93 g/cnV* r e s p e c t iv e ly ,  

th e  c u r v e s  a r e  to o  c lo se  to  d is t in g u is h .  F ig . 4 sh o w s th a t  th e  d e te c te d  

x - r a y  f r a c t io n s  a r e  d i f f e r e n t  f o r  th e  th r e e  m a te r ia ls  a t  a  c e r ta in  d e p th .  

T h is  is  d u e  to  th e  f a c t  [28, 29] t h a t  th e  m ass a b s o rp t io n  c o e f f ic ie n ts  fo r  

th e  6.40 keV x - r a y  a r e  534, 1078,, a n d  1304 /c m  fo r  p u r e  Fe, 304 SS a n d  

310 SS , r e s p e c t iv e ly .  T h e se  l in e a r  a b s o rp t io n  c o e f f ic ie n ts  ua  w e re  

c a lc u la te d  from :

Pa =%. Si Wi (2 )

w h e re  (p /q ) j  in d ic a te s  th e  m ass  a b s o rp t io n  c o e f f ic ie n t  (in  cm ^ /g ) fo r  th e  

i th  e lem en t o f  th e  a llo y  a t  th e  6.4 keV x - r a y  e n e r g y ,  is  th e  w e ig h t 

f r a c t io n  o f th e  i th  e lem en t in  th e  a llo y  a n d  q a  is  th e  a llo y  m ass d e n s ity .
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310 SS

304SS
CO

Pure Fe

o©

0.0 2.0 4.0
D e p t h

6.0 8.0
In M i c r o n s

10.0 12.0 14.0

F ig . 4. T he f r a c t io n  o f d e te c te d  x - r a y s  c o r r e s p o n d in g  to  

M o ssb a u e r e v e n t s  w h ich  o c c u r  a t  d e p th  D o r  le s s  fo r  304 SS, 310 

SS , a n d  p u r e  iro n .
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T h e re  is  a  la rg e  in c re a s e  in  iia  fo r  th e  s ta in le s s  s te e l  co m p ared  to  

p u r e  Fe d u e  m ain ly  to  th e  a b s o rp t io n  e d g e  o f Cr.

T he r a d ia t io n  s o u rc e  c o n s is ts  o f  ̂ C o  d o p e d  in to  a  rh o d iu m  foil.

T he  e x c ite d  s ta t e  o f ^ F e ,  p ro d u c e d  b y  e le c tro n  c a p tu r e  in  ^ C o ,  y ie ld s

th e  14.4 keV / - r a y  u p o n  d e e x c ita tio n  to  th e  g ro u n d  s ta te .  In  th e  

M o ssb a u e r  s p e c tro m e te r  th e  s o u rc e  is  f ix ed  on  a  d r iv e r  ro d . I t

o s c il la te s  w ith  a  c o n s ta n t  a c c e le ra t io n  w h ich  e n a b le s  th e  e n e rg ie s  o f th e  

e m itte d  /  - r a y  to  c h a n g e  l in e a r ly  b e c a u se  o f th e  D o p p le r e f f e c t  a n d

allow s re s o n a n c e  b e tw e e n  s o u rc e  a n d  a b s o r b e r  o v e r  th e  r a n g e  of 

v e lo c ity  s e le c te d  fo r  th e  d r iv e r .

A g a s -p ro p o r t io n a l  c o u n te r  w as u s e d  a s  th e  CEMS a n d  CXMS 

d e te c to r .  He-(6.0%)CH^ w as u s e d  a s  th e  CEMS io n iz a tio n  g a s  a n d  A r-  

(10.0%)CH^ w as u s e d  a s  th e  CXMS io n iz a tio n  g a s . In  b o th  c a s e s ,  

m e th a n e  is  a  q u e n c h in g  g a s  to  p r e v e n t  a  c o n t in u o u s  e le c tr ic a l

d is c h a r g e  in  th e  c o u n te r .  D e ta ils  c a n  b e  fo u n d  in  [27].

T he s p e c t r a  w e re  f i t t e d  b y  u s in g  a  p ro g ra m  ca lle d  N orm os, w h ich

w as p ro v id e d  b y  Dr. M. K opcew icz of W arsaw  U n iv e r s i ty ,  P o land .

S e v e ra l  c h a n g e s  h a v e  b e e n  m ade to  th e  o r ig in a l  p ro g ra m  to  allow  th e  

o u tp u t  o f p lo t f ile s  a n d  th e  p a r a m e te r s  s u c h  a s  th e  a b s o lu te  a r e a s  a n d  

th e  f r a c t io n s  o f th e  p h a s e s .  B ecau se  o f th e  com plex n a tu r e  a n d  

in c o m p le te  re s o lu t io n  o f th e  s p e c t r a  from  im p la n te d  sam p les , some o f th e  

f i t t in g  p a ra m e te r s  w e re  c o n s tr a in e d  in  o r d e r  to  o b ta in  c o n s is te n t  a n d  

p h y s ic a l ly  re a s o n a b le  r e s u l t s .  In  th e  f i t t in g ,  th e  lin e  w id th  o f th e  

a u s te n i te  ( /  ) p h a s e  w as f ix ed  a t  0.3 m m /s, th e  FeN p a ra m a g n e tic  p h a s e
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lin e  w id th  w as f ix ed  a t  0.5 m m /s, a n d  th e  FeN m ag n e tic  s ta g e  w as fix ed  

a t  0.6 to  0.7 m m /s fo r  m ost o f th e  s p e c t r a ,  in  o r d e r  to  g e t  th e  b e s t  f i ts .  

T he IS  o f th e  a u s te n i te  p h a s e  w as fix ed  a t  -0 .108  m m /s fo r  304 SS a n d  

a t  -0 .104  fo r  310 SS , b a s e d  on  r e s u l t s  from  u n im p la n te d  sp ec im en s . 

F o r th e  s ix  lin e  re s o n a n c e  o f m ag n e tic  p h a s e s ,  th e  r a t io s  o f th e  lin e  

w id th  o f 1 to  3 (W^g), a n d  o f 2 to  3 (W2 3 ) w e re  fix ed  a t  3.1 a n d  2.4, 

r e s p e c t iv e ly ,  fo r  b o th  CEMS a n d  CXMS s tu d ie s .  T he r a t io s  o f th e  

in te n s i t i e s  o f 1 to  3 (I^g ), a n d  2 to  3 (Igg) w ere  fix ed  a t  0.97, 1.24 fo r  

th e  CEMS s tu d ie s  a n d  0.92, 0.83 fo r  th e  CXMS s tu d ie s .  T h ese  r a t io s  

w e re  o b ta in e d  b y  a d ju s t in g  th e  p a ra m e te r s  from  f i t s  o f th e  m ag n e tic  

m a r te n s i te  s p e c tru m  o f w e a r  d e b r is  from  u n im p la n te d  304 SS. T h e se  

a d ju s tm e n ts  a r e  c o n s is te n t  w ith  th e  th e o ry  o f th e  r a t io s  o f th e  a r e a  

(w id th  X in te n s i ty )  o f l in e s  1, 2, 3 (= 6 , 5, 4) fo r  m a g n e tic  p h a s e s ,  w h ich  

a r e  u s u a lly  a p p ro x im a te ly  3:4:1 a n d  3:2:1 f o r  CEMS a n d  CXMS, 

r e s p e c t iv e ly .

F o r some sam p les , n i t r o g e n  in  so lu tio n  w as fo rm ed  a f t e r  n i t ro g e n  

im p la n ta tio n . T he f i t  o f  th i s  e x p a n d e d  a u s te n i te  p h a s e  w ith  n i t r o g e n  in  

th e  so lu tio n  w as n o t f i t t e d  w ith  a  sim ple L o re n tz ia n  sh a p e . T h e re fo re ,  

tw o d o u b le ts  w e re  u s e d . One d o u b le t  w as s i tu a te d  a t  -0 .108  m m /s w ith  

a  q u a d ru p o le  s p l i t t in g  0.15(2) m m /s u s in g  a  fix ed  w id th  o f 0.3 m m /s. 

T h is  d o u b le t  is  a t t r i b u t e d  to  th e  iro n  a tom s w h ich  h a v e  no  in te r s t i t i a l  N 

a s  f i r s t  n e a r e s t  n e ig h b o rs ."  A n o th e r  d o u b le t is  a t  0 .20(3) m m /s w ith  a n  

a d ju s ta b le  q u a d ru p o le  s p l i t t in g ,  a n d  a  fix ed  w id th  o f 0.5 m m /s w h ich  is  

d u e  to  th e  N in  so lu tio n . T h is  d o u b le t is  d u e  to  th o s e  iro n  a tom s w h ich
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h a v e  o n e  o r  m ore n i t r o g e n  n e a r e s t  n e ig h b o rs .

In  o u r  r e s e a r c h ,  s e v e r a l  o th e r  m e a su re m e n t te c h n iq u e s  w e re  u s e d  

to  com plem en t th e  M o ssb a u e r a n a ly s is  a n d  th e  m ech an ica l te s t in g .  X- 

r a y  d if f r a c t io n  w as u s e d  to  o b ta in  c r y s ta l lo g ra p h ic  p h a s e  in fo rm a tio n . 

T h is  is  im p o r ta n t  fo r  s ta in le s s  s te e l  s in c e  p h a s e s  c o u ld  b e  p r e s e n t  t h a t  

c o n ta in  l i t t le  o r  no Fe a n d  th e r e f o r e  n o t b e  d e te c te d  b y  th e  M o ssb a u e r 

e f fe c t .  A u g e r  e le c tro n  s p e c tro s c o p y  (AES) d e p th  p ro f il in g  p ro v id e d  

im p la n te d  n i t r o g e n  c o n c e n tr a t io n s  a s  a  fu n c tio n  o f d e p th .  M ic ro h a rd n e ss  

m e a su re m e n ts  p ro v id e d  h a r d n e s s  in fo rm a tio n  o n  th e  im p la n te d  la y e r  a s  

w ell a s  th e  b u lk . T he XRD w as d o n e  a t  CSM, th e  AES b y  a  com m ercial 

f irm  [30], a n d  th e  m ic ro h a rd n e s s  m e a su re m e n ts  b y  th e  g ro u p  a t  CSU.
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P r io r  to  b e in g  im p la n te d  w ith  n i t r o g e n ,  th e  sam p les  w e re  p o lish e d  

a s  d e s c r ib e d  in  s e c tio n  3.1. F ig . 5 sh o w s th e  CEMS m e a su re m e n ts  o f one 

sam ple  o f 304 SS a n d  o n e  o f th e  310 SS a f t e r  p o lish in g . T he fee  

a u s te n i te  is  p a ra m a g n e tic  a t  room  te m p e ra tu r e  a n d  a p p e a r s  a s  a  b ro a d  

s in g le  lin e . T he m a g n e tic  m a r te n s ite  p h a s e  is  c le a r ly  s e e n  in  th e  304 SS 

sam ple  a s  a  s ix - lin e  re s o n a n c e  p a t te r n .  E v id e n c e  o f m a r te n s i te  

fo rm a tio n  h a s  a p p e a re d  in  a ll 304 SS sam p les  exam ined  a f t e r  p o lish in g  

(S 4 -2 , S 5 -1 , a n d  S 9 -1 ). T h is  a u s te n i te  to  m a r te n s ite  tr a n s fo rm a tio n  is  

d u e  to  a  s t r a in - in d u c e d  e f f e c t  [19]. T he am o u n t o f m a r te n s i te  in  e a c h  

sam ple  is  d i f f e r e n t  b e c a u s e  th e  p o lish in g  p r o c e d u r e  a n d  th e  a s s o c ia te d  

s u r f a c e  s t r a i n  is  d if f ic u l t  to  r e p e a t  e x a c tly . T he p a ra m e te r s  of

m a r te n s i te  (a*) a n d  a u s te n i te (  J  ) a r e  l i s te d  in  T ab le  3.

 3™.. -C.JïlÎ!!S-™JE?.a.r .of.....]i?jol&sl%.̂ *.d.&....Hx%noR.f̂ lfU\&t.c.d 

Sam ple P h a s e IS QS w 34 H F D
Hflbu. .. ..-... ).. I—* W l « « * _ (m m /a )__ ......m ...... . ___i%)...... ........ (A)

S4-2 a* - 0 . 0 1  (2 ) 0 (f) 0 .41(6) 26.3(7) 15(3) 144
7 - 0 . 1 1 1 ( 1 ) 0.15(1) 0.28(1) ........8.5111........

S6-1 a ’ 0 . 0 2  ( 1 ) 0 (f) 0.46(3) 25.3(2) 44(3) 383
7 -0 .109 (1 ) 0.16(1) 0.28(1) 56( 1)

S9-1 a* - 0 . 0 1  (f) 0 (f) 0 .50(9) 26.4(6) 14(2) 109
_ _ z _____..r..0.,lQ .aL ll.___ flO fiU J___ ..„...8.6.m .....
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F in d ic a te s  th e  CEMS re s o n a n c e  f r a c t io n  o f th e  p h a s e . W3 4  in d ic a te s  th e  

lin e  w id th  o f th e  d o u b le t o r  th e  tw o in n e r  lin e  w id th s  o f th e  s ix - lin e  

sp e c tru m , f  in  p a r e n th e s e s  m eans th e  p a ra m e te r  is  fix ed . T he CXMS 

s tu d ie s  d id  n o t show  th e  m a r te n s ite  p h a s e  on  th e  p o lish e d  sam p les . 

F rom  th i s ,  i t  c a n  b e  c o n c lu d e d  t h a t  th e  m a r te n s ite  is  fo rm ed  a s  a  n e a r ­

s u r f a c e  la y e r .  D in  T ab le  3 in d ic a te s  th e  e s tim a te d  th ic k n e s s  o f th e  

m a r te n s ite  la y e r  a s  o b ta in e d  from  th e  c u r v e  in  F ig . 3 a s su m in g  th e  

m a r te n s i te  is  a n  u n ifo rm  la y e r  from  th e  s u r f a c e  to  d e p th  D. T he v a lu e  

o f H % 26 (T) is  c o n s is te n t  w ith  th e  kno w n  e f f e c t  o f C r a n d  Ni on  H in  

f e r r o u s  a llo y s  [31 -33]. a* m a r te n s i te  d id  n o t fo rm  in  310 SS u p o n  

p o lish in g  b e c a u se  i t  c o n ta in s  m ore Ni, w h ich  s ta b i l iz e s  th e  a u s te n i te  

p h a se .

T he  b ro a d  p a ra m a g n e tic  r e s o n a n c e  from  a u s te n i te  w as f i t t e d  w ith  a  

q u a d ru p o le  p a i r  w h ich  g iv e s  a  m uch  b e t t e r  f i t  th a n  a  b ro a d  s in g le  line . 

T he o r ig in  o f th i s  b ro a d e n in g  lie s  in  th e  m any  n e a r - n e ig h b o r  

e n v iro n m e n ts  o f Fe a tom s in  th e  fe e  a llo y  [34]. T he ran d o m  d is t r ib u t io n  

o f C r, Ni a n d  Fe n e ig h b o rs  p ro d u c e s  d is t r ib u t io n s  o f q u a d ru p o le  

s p l i t t in g s  a n d  iso m er s h i f t s  s u c h  th a t  th e  f i t t e d  IS  o f -0 .11  m m /s a n d  a  

QS o f 0.16 m m /s r e p r e s e n t  a v e ra g e  v a lu e s  o f s u c h  d is t r ib u t io n s .

W ear te s t in g  w as th e n  d o n e  o n  th e  u n im p la n te d  sam p les  fo r  a  

p e r io d  o f 25 h o u r s  w ith  a  load  o f 100 g u s in g  a  p in  o f th e  sam e m a te ria l 

a s  th e  d isc . T he M o ssb a u e r r e s u l t s ,  sh o w n  (F ig . 6 ) t h a t  a  la rg e  f r a c t io n  

o f m a r te n s ite  w as fo rm ed  in  304 SS. T he CEMS a n d  CXMS d a ta  of sam ple  

S0-1  show  th a t  m ore m a r te n s ite  e x is ts  d e e p e r  th a n  n e a r - s u r f a c e .
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T he r e s u l t s  a g re e  w ith  th e  th e o ry  o f th e  s t r e s s  d is t r ib u t io n  a t  a n d  

below  th e  c o n ta c t  a r e a s  o f tw o  so lid  b o d ie s  [19].

T h e re  w as no  m a r te n s ite  fo rm ed  in  T l-1 . T h u s , e v e n  fo r  th e  

s e v e r e  s t r e s s  a s s o c ia te d  w ith  th e  w ea r t e s t ,  th e  a u s te n i te  rem a in ed  

s ta b le .  T he CEMS a n d  CXMS p a ra m e te r s  a r e  sh o w n  in  T ab le  4.

S am ple P h a se  IS  QS W3 4  H F

SO-1 7 -0 .1 0 8 (f)  0 .17(1) 0.3 (f) 52(1)
a ’ -0 .01  (1) 0 (f) 0 .53(1) 25.0(1) 48(3)

cxm s 7  -0 .1 0 8 (f)  0 .17(1) 0.3 (f) 29(1)
a ’ -0 .0 2  (1) 0 (f) 0 .50(1) 25.5(1) 71(3)

T l- 1  7  -0 .1 0 2 (2 ) 0 .18(2) 0.31(1) 100

T ra n sm is s io n  M o ssb a u e r s p e c t r a  fo r  th e  w e a r  d e b r is  a r e  sh o w n  in  

F ig . 7 a n d  th e  p a r a m e te r s  a r e  l i s te d  in  T ab le  5. T h ey  show  th a t  th e  304 

SS d e b r is  is  h ig h ly  e n r ic h e d  in  a ’- m a r te n s i te  co m p ared  to  e i th e r  th e  

CEMS o r  CXMS r e s u l t s  from  th e  w o rn  s u r f a c e .  No a ’- m a r te n s i te  w as 

d e te c te d  in  th e  310 SS d e b r is  w h ich  is  c o n s is te n t  w ith  no  m a r te n s ite  

n e a r  th e  s u r f a c e  a s  d e te c te d  b y  CEMS. T h e re  is  a  sm all am o u n t o f FeO 

in  th e  w e a r  d e b r is ,  b u t  w h e th e r  th i s  o r ig in a te d  d u r in g  o r  a f t e r  w e a r  is  

n o t know n.
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TAfiLK^^xaJMiipasi^|JI^MM^Mi^ç^Ea^iia^teEa^QcJ!teiUL.]2fi.bxia 

S am ple P h a s e  IS  QS W3 4  H F
«««nw—xmin— «mwh——— 1111 m mm— w»i 111111 ■ 11»—■■■■■■■-I''1'--'

304SS 7  -0 .0 9 0 (1 ) 0 .19(1) 0.3 (f) 7(1)
a ’ -0 .0 0 4 (2 ) 0.01(1) 0 .53(1) 25.16(1) 93(2)

310SS 7  -0 .1 0 4 (f) 0 .17(1) 0 .36(1) 90(1)
FeO 0.70 (f) 1.17(9) 10(1)

T he p h en o m en o n  o f s t r a in - in d u c e d  a* - m a r te n s i te  fo rm a tio n , w h ich  is  

c le a r ly  p r e s e n t  in  th e  304 SS sam p les , is  p ro b a b ly  r e s p o n s ib le  fo r  th e  

d if f e re n c e  in  th e  s lid in g  w e a r  b e h a v io r  o f 304 SS a n d  310 SS. F ig . 8  

sh o w s t h a t  th e  m e ta s ta b le  304 SS h a s  a  h ig h e r  w e a r  r a te  th a n  t h a t  o f 

th e  s ta b le  310 SS. S e v e ra l  r e s e a r c h e r s  h a v e  fo u n d  th e  sam e 

p h en o m en o n  [7 -9 ] , b u t  no  e x p la n a tio n s  h a v e  b e e n  g iv e n . We th in k  one  

re a s o n  fo r  th i s  o b s e rv a t io n  m ig h t b e  t h a t  th e  tr a n s fo rm a tio n  from 

a u s te n i te  to  m a r te n s i te  in  304 SS c a u s e s  a  c h a n g e  in  volum e [35]. T he 

la t t ic e  p a ra m e te r s  o f b o th  Fe-C  a u s te n i te  a n d  Fe-C  m a r te n s i te  a r e  know n 

a s  a  fu n c tio n  o f c a rb o n  c o n te n t  [36]:

ag  = 3.548 + 0.044 x (A) a u s te n i te - f c c

a  = 2.861 -  0.013 x (A) m a r te n s i te - b e t

c = 2.861 + 0.116 x (A)
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w h e re  x r e p r e s e n t s  th e  w e ig h t p e r c e n ta g e  o f  c a rb o n . In  304 SS, x = 

0 .08 (T ab le  1). So aQ = 3.552 Â, a  = 2.860 Â, c = 2.870 Â, a n d  o n e  f in d s  

th e  vo lum e p e r  Fe atom  in  a u s te n i te  = a ^ / 4  = 11.20 A  a n d  th e  volum e 

p e r  Fe atom  in  m a r te n s ite  = a ^ c /2  = 11.74 A. T h e re fo re  th e

tra n s fo rm a tio n  from  a u s te n i te  to  m a r te n s ite  c a u s e s  a  vo lum e in c re a s e  o f 

a b o u t  5 p e r c e n t .  T h is  v o lu m e tr ic  c h a n g e  p ro d u c e s  h ig h  in te r n a l  

s t r e s s e s  w h ich  m ay g e n e r a te  m ic ro c ra c k s  in  th e  s te e l .  T h e se  c r a c k s  c a n  

p ro p a g a te  to  th e  s u r f a c e  d u r in g  th e  w e a r  t e s t  a n d  th e r e f o r e  le a d  to  

e n h a n c e d  rem o v a l o f m a r te n s i te  b y  th e  p in .

Some a s -p o l i s h e d  a n d  u n im p la n te d  w o rn  sam p les  w e re  a lso  

c h a r a c te r iz e d  b y  XRD. R e s u lts  a r e  l i s t e d  in  T ab le  6 .

S 4-2  (as-p o l.)
___2@________

43.3 
44.2
50.4
74.5

2.08
2.05
1.80
1.27

1 0 0
7
32
30

7
a’
7

S 5-1  (as-po l.) 43.3 2.08 1 0 0 7
44.2 2.05 8 a’
50.3 1.81 30 7

.. 74 .5 ........ 1.27 1 0 7
SO-1 (25 h) 43.3 2.08 1 0 0 7

44.2 2.05 48 a’
50.3 1.81 25 7
64.4 1.44 3 a’
74.5 1.27 1 2 7

.......... ___1*17.________ a ______ .................... .

T ab le  6  sh o w s th a t  a s -p o l is h e d  sam p les  S 4-2  a n d  S 5-1  h a v e  a  sm all 

a m o u n t o f  m a r te n s i te .  A la rg e  a m o u n t o f m a r te n s i te  w as d e te c te d  b y
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XRD on  sam ple  SO-1 a f t e r  th e  25 h o u r  w ea r t e s t .  T h is  is  c o n s is te n t  w ith  

th e  CEMS a n d  CXMS r e s u l t s  o n  th e s e  sam e sam p les . T he C u-K a x - r a y s  

(8.05 keV) p ro b e  a  sam ple  d e p th  s im ila r to  th e  CXMS (6.4 keV) (F ig . 4).
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T he M o ssb a u e r, XRD a n d  AES r e s u l t s  from  th e  a s - im p la n te d  

sam p les  (T ab le  2) w ill now be d is c u s s e d  in  o r d e r  o f d e c re a s in g  

im p la n ta tio n  d o se . F o r e a c h  d o se , th e  e f f e c t  o f te m p e ra tu r e  d u r in g  

im p la n ta tio n  a n d  t im e - a t - te m p e r a tu r e  w ill b e  th e  p r im a ry  v a r ia b le s  

c o n s id e re d .

T he  h ig h e s t  im p la n te d  d o se  w as 10 X 1 0 ^  io n s /c m ^  in  sam p le  S 8 -  

1 m a in ta in e d  a t  a  te m p e r a tu r e  o f 380±50eC. V isual in s p e c t io n  o f th e  

s u r f a c e  o f th e  d isc  s u g g e s te d  n o n -u n ifo rm ity  so  tw o  a r e a s ,  A a n d  B, 

w e re  exam ined . R eg ion  A w as a  m ix tu re  o f tw o  c o lo rs , m eta llic  a n d  

b ro w n ish . R eg ion  B (180° from  re g io n  A) w as u n ifo rm ly  b ro w n ish . 

CEMS s tu d ie s ,  sh o w n  in  F ig .9, d e m o n s tra te  c le a r  d if f e r e n c e s  in  th e  tw o 

re g io n s  (d e s ig n a te d  b y  S8-1A  a n d  S8-1B ). In  o r d e r  to  f i t  th e s e  s p e c t r a  

a n d  a c c o u n t fo r  th e  N -in d u c e d  m o d ifica tio n s , th e  fo llow ing  r e s t r i c t io n s  

w e re  u s e d  in  f i t t in g  th e  d a ta  (T ab le  7): th e  a u s te n i te  IS , W a n d  th e  a ’ 

W w e re  fix ed  a t  th e  k n o w n  u n im p la n te d  v a lu e s . T he r e s u l t s  o f W from  

S8-1A  in  T ab le  7 fo r  th e  a n d  FeNM w e re  th e n  fix ed  in  o r d e r  to  f i t  

th e  s p e c tru m  from  S8-1B a n d  o b ta in  a  good co m p ariso n . A la rg e  am o u n t 

o f b cc  (a) o r  m a rte n  s i tic  a* t h a t  is  low in  C r, r e f e r r e d  to  a s  a ’, w as 

o b ta in e d  in  re g io n  A a n d  o n ly  a  sm all a m o u n t in  re g io n  B. T h is  

s u g g e s t s  t h a t  th e  m etallic  a r e a  o f r e g io n  A becam e h o t t e r  a n d  le d  to  

p h a s e  d eco m p o sitio n  s u c h  t h a t  C r w as d e p le te d  from  e i th e r  o r  b o th  of 

th e  a u s te n i t i c  o r  m a r te n s i t ic  304 SS m atrix .
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S am ple P h a se  IS  QS W0 4  H F D

S8-1A  7  -0 .1 0 8 (f) 0 .15(1) 0 .3 (f) 17(1)
7n 0.24 (2) 0 .32(3) 0 .5 (f) 22(1) 1.4

FeNM 0.31(6) 0 .00 (f) 0 .7(1) 21.2(6) 29(1) .04

S8-1B  7 -0 .1 0 8 (f)  0 .14(1) 0 .3 (f) 23(1)
7n 0.26 (1) 0.28(1) 0 .5 (f) 33(1) 1.5

FeNM 0.28(1) 0 .00(f) 0 .7 (f) 17.1(7) 36(1) .05
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T he e f f e c t  o f th e  N w as to  p ro d u c e  a  p a ra m a g n e tic  re s o n a n c e  

(d e s ig n a te d  b y  7 ^  o r  FeNP) a n d  a  m a g n e tic  r e s o n a n c e  (d e s ig n a te d  b y  

FeNM) w ith  a  h y p e r f in e  f ie ld  t h a t  is  m uch sm a lle r  th a n  t h a t  o f a ’. The 

sm a lle r  h y p e r f in e  f ie ld  (17.1 T) fo r  S8-1B is  p ro b a b ly  d u e  to  th e  h ig h e r  

c o n c e n tra t io n  o f C r in  so lu tio n  in  th i s  re g io n .

X -ra y  d if f r a c t io n  m e a su re m e n ts  from  re g io n s  A a n d  B a r e  sh o w n  in  

F ig . 10. D iffra c tio n  p e a k s  2, 9 a n d  p e a k s  1, 4, 7 a r e  d u e  to  th e  

a lum inum  sam ple  h o ld e r  u s e d  fo r  8 8 - 1A a n d  S8-1B , r e s p e c t iv e ly .  P e a k s  

6  a n d  10 in  S8-1A  c le a r ly  in d ic a te  a ’ m a r te n s ite .  P e a k s  5, 8 , a n d  12 

in  S8-1A  a n d  3, 6 , 9 in  S8-1B  a r e  d u e  to  th e  7  p h a s e . By co m p ariso n

w ith  s ta n d a r d  d a ta ,  p e a k  5 (3 in  S8-1B ) w as m a tch ed  to  p h a s e s  w ith

M iller in d ic e s  7 (1 1 1 ) , 8  ( 6  in  S8-1B ) to  7  (200) a n d  12 (9 in  S8-1B ) to

7 (2 2 0 ). P e a k s  4, 7, 11 in  S8-1A  a n d  2, 5, 8  in  S8-1B  do n o t c o r r e s p o n d

to  a n y  n i t r id e  p h a s e  b y  co m p a riso n  w ith  s ta n d a r d  d a ta  in  th e  JCPDS 

File [37]. T he f a c t  t h a t  th e  t h r e e  p e a k s  a p p e a r  j u s t  below  th e  7  p e a k s  

s u g g e s t s  th e  p o s s ib i l i ty  o f  a  7 -p h a s e  w ith  a n  e x p a n d e d  la t t ic e  c o n s ta n t .  

T he la t t ic e  c o n s ta n t  o f SS is  k n ow n  [38] to  in c re a s e  l in e a r ly  w ith  N in  

so lid  so lu tio n . T h e re fo re ,  p e a k s  4, 7, 11 in  S8-1A  a n d  2, 5, 8  in  S8-1B 

a r e  a n a ly z e d  a s  th e  7 (HO), 7(200), a n d  7(220) p e a k s  o f a n  e x p a n d e d

fee  p h a s e  d e s ig n a te d  a s  7 n * CEMS s tu d ie s  on  b o th  re g io n s  show  a  c le a r  

e - ty p e  p h a s e  w h ich  p ro d u c e s  d if f r a c tio n  p e a k  3 in  S8-1A a n d  w h ich  

p ro d u c e s  a  p e a k  [FeNM] t h a t  is  u n re s o lv e d  from  p e a k  2 in  S8-1B . T he 

e - ty p e  p h a s e  m ay a f f e c t  th e  a c c u r a te  d e te rm in a tio n  o f th e  p o s itio n s  of 

p e a k  4 in  S8-1A  a n d  2 in  S8-1B.
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SaniBle.Jt___ 1____&Q__________ d.(Â)________ I_________ _Phase  d à / à
S8-1A  1 37.60 2.390 6.0 6

2 38.26 2.351 11.7 A l ( l l l )

3 42.22 2.140 100 €

4 42.66 2.115 64.25 7N(H1)  0.028

5 43.76 2.067 36.6 7(111)

6  44.34 2.041 31.1 a ’ (110)

7 49.35 1.845 11.7 7N(200) 0.029

8  50.91 1.792 14.7 7(200)

9 64.24 1.446 4.6 Al(220)

10 64.95 1.435 3.5 a* (200)

11 73.24 1.290 6.2 7N(220) 0.017

S8-1B  1 38.28 2.349 11.7 A l ( l l l )

2 41.95 2.151 100 7N(H l) + e  0.039

3 43.69 2.070 53.2 7(111)

4 44.56 2.032 6.2 a ’ (110)

5 48.51 1.875 14.6 7N(200) 0.045

6  50.85 1.794 22.8 7(200)

7 64.90 1.436 3.5 Al(220)

8 71.91 1.314 4.3 7^(22O) 0.035

9 74 71 1 270 23 4 7(220)
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T ab le  8  l i s t s  th e  x - r a y  d a ta  fo r  S8-1 . T he f r a c t io n a l  d if fe re n c e  in  

d - s p a c in g  b e tw e e n  th e  7  a n d  / n  P h a s e s ,  d  d / d ,  is  a lso  l i s te d . I t  is  

s u g g e s te d  th a t  th e  4 d / d  o f th e  (2 2 0 ) p e a k s  a r e  sm a lle r  th a n  t h a t  o f th e  

( 1 1 1 ) a n d  (2 0 0 ) fo r  b o th  r e g io n s  b e c a u se  th e  la r g e r  a n g le  c o r r e s p o n d s  

to  a  d e e p e r  a v e ra g e  p ro b in g  d e p th  w h e re  le s s  n i t r o g e n  e x is ts .  A 

d is t r ib u t io n  in  N c o n te n t  w ith  d e p th  is  a lso  s u g g e s te d  a s  th e  re a s o n  

t h a t  th e  p e a k s  a r e  b ro a d . T h ese  r e s u l t s  a r e  a lso  c o n s is te n t  w ith

CEMS s tu d ie s ,  t h a t  h ig h e r  te m p e ra tu r e  c a u s e s  th e  n it r o g e n  to  d if fu s e  

d e e p e r  le a v in g  le s s  a v e ra g e  n i t r o g e n  in  so lu tio n  in  S8-1A  th a n  in  S8-1B 

( le s s  ). T he a v e ra g e  n i t r o g e n  c o n te n t  in  so lu tio n  c a n  be  c a lc u la te d  

from  th e  a v e ra g e  v a lu e  o f  4  d / d  from  th e  th r e e  p e a k s  a n d  th e  know n  

[38] l in e a r  v a r ia t io n  in  la t t ic e  c o n s ta n t  w ith  atom ic N c o n te n t ,  :

aQ is  th e  la t t ic e  c o n s ta n t  o f 304 SS w ith o u t N in  so lu tio n  a n d  from  th e  

7  p e a k  p o s it io n s  ay = 3.59 Â . F o r  sam ple  S8-1A , <C^> = 11.3 a t .  %. a n d  

fo r  S8-1B , <CN> = 18.2 at.%.

T he th ic k n e s s  o f th e  la y e r  c o n ta in in g  th e  n i t r o g e n  in  so lu tio n  ca n  

b e  e s tim a te d  b y  a s su m in g  i t  is  a  u n ifo rm  la y e r  from  th e  s u r f a c e  to  a  

d e p th  z a n d  u s in g  th e  a r e a s  ( in te g r a te d  in te n s i ty )  o f th e  (2 0 0 ) p e a k s

< J d / d >  a 0  = 0.00078 <CN> (3)

[39]:

A(/jg) 

A ( /n ) + A (7 )
= 1 —e x p [ —2  y — — ] 

s in 6

z
(4)
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A (7jj), A(7) a r e  th e  a r e a s  o f 7 ^ (2 0 0 ) a n d  7 (200) p e a k s , r e s p e c t iv e ly ,  p is  

th e  a b s o rp t io n  c o e f f ic ie n t o f th e  Cu KQ x - r a y  in  304 SS (2136 /cm ) (o r  

310 SS (1830 /c m )) a n d  9 is  th e  a v e r a g e  a n g le  o f th e  7 ^ ( 2 0 0 )  a n d  

7(200) p e a k s .  T h is  y ie ld s  z = 1.4 pm a n d  1.5 pm fo r  S8-1A  a n d  S8-1B , 

r e s p e c t iv e ly .  T h is  is  a  v e r y  s ig n if ic a n t  r e s u l t  s in c e  th e  m ean 

im p la n ta tio n  d e p th  is  o n ly  430 Â a s  sh o w n  e a r l ie r  ( s e c tio n  3.2). C le a rly , 

d if fu s io n  o f N o c c u r s  d u r in g  th e  im p la n ta tio n  p ro c e s s .

X -ra y  d if f r a c t io n  a lso  sh o w s th a t  th e r e  is  a  w ell d e f in e d  p e a k  a t  

a b o u t  20 = 42.2 d e g re e  (d  = 2.14) a n d  a  w eak  o n e  a t  37.6 d e g re e  (d  =

2.39). T he c o r r e s p o n d in g  v a lu e s  o f d  a r e  c lo se  to  (111) a n d  (110)

p la n a r  s p a c in g s  in  a  h ex a g o n a l € -(F e , C r, Ni)2 +XN co m pound  w ith  x = 0 

to  2 [37]. T he  (111) p e a k  is  th e  s t r o n g e s t  o n e  in  th e  e - (F e , C r, Ni)£+XN 

p o w d e r  p a t t e r n ,  a n d  (110) s h o u ld  b e  16% o f th i s  p e a k  h e ig h t.  No o th e r  € 

p e a k s  c o u ld  b e  d e te c te d  in  th i s  sam ple. T h is  s u g g e s t s  a  s t r o n g

p r e f e r r e d  o r ie n ta t io n  o f th e  ( 1 1 1 ) p la n e s  p a ra l le l  to  th e  s u r f a c e  o f th e  

d isc . X - ra y  d if f r a c t io n  d e te c te d  no  CrN o r  CrgN in  th e  sam ple . If

p r e s e n t ,  a s  s u g g e s te d  b y  th e  C r d e p le te d  m a r te n s i te  (a*), th e n  th e y  

m u s t be  in  th e  fo rm  o f p r e c ip i ta te s  t h a t  a r e  too  sm all to  b e  d e te c te d  b y  

XRD (<100 A).

T he th ic k n e s s  o f th e  E - ty p e  p h a s e  la y e r  w as c a lc u la te d  fro m  th e  

th e o ry  u s e d  to  g e n e ra te  th e  c u r v e s  o f F ig . 3 [27]. T he a s s u m p tio n  w as 

m ade th a t  th e  n i t r id e  p h a s e  is  u n ifo rm  from  th e  s u r f a c e  to  a  d e p th  D. 

T he o th e r  tw o p r o p e r t i e s  n e e d e d  a r e  th e  m ass d e n s i ty  a n d  th e  atom ic 

c o n c e n tra t io n  o f Fe in  th i s  p h a s e . A ssum ing  th e  p h a s e  is  E -(F e , C r,
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NDgN w ith  Fe, C r, a n d  Ni c o n c e n tr a t io n s  in  d i r e c t  p ro p o r t io n  to  th o s e  of 

304SS (T ab le  1), th e n  v a lu e s  o f D = 390 Â a n d  450 Â a r e  o b ta in e d  fo r

S8-1A  a n d  S8-1B , r e s p e c t iv e ly .  T h e se  v a lu e s  r e p r e s e n t  th e  maximum 

p o s s ib le  th ic k n e s s  o f a  u n ifo rm  la y e r  o f th e  € - ty p e  p h a s e  s in c e  th e  

d e n s i ty  a n d  Fe c o n c e n tra t io n  a r e  minimum fo r  th i s  n i t r o g e n  c o n te n t .

T he AES p ro f ile  fo r  S 8-1  is  sh o w n  in  F ig . 11. T he n i t r o g e n  p ro f ile  

is  n o n -g a u s s ia n  w ith  N d i s t r ib u t io n  p e a k  a ro u n d  31 at.% n e a r  th e  

s u r fa c e .  T he s p u t t e r  tim e fo r  th e  sam ple is  85 min w ith  a  s p u t te r in g  

r a t e  o f 100 Â /m in. T h e re fo re  th e  d e p th  o f th e  s p u t t e r in g  is  8500 A. 

C le a rly  th e  N d if fu s e d  v e r y  d e e p  in  th e  sam ple . T h is  is  c o n s is te n t  w ith  

o u r  GEMS a n d  XRD s tu d ie s .  R ecall in  s e c tio n  3.2 t h a t  th e  m ean r a n g e  

o f th e  im p la n te d  N w as fo u n d  to  b e  430 Â so  t h a t  th e  v e r y  b ro a d  N 

p ro f ile  in  F ig . 11 c a n  o n ly  b e  e x p la in e d  b y  a  d if fu s io n  m echanism . I t  

c a n  b e  m ain ly  a t t r i b u t e d  to  ra d ia t io n  e n h a n c e d  d if fu s io n  s in c e  th e  

o r d in a r y  th e rm a l d if fu s io n  c o e f f ic ie n t (D-p) o f N in  s ta in le s s  s te e l  [40]

DT =0.06(cm 2 /s ) e x p [ -2 1 .7 x l0 3 (K )/T ] (5)

y ie ld s  a  d if fu s io n  le n g th  J  D ^ t o f o n ly  106 Â u s in g  T = 653 K a n d  t  = 

5928 s  fo r  sam ple  S8-1  (T ab le  2). T h is  s u g g e s t s  t h a t  th e  m echan ism  o f 

r a d ia t io n  e n h a n c e d  d if fu s io n  [41] m u s t p la y  a n  im p o r ta n t  ro le  in  th e  

e x p e r im e n ta l N d is t r ib u t io n .  T h is  m ay o c c u r  d u r in g  th e  n it ro g e n  

im p la n ta tio n  d u e  to  th e  p ro d u c t io n  o f v a c a n c ie s  w h ich  m ay allow  

n i t ro g e n  to  d if fu s e  m ore re a d i ly .
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Fig. 11 AES Data of S8-1
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Two sam p le s , S 3-1  a n d  S 9 -1 , w e re  s tu d ie d  w ith  th i s  im p la n ta tio n  

f lu e n c e  a t  d i f f e r e n t  te m p e r a tu r e s  (T ab le 2). N ote t h a t  sam ple  S9-1  w as 

h e ld  a t  th e  h ig h e r  te m p e r a tu r e  f o r  a  lo n g e r  tim e b y  u s in g  th e  s h u t t e r -  

c o n tro l  m e thod . CEMS d a ta  a r e  show n  in  F ig . 12. A p a ra m a g n e tic

n i t ro g e n -c o n ta in in g  p h a s e  a n d  a  m ag n e tic  n i t r o g e n -c o n ta in in g  p h a s e  a r e  

o b ta in e d  in  b o th  sam p les  a f t e r  n i t r o g e n  im p la n ta tio n . I t  is  o b v io u s  t h a t  

sam ple  S 3-1  h a s  a  d i f f e r e n t  p a ra m a g n e tic  p h a s e  ( la r g e r  QS a n d  IS ) a n d  

a  l a r g e r  am o u n t o f th e  m a g n e tic  p h a s e  th a n  S 9-1 . T ab le  9 l i s t s  th e  f i t  

p a r a m e te r s  f o r  th e  p h a s e s  id e n t if ie d  in  F ig . 12. T he IS  a n d  QS foi* 

FeNP o f S 3-1  c o r r e s p o n d s  w ell to  th o s e  o f FegN [42]. T he FeNM 

p a ra m e te r s  o f S 3-1  c o r r e s p o n d  to  € -(F e , C r, Ni)2 +XN w ith  x = 1 to  2 

s im ila r  to  S 8 -1 . A ssum ing  a n  a v e ra g e  o f  x = 1, th e  d e p th  o f th e

co m b in ed  n i t r id e  p h a s e s  in  S 3-1  is  a b o u t D = 1300 Â b a s e d  o n  th e  CEMS

c a l ib ra t io n  (s e c tio n  3.2). B ound  n i t r o g e n  (B) c a n  b e  e s tim a te d  from  th e

sim ple  e x p re s s io n

B = qDNa /Wa  (6 )

w h e re  q  r e p r e s e n t s  th e  a v e ra g e  d e n s i ty  o f th e  n i t r id e  la y e r ,  Wa  

r e p r e s e n t s  th e  a v e ra g e  m o lecu la r w e ig h t a n d  Na  is  A v o g a d ro ’s n u m b e r. 

T h is  g iv e s  B = 3.1 X 1 0 ^  N /cm ^, a b o u t a  f a c to r  o f tw o  le s s  th a n  th e  

im p la n te d  d o se  o f 6 . 8  X 1 0 ^  io n s /c m ^ .
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VeI oc Ity Cm m Z s )

Fig. 12 CEMS of S3-1 and S9-1
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TABLE 9.ÇEMS PARAMETERS £QRJS3=1 AND S.9b.l

Sam ple P h a s e  IS  QS W0 4  H F D

S 3-1  T  -0 .1 0 8 (f) 0 .15(1) 0 .3 (f) 22(1)
FegN 0.44 (1) 0 .39(1) 0 .5 (f) 31(1)

S9-1 7  -0 .1 0 8 (F ) 0 .13(1) 0 .3 (f) 37(1)
7N 0.21 ( I )  0 .22(2) 0 .5 (f) 38(1) 0.6
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XRD o f S3-1  sh o w s a  w ell d e f in e d  p e a k  a t  26 = 38 .6 0 (d  = 2.33 Â) 

a n d  a  b ro a d  p e a k  a t  a b o u t  28 = 41.2° (d = 2.19 Â) w h ich  a r e  c o n s is te n t  

w ith  € -(F e , C r, Ni)2 +XN (x = 0 to  2) [37]. No o th e r  n i t r id e  p e a k s  o r  

s h o u ld e r s  w e re  d e te c te d .  T he XRD p a t t e r n  fo r  S 9-1  is  sh o w n  in  F ig . 13 

a n d  th e  x - r a y  a n a ly s is  is  g iv e n  in  T ab le  10 to g e th e r  w ith  t h a t  fo r  S3-1 . 

P e a k s  1, 4, a n d  7 a r e  d u e  to  th e  alum inum  sam ple h o ld e r  u s e d .

M agnetic  n i t r id e s  a n d  p a ra m a g n e tic  n i t r o g e n  c o n ta in in g  p h a s e s  b o th  

c o n t r ib u te  to  p e a k  2. P e a k s  3, 6 , a n d  9 in d ic a te  th e  7 p h a s e  (b u lk  304 

SS) a n d  p e a k s  2, 5, a n d  8  a r e  d u e  to  a n  e x p a n d e d  7  p h a s e  c a u s e d  b y  N 

in  so lu tio n  a s  d is c u s s e d  e a r l ie r  f o r  S 8-1 . T he  am o u n t o f n i t r o g e n  in  

so lu tio n  is  a b o u t  16 at% b a s e d  o n  th e  a v e r a g e  J id / d  in  T ab le  10. T he 

d e p th  o f  th e  la y e r  c o n ta in in g  th e  n i t r o g e n  in  so lu tio n  is  0 . 6  pm b a s e d  

on  e q u a t io n  (4). T he  CEMS f i t  p a ra m e te r s  o f th e  p a ra m a g n e tic  p h a s e  of

S9-1  (T ab le  9) IS  = 0.21 m m /s a n d  QS = 0.22 ram /s a r e  s im ila r to  th o s e  

o f th e  N in  so lu tio n  r e s o n a n c e  id e n tif ie d  in  S 8-1 . T he m a g n e tic  n i t r id e  

p h a s e  d e te c te d  b y  CEMS is  a s s o c ia te d  w ith  th e  w ell d e f in e d  p e a k  2 in  

th e  XRD a n d  is  a t t r i b u t e d  to  € -(F e , C r, Ni)g+XN . No o th e r  6  p e a k s  w ere  

d e te c te d .  T h is  is  s im ila r to  S 8-1  in  t h a t  th e  (111) p la n e s  a r e  

p r e f e r e n t ia l ly  p a ra l le l  to  th e  s u r f a c e .  No CrN o r  CrgN w ere  d e te c te d  b y  

XRD. T he th ic k n e s s  o f th e  € n i t r id e  p h a s e  is  a p p ro x im a te ly  300 Â b a s e d  

o n  th e  CEMS f ra c t io n .

T he d if f e re n c e  in  h y p e r f in e  f ie ld  in  th e  sam p les  (15.2 T in  S3-1  

a n d  19.5 T in  S 9 -1 ) c o u ld  d u e  to  e i th e r  d i f f e r e n t  N o r  C r c o n te n ts  in  

th e  n i t r id e  p h a s e . B o th  N a n d  C r w ill r e d u c e  H [32, 43].



T-3789 47

23100 y

N

t  80 •
M

60 ..

20  -

2 THETA

Fig. 13 XRD Data of S9-1



T-3789 48

S.i9ti[BJB3LlS-...3t..........Æ._ .. 28 d(A.) I P h a s e  d  d / d
S 3-1  1 38.60 2.330 6 . 0 e

2 41.20 2.189 3.0 F e2N

3 43.76 2.067 1 0 0 7(111)

4 50.91 1.792 40.0 7 (2 0 0 )

5 74.82 1.268 1 2 . 2 7 (2 2 0 )

S9-1  1 38.50 2.336 14.0 A l ( l l l )

2 42.32 2.132 1 0 0 7 N( l l l ) + e  0.030

3 43.70 2.070 98.0 7 ( H l )

4 44.81 2 . 0 2 0 8.9 a ’ ( 1 1 0 )

5 48.60 1.871 14.5 7 n (200) 0.047

6 51.05 1.787 39.4 7 (2 0 0 )

7 64.80 1.437 6.3 AK220)

8 72.30 1.305 6 . 2 7 n (220) 0.030

. ___________ 9 _  ._  .14,1.7._______ .1,261...... .......... 5.3,0. ...______ 7(2201
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T he AES p ro f i le s  f o r  S 3-1  a n d  S9-1  a r e  sh o w n  in  F ig . 14. T he

n i t r o g e n  p ro f i le s  a r e  c le a r ly  n o n -g a u s s ia n .  T he  p e a k  of th e  N

d is t r ib u t io n  o f S 3-1  is  a b o u t  26 at% v e r y  n e a r  th e  s u r f a c e  a n d  th e  

w id th  a t  h a lf  maximum is  a b o u t  2400 Â. T h is  v a lu e  is  n e a r ly  tw ice  th e  

d e p th  o b ta in e d  a b o v e  from  th e  CEMS n i t r id e  f r a c t io n s ,  s u g g e s t in g  th a t  

th e  u n ifo rm  la y e r  a s s u m p tio n  u s e d  fo r  th e  d e te rm in a tio n  o f D is  n o t 

c o r r e c t .  T he to ta l  n i t r o g e n  re m a in in g  in  th e  sam ple  is  a b o u t 4.2 X 1 0 -^  

N /cm ^, e s tim a te d  fro m  th e  N p ro f ile . Note t h a t  th i s  v a lu e  d o es  n o t 

a g r e e  w ith  th e  b o n d e d  n i t r o g e n  e s tim a te d  a b o v e . T h u s , th e  r e ta in e d

n i t r o g e n  is  n o t a ll  in  the_ fo rm  o f n i t r id e s .  H ow ever, co m p ared  to  th e

to ta l  im p la n te d  n i t r o g e n  (6 . 8  X 1 0 ^  N /cm ^, 70% N+ 2  + 30%N+ ) some

n i t r o g e n  w as n o t r e ta in e d .  T h is  lo s s  o f n i t r o g e n  is  p ro b a b ly  d u e  to  

s p u t t e r in g  o f th e  s u r f a c e  a n d  to  o u t -d i f fu s io n  a t  th e  s u r f a c e  a n d

p o s s ib ly  in -d i f fu s io n  s u c h  t h a t  N is  lo s t  to  th e  b u lk . T he th e rm a l

d if fu s io n  le n g th  is  o n ly  16 Â u s in g  T = 621 K a n d  t  = 640 s fo r  S3-1

(T ab le  2) b a s e d  on  e q u a t io n  5. T h e re fo re ,  r a d ia t io n  e n h a n c e d  d if fu s io n

a lso  p la y s  a n  im p o r ta n t  ro le  in  S3-1 . F ig . 14 sh o w s t h a t  th e  p e a k  of 

th e  N d is t r ib u t io n  fo r  S 9-1  is  a b o u t  31 at% a n d  N -c o n ta in in g  la y e r  

e x te n d e d  to  a  d e p th  o f a b o u t  0 . 6  pm in  good  a g re e m e n t w ith  th e

th ic k n e s s  o f th e  N in  so lu tio n  la y e r  c a lc u la te d  a b o v e  from  XRD d a ta . 

T he  to ta l  n i t r o g e n  re m a in in g  in  S9-1  is  a b o u t  8.4 X 1 0 ^  N /cm ^. T h is

v a lu e  is  h ig h e r  th a n  th e  im p la n te d  n i t r o g e n  (6 . 8  X 1 0 ^  N /cm ^). A

p o s s ib le  e x p la n a tio n  fo r  th e  d if f e re n c e  is  t h a t  th e  AES c a l ib ra t io n  in  

th ic k n e s s  o r  atom ic c o n c e n tr a t io n  is  in c o r r e c t .  In  th i s  sam p le , th e
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d if fu s io n  le n g th  is  o n ly  7 3  Â.

S 9 -1

S 3 —1

10

0 0.1 02 Q3 0.4 05 0.6 0.7
Depth (|J.m)

Fig. 14 AES Data of S3-1 and S9-1
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S am ples S 12 -1 , SO-2, a n d  S 4 -2  w ill b e  d is c u s s e d  in  o r d e r  of 

in c re a s in g  im p la n ta tio n  te m p e ra tu r e .  Sam ple S12-1  w as im p la n te d  a t  th e  

lo w e s t te m p e r a tu r e  (T = 160° C) b y  in s u r in g  good th e rm a l c o n ta c t

b e tw e e n  th e  d isc  a n d  th e  w a te r -c o o le d  sam ple  h o ld e r . F ig . 15 sh o w s 

t h a t  b o th  a  p a ra m a g n e tic  n i t r o g e n -c o n ta in in g  p h a s e  a n d  a  m a g n e tic  

n i t r id e  fo rm ed  in  th i s  sam ple . T he f i t  p a r a m e te r s  f o r  S12-1  a r e  l i s te d  in  

T ab le  12. T he IS (0.36 m m /s) a n d  QS (0.42 m m /s) o f th e  p a ra m a g n e tic  

n i t r id e  p h a s e  in  S12-1  s u g g e s t s  t h a t  th e  n i t r id e  p h a s e  is  6 - (F e ,  C r, 

Ni)gN s in c e  e-F egN  h a s  s im ila r v a lu e s  [44]. T he m a g n e tic  n i t r id e  p h a s e  

(FeNM) is  v e r y  lik e ly  e - (F e ,  C r, Ni>2 +XN w ith  x = 1 to  2 s im ila r to  S 8 -1 , 

S 3 -1  a n d  S 9 -1 , s in c e  E-Fe^N  a n d  / '- F e ^ N  a r e  k n o w n  to  b e  m a g n e tic  [45, 

46]. T h e  sm all h y p e r f in e  f ie ld  o f 13.2 T is  d u e  to  th e  p r e s e n c e  o f C r in  

th e  n i t r id e .  T he th ic k n e s s  o f a  co m b in ed  la y e r  o f € -(F e , C r, NilgN a n d  

G -(Fe, C r, N i)2 +XN is  fo u n d  to  b e  0=730 Â, b a s e d  on  th e  a s s u m p tio n  of a  

u n ifo rm  la y e r  (F ig . 3). T he b o u n d  n i t r o g e n  (1.7 X l O ^  N /cm ^ b a s e d  on  

e q u a t io n  6 ) a g r e e s  v e r y  w ell w ith  th e  im p la n te d  d o se  o f 1.7 X 1 0 ^  

N /cm ^ s u g g e s t in g  t h a t  lo s s  o f N b y  s p u t t e r in g  o r  d if fu s io n  d o e s  n o t 

o c c u r  fo r  th i s  d o se  a n d  te m p e ra tu re .

CEMS s tu d ie s  o f  sam p le s  S 0-2  a n d  S 4 -2  a r e  a lso  sh o w n  in  F ig . 15. 

O nly  a  p a ra m a g n e tic  n i t r o g e n - c o n ta in in g  p h a s e  e x is ts  in  th e  tw o  sam p les  

a f t e r  n i t r o g e n  im p la n ta tio n . T he IS  a n d  QS, l i s t e d  in  T ab le  11, show  

th a t  th e  p a ra m a g n e tic  n i t r id e  p h a s e  fo r  th e  tw o  sam p le s  is  n o t e - (F e , 

C r, N i^N  a s  i t  w as in  S12-1 .
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1 FeN(M)S 1 2 - 1

Zl I FeN(P)

-4 0 4
Ve I o c  I t y  ( m m / s )

1.165

1 > 0 0 0 l'i'«ii'wuiinuiiin%i(niip»'i«ini>

S 4 - 2
1.152

1.000

F ig . 15 CEMS D ata  o f S 12-1 , SO-2, a n d  S 4 -2
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Sam ple 
Nq* ......

S12-1

SO-2

S 4-2

TABLR..1L™ .GEMS. PARAMETERS E Q R .S 1 2 r l^

P h a s e  IS  QS Wq4  H F D

J  -0 .1 0 8 (f)  0 .15(1) 0 .3 (f) 46(1)
FegN 0.36 (1) 0 .42(1) 0 .5 (f) 32(1)

7  -0 .1 0 8 (f)  0 .14(1) 0 .3 (f) 44(1)

7  -0 .1 0 8 (f)  0 .13(1) 0 .3 (f) 44(1)
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XRD s tu d ie s  (S 12-1  a n d  S4-2) a r e  sh o w n  in  F ig . 16, a n d  th e  d a ta  

a r e  l i s te d  in  T ab le  12. No C r n i t r id e s  w e re  d e te c te d  b y  XRD f o r  th e  

t h r e e  sam p les . P e a k s  1 a n d  5 in  S12-1 a n d  1, 4 a n d  7 in  S4-2  a r e  d u e  

to  th e  alum inum  sam ple  h o ld e r . I t  is  o b v io u s  t h a t  no  N in  so lu tio n  ( 

e x p a n d e d  y  p h a s e )  is  sh o w n  in  S12-1. T h is  is  c o n s is te n t  w ith  o u r  CEMS 

s tu d y  w h ich  fo u n d  e~Fe^N.

P eak  3 f o r  SO-2 w as d u e  to  th e  A1 sam ple  h o ld e r  u s e d . By 

c o m p a riso n  w ith  s ta n d a r d  XRD d a ta , th e  p a ra m a g n e tic  n i t r id e  p h a s e  in

SO-2 is  m ore lik e ly  € -(F e ,C r,N i)2 +xN (n o n -m a g n e tic )  w ith  x = 0 to  1 s in c e  

th e  e x p a n d e d  y  p h a s e  is  n o t  d e te c te d  b y  XRD. T he  th ic k n e s s  o f th i s  

n i t r id e  o f SO-2 is  a p p ro x im a te ly  450 Â b a s e d  o n  th e  CEMS f ra c t io n .  The 

b o u n d  n i t r o g e n  (1.5 X 1 0 ^  N /cm ^ a s su m in g  D = 450 Â) u s e d  in  e q u a tio n  

6  is  c lo se  to  th e  im p la n te d  o n e  (1.7 X 1 0 ^  N /cm ^).

N in  so lu tio n  is  o b ta in e d  in  S 4-2  (p e a k s  5 a n d  8 ). T he a v e ra g e  

c o n te n t  o f n i t r o g e n  in  s o lu tio n  is  a b o u t 11 at%. T he  d e p th  o f th e  la y e r  

o f th e  n i t r o g e n  in  so lu tio n  is  a b o u t 0.2 pm b a s e d  o n  e q u a t io n  4 a n d  

u s in g  p e a k s  5 a n d  6 . A u n ifo rm  la y e r  o f 11 at% o v e r  a  th ic k n e s s  o f 0.2 

pm g iv e s  a  d o se  o f 2 X 1 0 ^ N /c m ^  . T he sm a lle s t IS  (0.15 m m /s) a n d  QS 

(0.22 m m /s) (T ab le  11) a r e  o b ta in e d  in  S 4-2  in  c o m p a riso n  w ith  S 8-1  (IS 

= 0.26 m m /s, QS = 0.28 m m /s) a n d  S9-1 (IS = 0.21 m m /s, QS = 0.22 

m m /s). One p o s s ib le  e x p la n a tio n  is  t h a t  th e  a m o u n t of N in  s o lu tio n  m ay 

a f f e c t  th e  IS  a n d  QS. H ig h e r  N in  so lu tio n  w ill y ie ld  a n  in c re a s e d  IS 

a n d  QS. T h is  r e s u l t  is  c o n s is te n t  w ith  a  s tu d y  o f p u r e  Fe-N  sam p les  

[44].
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H
0
R
H

2 0

30.00 50.00 80.0040.00
2 THETA

100

N
0
R
M

S 4-2

60 -

40 -

20  -

60.00 70.00 80.00
2 THETA

Fig. 16 XRD Data of S12-1, S4-2
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S am ple * # 28 I P h a s e  J  d / d
S 12-1 1 38.50 2.336 3.0 A l ( l l l )

2 42.31 2.132 3.5 F e2N

3 43.76 2.067 1 0 0 7(111)

4 51.05 1.787 25.5 7 (2 0 0 )

5 64.8 1.437 2 . 0 Al(220)

6 74.77 1.267 2 2 . 8 7(220)

SO-2 1 42.31 2.132 4.6 €

2 43.70 2.070 1 0 0 7 (1 1 1 )

3 44.81 2 . 0 2 0 7 Al( 200)

4 51.05 1.787 80 7 (2 0 0 )

5 74.77 1.267 53.0 7 (2 2 0 )

S 4-2 1 38.50 2.336 8.9 A M lll)

2 42.31 2.132 14.5 7 n (1H )+ €  0.030

3 43.70 2.070 1 0 0 7 (1 1 1 )

4 44.81 2 . 0 2 0 6 . 2 AM 200)

5 49.80 1.829 3.4 7 n (200) 0.024

6 51.05 1.787 36.6 7 (2 0 0 )

7 64.78 1.437 6 . 2 AM 220)

8 73.52 1.286 3.4 7 n (220) 0.015

__9 ___ ZAÆL_______ L2GZ-_______ a&a______ _  712201_______________
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T he AES d e p th  p ro f i le s  f o r  sam p les  SO-2 a n d  S 4-2  a r e  sh o w n  in  F ig .

17. T he  to ta l  n i t r o g e n  in  SO-2 c a n  b e  e s tim a te d  u n d e r  th e  N p ro f ile  to

y ie ld  3 X IQ l? N /cm ^. T h is  v a lu e  is  l a r g e r  th a n  th e  to ta l  im p la n te d

n i t r o g e n  (1.7 X 1 0 -^  N /cm ^) d e m o n s tra t in g  t h a t  th e r e  is  a  m isc a lib ra tio n  

o f th e  AES c o n c e n tra t io n . F ig . 17 sh o w s t h a t  th e  maximum N

c o n c e n tra t io n  in  S 4 -2  is  a b o u t  21 at.% a n d  t h a t  th e  w id th  o f th e  N

d is t r ib u t io n  (d is t in c t ly  n o n -g a u s s ia n )  a t  h a lf  maximum is  a b o u t  1 1 0 0  Â. 

T he d if f e r e n c e  b e tw e e n  th e  CEMS v a lu e  o f D = 450 Â a n d  th e  AES p ro f ile  

w id th  is  a t t r i b u t e d  to  r a d ia t io n  e n h a n c e d  d if fu s io n , s in c e  th e rm a l 

d if fu s io n  y ie ld s  a  d if fu s io n  le n g th  J  D ^t o f  o n ly  3 Â u s in g  T = 613 K 

a n d  t  -  32 s  f o r  sam ple  SO-2 (T ab le  2). C om paring  th e  tw o AES p lo ts ,  

n i t r o g e n  d if fu s e d  d e e p e r  in to  S 4 -2  th a n  SO-2. One r e a s o n  fo r  th i s  is  

t h a t  th e  im p la n ta tio n  te m p e r a tu r e  f o r  SO-2 is  340±50°C w h ich  is  lo w er 

th a n  a n  a p p a r e n t  c r i t ic a l  te m p e r a tu r e  o f 380±50°C w h e re  a ll sam p les  

show  th e  fo rm a tio n  o f N in  so lu tio n  d u e  to  a n  e n h a n c e d  d if fu s io n  

m echan ism . T h u s , th e  N in  so lu tio n  p h a s e  is  a s s o c ia te d  w ith  d e e p  

p e n e t r a t io n  o f th e  N. F rom  th e  CEMS d a ta ,  we n o tic e  t h a t  th e  CEMS 

f r a c t io n  o f p a ra m a g n e tic  p h a s e  f o r  S 4-2  is  m uch  l a r g e r  th a n  SO-2. I t  

s u g g e s t s  t h a t  th e  N in  s o lu tio n  is  m uch  d e e p e r  th a n  th e  n i t r id e .  

T h e re fo re ,  th i s  is  c o n s is te n t  w ith  th e  AES p ro f ile . T he  maximum N 

c o n c e n tra t io n  o f S 4-2  is  a b o u t  21 at.% a n d  th e  w id th  o f th e  N 

d is t r ib u t io n  a t  h a lf  maximum is  a b o u t  2100 Â. T he v a lu e  is  v e r y  c lo se  to  

th e  XRD s tu d y .  T he to ta l  n i t r o g e n  in  S 4 -2  is  3.2 X 1 0 ^ io n s /c m ^  

( im p la n te d  o n e  sh o u ld  b e  1.7 X lO ^ io n s /c m ^ )  b a s e d  on  th e  e s tim a tio n
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u n d e r  th e  N p ro f ile . A gain  th i s  s u g g e s t s  t h a t  so m e th in g  is  w ro n g  w ith  

th e  AES c a l ib ra t io n  o f  atom ic c o n c e n tr a t io n  a n d  in d ic a te s  t h a t  th e  

q u a n t i ta t iv e  v a lu e s  from  th e  AES p ro f i le s  m u s t b e  u s e d  w ith  c a u tio n .

40

S 4-2
o>

SO -2

0 0.1 02 0.3
Depth (M-m)

F ig . 17 AES D ata  o f SO-2 a n d  S 4-2
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F ig . 18 sh o w s th e  CEMS from  th e  tw o  sam p les  S l - 1  a n d  S7-1  

im p la n te d  w ith  th i s  lo w e s t d o se . T he e f f e c t  o f th e  N is  to  p ro d u c e  a  

p o o r ly  re s o lv e d  p a ra m a g n e tic  re s o n a n c e  s h if te d  b y  a b o u t  +0.3 m m /s from  

th e  a u s te n i te  r e s o n a n c e . No m a g n e tic  n i t r id e  p h a s e  w as d e te c te d  u n d e r  

th i s  im p la n te d  c o n d itio n . T he r e s u l t s  in  T ab le  13 show  t h a t  th e  

p a ra m a g n e tic  re s o n a n c e  fro m  th e  tw o sam p les  h a s  a  d i f f e r e n t  IS a n d  

QS.

X -ra y  d if f r a c tio n  show  th a t  th e r e  is  o n e  w ell d e f in e d  p e a k  a t  29 = 

42.3 d e g r e e s  (d  = 2.14 Â) from  th e  280°C sam ple . T h is  v a lu e  o f d is  

c lo se  to  th e  (111) p la n a r  s p a c in g  in  h e x a g o n a l 6 - (F e ,  C r »Ni)2 +xN 

co m p o u n d s  w ith  x = 0 to  1 s im ila r  to  SO-2. T he (111) p e a k  is  th e  

s t r o n g e s t  o n e  in  th e  € - (F e , C r, Ni)g+^N p o w d e r  p a t t e r n  [37] b u t  no 

o th e r  p e a k s  c o u ld  b e  d e te c te d  in  th i s  sam ple . T h is  a g a in  s u g g e s t s  a  

s t r o n g  p r e f e r r e d  o r ie n ta t io n  o f th e  ( 1 1 1 ) p la n e s  p a ra l le l  to  th e  s u r f a c e  

o f th e  d isc . T he XRD from  sam ple  S7-1 sh o w s b ro a d , w eak  p e a k s  a t  29 

= 42.5 a n d  49.4° c o r r e s p o n d in g  to  d  = 2.12 a n d  1.84 Â. T h e se  s p a c in g s  

c o r r e s p o n d  to  a n  e x p a n d e d  a u s te n i te  la t t ic e  c a u s e d  b y  N in  so lu tio n . 

C om paring  th e  CEMS a n d  XRD s tu d ie s ,  we f in d  th a t  th e  FeNP o f S l-1  

(IS  = 0.16 m m /s a n d  QS = 0.11 m m /s) is  a  n i t r id e  w h ich  is  d i f f e r e n t  

from  t h a t  in  SO-2 (IS  = 0.18 m m /s a n d  QS = 0.23 m m /s). T he FeNP o f 

S 7-1  is  N in  s o lu tio n  w ith  a  s l ig h t ly  h ig h e r  IS  (0.19) th a n  th a t  o f  S4-2  

(IS  = 0.15). T he a v e ra g e  c o n te n t  o f n i t r o g e n  in  so lu tio n  is  12 at% b a s e d  

on  th e  a b o v e  d s p a c in g s  a n d  e q u a t io n  3.
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FeN(P)

S7-1 7l

1-118

1 • 0  0  0 " m " —wrrr-

V e I o c I t y  Cmm/s)

F ig . 18 CEMS o f S l - 1  a n d  S 7-1



T-3789 61

.XMLE-..13., ....ÜEM.S...„JPAEAMETEES....ÆQE.....31zl AND 32=1

S am ple P h a s e  IS  QS W0 4  H F

S l- 1  7  -0 .1 0 8 (f)  0 .1 3 (1 | 0 .3 (f) 64(1)

S 7-1  j  -0 .1 0 8 (f)  0 .12(1) 0 .3 (f) 67(1)

 ,05

 ^ .9
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T he th ic k n e s s  o f th e  p a ra m a g n e tic  n i t r id e  la y e r  o f S l - 1  is  c a lc u la te d  

from  th e  CEMS f r a c t io n  a n d  th e  th e o ry  u s e d  to  g e n e ra te  th e  c u r v e s  of 

f ig . 3 [27]. W ith th e  a s s u m p tio n  th a t  th e  n i t r o g e n -c o n ta in in g  p h a s e  is  

u n ifo rm  from  th e  s u r f a c e  to  a  d e p th  D, th e n  D = 450 Â is  o b ta in e d  fo r

S l- 1 .  T he d e p th  o f th e  la y e r  o f th e  n i t r o g e n  in  so lu tio n  o f S 7-1  is  

a b o u t  0.09 pm b a s e d  on  e q u a t io n  4.

T he AES s p u t t e r  d e p th  p ro f i le  o f S 7-1  is  sh o w n  in  F ig . 19. T h is  

p ro f ile  sh o w s th a t  th e  p e a k  c o n c e n tra t io n  o f n i t r o g e n  is  a p p ro x im a te ly  

23 at%, w h ich  o c c u r s  a t  a b o u t  480 Â. T he l a t t e r  is  in  good  a g re e m e n t 

w ith  th e  m ean r a n g e  o f  430 Â c a lc u la te d  in  s e c tio n  3.2 fo r  th e  60 keV 

im p la n ta tio n  e n e r g y  u s e d  h e re .  T he w id th  o f th e  N d is t r ib u t io n  a t  h a lf  

maximum is  a b o u t 850 A w h ich  is  m uch  l a r g e r  th a n  th e  p r e d ic te d  w id th  

o f th e  im p la n ta tio n  p ro f ile  (430 A). S in ce  th e  p re d ic t io n  d o es  n o t 

in c lu d e  a  d if fu s io n  m echan ism , i t  is  s u g g e s te d  th a t  th i s  is  th e  c a u s e  of 

th e  m uch  b r o a d e r  e x p e r im e n ta l N d is t r ib u t io n .  T he th e rm a l d if fu s io n  

le n g th  ( J  Drpt ) o f sam ple  S 7 -1  (T ab le  2) is  o n ly  a b o u t  20 A u s in g  T = 

670 K a n d  t  = 80 s. T h e re fo re ,  r a d ia t io n  e n h a n c e d  d if fu s io n  p la y s  a  

m a jo r ro le  in  th i s  sam ple. T he  to ta l  n i t ro g e n  r e ta in e d  in  th i s  sam p le  is  

a b o u t  1.4 X lO ^ N /c m ^  b a s e d  o n  th e  e s tim a te d  a r e a  u n d e r  th e  N p ro file . 

T h is  v a lu e  is  l a r g e r  th a n  th e  im p lan ted  v a lu e  o f 0.85 X lO ^ N /c m ^ . 

A gain , th i s  s u g g e s t s  a  m isc a lib ra tio n  o f th e  AES c o n c e n tra t io n .
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40

30

S7-1

20

10

0 0 200 400 600 800 1000 1200
Depth (À)

Fig. 19 AES Data of S7-1
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From  o u r  p re v io u s  d is c u s s io n  o f im p la n te d  304 SS sam p le s , we 

fo u n d  t h a t  to ta l  d o se  a n d  im p la n ta tio n  te m p e ra tu r e  a r e  im p o r ta n t  f a c to r s  

f o r  p h a s e  fo rm a tio n . T h ick  N in  so lu tio n  la y e r s  w e re  fo u n d  in  th e

sam p le s  im p la n te d  a t  t e m p e r a tu r e s  380±50° C. T h e re fo re ,  th e  310 SS

(T ab le  2.) sam p les  w ere  a ll im p la n te d  a t  th i s  te m p e ra tu r e  a n d  w ith  th e  

to ta l  d o se  r a n g in g  from  0.5 X 1 0 ^  to  10 X 1 0 ^  io n s /c m ^ . F ig . 20 show s 

CEMS d a ta  o f sam p les  T l -2 ,  T 0 -1 , T2-1 a n d  T 3-1. A p a ra m a g n e tic  p h a s e  

w as d e te c te d  in  T 3-1 a n d  T l-2 .  A m ag n e tic  p h a s e  b e g in s  to  a p p e a r  a t  1 

X 101 7  io n s /c m ^  a n d  in c re a s e d  w ith  in c re a s in g  d o sa g e . No a ’(m a r te n s ite )  

p h a s e  w as o b ta in e d  b e c a u se  o f th e  h ig h e r  C r a n d  Ni w h ich  s ta b i l iz e d  th e  

p h a s e  a s  d is c u s s e d  e a r l ie r  r e la t iv e  to  th e  p o lish in g  a n d  w ea r o f 

u n im p la n te d  sam p les . T ab le  14 l i s t s  CEMS p a ra m e te r s  f o r  th e  im p la n te d  

310 SS sam p les . T he a u s te n i te  IS  a n d  W of 310 SS w e re  f ix ed  a t  th e  

k n o w n  u n im p la n te d  v a lu e s . In  o r d e r  to  o b ta in  a  good co m p a riso n , th e  

fix ed  W of N a n d  FeNM w e re  b a s e d  o n  th e  304 SS r e s u l t s .  IS a n d  QS o f

T3-1 show  t h a t  th e  p a ra m a g n e tic  p h a s e  is  s im ila r to  FegN S m aller

h y p e r f in e  f ie ld s  in  T 0-1 , T 2 -1 , a n d  T3-1 th a n  t h a t  o f 304 is  d u e  to  th e  

h ig h e r  C r c o n c e n tr a t io n  in  so lu tio n  (T ab le . 1).

T ab le  15 l i s t s  XRD d a ta  fo r  310 SS. XRD m e a su re m e n ts  fo r  T l-2  

a n d  T 0-1  a r e  sh o w n  in  F ig . 21 a n d  p e a k s  1, 4, 7, a n d  10 in  T l -2  a r e  

d u e  to  th e  A1 sam ple  h o ld e r . P e a k s  2, 5, a n d  8  in  T l -2  a r e  e x p a n d e d  

7 (1 1 1 ), 7 (2 0 0 ), a n d  7 (2 2 0 ), r e s p e c t iv e ly .  T h e re fo re ,  th e  p a ra m a g n e tic  

p h a s e  is  a t  le a s t  p a r t ly  d u e  to  n i t r o g e n  in  so lu tio n . T he a v e ra g e
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am o u n t o f n i t r o g e n  in  so lu tio n  is  a b o u t  8 % b a s e d  on  e q u a t io n  3.

T
1 FeN(M)T3-1

1 .042r

FeN(M)
1.067

1 FeN(M)
1.090

T l - 2  r \%

1.000
-4  0 4

Ve I oc t ty ( mm/s)

F ig . 20 CEMS o f T l - 2 ,  T 0 -1 , T 2 -1 , a n d  T 3-1
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.TABL.E......14.». GEMS EMAME.T.EES. XQBJXlzZ, X flbl*JC2-L AND .T.3-1

S am ple P h a s e  IS  QS H F D

T l-2  Z -0 .1 0 4 (f)  0 .16(1) 0 .3 (f) 59(1)
  —    —    H .)»    «0*5.(.f) ..................  46.(..l .).  .ÿ.,24.

T 0-1  Z -0 .1 0 4 (f)  0 .16(2) 0 .3 (f) 48(2)
ZN 0.17 (2 ) 0 .18(4) 0 .5 (f) 26(1) 0 . 2

T 2-1  Z -0 .1 0 4 (f)  0 .17(1) 0 .3 (f) 26(1)
ZN 0.32 ( 1 ) 0 .26(1) 0 .5 (f) 26(1) 0.7

m. i, ............ I , , . , , . . . . . . . . , . . . . , , . , . . . .................. . l̂.̂ .̂(..̂ .̂.)...... .............. .............. .............. .............. ..............

T 3-1  Z -0 .1 0 4 (f)  0 .17(f) 0 .3 (f) 18(1)
Zn +€ 0.41 (1) 0 .41(1) 0 .5 (f) 25(1) 1.6

 A   ..1.......... ...........
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  ....  î t̂..̂h..,̂ f̂....0.tt. Jr .■fĉ .̂ 5.D.................... ,̂ tl.îli...,i.̂ 5.s—  .̂H.̂J..,...iî» 
13=1

___2@L_________ ___dlà)......... .....—..........

T l-2  1 38.03 2.360 1 0 . 0
2 42.50 2.125 1 1 . 0
3 43.57 2.072 1 0 0
4 44.29 2.040 4.0
5 49.64 1.831 1 0
6 50.71 1.799 52
7 64.64 1.440 4
8 73.57 1.284 5

______________9 __ JJL 6A_______....1,270_____ __________

TO-1 1 43.14 2.093 2 0 . 0
2 43.75 2.069 1 0 0
3 50.00 1.823 5.0
4 51.00 1.789 6 6
5 73.00 1.295 6 . 2
6 74.50 .....1,272.... 6 8 . 0

T 2-1  1 38.17 2.356 15.0
2 41.90 2.150 67.0
3 43.54 2.075 1 0 0
4 44.37 2.038 5.0
5 48.50 1.875 1 2 . 0
6 50.57 1.802 6 8 . 0
7 64.61 1.441 7.0
8 71.63 1.318 ,5 .0
9 73.69 1,281........... ___BCLQ......

T 3-1  1 38.57 2.330 15.0
2 41.61 2.167 1 0 0
3 43.57 2.075 42.0
4 44.29 2.043 5.0
5 47.86 1.897 18.0
6 50:71 1.799 31.0
7 64.82 1.437 7.0
8 71.79 1.313 8 . 0

_ _________ & 11,64______ ___

...£has.s  d d / û

A l( l l l )
7n (111)
Z d i i )
AI(200)
7 n ( 200)
7 ( 200)
Al(220)
7m ( 220)

.7 .122.0.)........

7 m ( i i i )  
7(111) 
7n (200) 
7 (200) 
7m  ( 220) 

% 1 2 2 0 1 _.

A l ( l l l )
7 n ( 1 1 1 ) + 6

7(111)
AK200)

All 220) 
Zm(220) 

..7122.0 ). ».....

A l( l l l )
7 n ( 1 1 1 )+€
7(111)
Al(200)
7N(200)
7 ( 200)
Al(200)
7m ( 220)

..7 .1220)................

0.026

0.018

0.011

0.012

0.019

0.018

0.036

0.041

0.026

0.044

0.054

0.033
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40.00 5 0 0  6 0 0  70.00 8 0 0 90700* 100.00 ii0,6070.1 
2 THETA

100 t

TO-1

20 -

Fig. 21 XRD Data of T l-2  and TO-1
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T he th ic k n e s s  o f N in  so lu tio n  la y e r  c a n  b e  e s tim a te d  b a s e d  on  

e q u a t io n  4 u s in g  p e a k s  5 a n d  6  a n d  i t  is  a b o u t  0.24 pm. T he r e a s o n  fo r  

u s in g  th e s e  tw o p e a k s  f o r  th e  c a lc u la tio n  o f la y e r  o f N in  so lu tio n  is  

t h a t  th e r e  m ay b e  m a g n e tic  o r  p a ra m a g n e tic  n i t r id e  p h a s e s  w h ich  a f f e c t  

p e a k  2 fo rm ed  in  th e  sam ple . XRD m e a su re m e n t o f TO-1 sh o w s a  w ell 

d e f in e d  p e a k  1 a t  42.4 d e g re e  (d  = 2.14) w h ich  c o r r e s p o n d s  to  € -(F e , C r, 

N i)2 +XN w ith  x = 0 to  2. In  a d d i t io n  to  th e  w ell d e f in e d  p e a k  1, th e  

b ro a d in g  o f th e  p e a k  is  d u e  to  a  c o n t r ib u t io n  from  a  / ( 1 1 1 ) e x p a n s io n  

p e a k . P e a k s  3 a n d  5 a r e  a t t r i b u t e d  to  th e  e x p a n s io n  o f 7 (2 0 0 ) a n d  

/ ( 2 2 0 ) ,  r e s p e c t iv e ly .  T he  c o n c e n tra t io n  o f N in  so lu tio n  is  a b o u t  7.5 % 

a n d  th e  th ic k n e s s  o f th e  N in  so lu tio n  la y e r  is  a b o u t  0.2 pm.

F ig . 22 sh o w s XRD d a ta  f o r  T 2-1  a n d  T 3-1 . I t  is  o b v io u s  t h a t  

th e r e  is  m ore N in  s o lu tio n  in  th e s e  tw o  sam p les . A th o u g h  th e  CEMS 

d a ta  show  th e  p r e s e n c e  o f a  F egN -like  n i t r id e ,  th i s  m u s t b e  n e a r  th e  

s u r f a c e  w h en  th e  N c o n c e n tr a t io n  is  h ig h e s t .  T he XRD F egN -like  peak is  

o b s c u r e d  b y  th e  7 ^ (1 1 1 ) p e a k . U n d e r  th e  p e a k  1 (d u e  to  Al) on  b o th  

sam p les  th e r e  is  a  sm all b ro a d  p e a k  w h ich  d u e  to  th e  € -(F e , C r, Ni)2 +XN 

w ith  x -  O to  2 [37] a lo n g  w ith  th e  p e a k  2 fo r  b o th  sam p les . T h e re fo re ,  

p e a k s  5 a n d  6  w e re  c h o s e n  fo r  th e  c a lc u la tio n  o f th e  N in  so lu tio n  

la y e r  th ic k n e s s .  T h ey  a r e  a b o u t  0.7 pm a n d  1.6 pm fo r  T2-1 a n d  T 3 -1 , 

r e s p e c t iv e ly .  T h e  N c o n c e n tr a t io n s  a r e  a b o u t  16 at% a n d  20 at% b a s e d  

o n  ^ d / d  from  ta b le  15 fo r  T 2-1  a n d  T 3-1 , r e s p e c t iv e ly .
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Fig. 22 XRD Data of T2-1 and T3-1
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R e s u lts  o f w e a r  te s t in g  show  t h a t  im p la n te d  sam p les  h a v e  a  w e a r  

r a t e  t h a t  is  too  sm all to  b e  d e te c te d .  T h is  is  i l lu s t r a t e d  in  F ig . 23 fo r  

sam p le  S 3-1  in  co m p a riso n  w ith  a n  u n im p la n te d  sam ple. All o f th e  

im p la n te d  sam p les  h a v e  a  s im ila r w e a r  b e h a v io r . W ear te s t in g  on  b o th  

w as d o n e  w ith  a n  a p p lie d  n o rm al load  o f 1 N u n d e r  th e  lu b r ic a te d  

co n d itio n . T he r e s u l t s  show  t h a t  th e  u n im p la n te d  d isc  w e a rs  a t  a  

n o rm a lize d  r a t e  n e a r  1 m g /N /h  w hile  th e  im p la n te d  sam ple  sh o w s a  m ass 

lo s s  le s s  th a n  th e  m e a su re m e n t u n c e r t a in ty  (±11 pg) a f t e r  30 h r .

v F ig . 24 sh o w s w e a r  d a ta  fro m  S9-1  a s  a  ty p ic a l  exam ple o f th e  w e a r 

t e s t  p ro c e d u re .  S in ce  a ll o f th e  im p la n te d  sam p les  show  no d e te c ta b le  

a d h e s iv e  w e a r  w hile  th e  u n im p la n te d  o n e s  show  s e v e re  a d h e s iv e  w e a r , a  

t e s t  w as d e s ig n e d  in  o r d e r  to  f in d  th e  t r a n s i t io n  from  no w e a r  to  s e v e re  

a d h e s iv e  w ea r. T he lo ad  is  g r a d u a l ly  in c re a s e d  in  one  to  tw o N ew ton 

in c re m e n ts  a n d  w o rn  fo r  a b o u t  one  h o u r  a t  e a c h  load . T h is  is  

r e p e a te d  u n t i l  a  s u d d e n  in c re a s e  in  w ea r o c c u r s  a s  sh o w n  in  F ig . 24 

a n d  th i s  d e te rm in e s  th e  c r i t ic a l  load . T ab le  16 l i s t s  th e  c r i t ic a l  lo a d s  

fo r  a ll  sam p les . T he c r i t ic a l  load  in c r e a s e s  sy s te m a tic a lly  w ith  

in c re a s in g  d o se  a t  th e  te m p e r a tu r e  380±50°C a s  sh o w n  in  F ig . 25. F o r 

304, th e  c r i t ic a l  lo ad  in c re a s e d  m ono ton ica lly  w ith  in c re a s in g  th e  to ta l  

d o se , w h e re a s  fo r  310 , a p p ro x im a te ly  th e  sam e c r i t ic a l  load  w as fo u n d  

fo r  1 a n d  4 X lO ^ io n s /c m ^  . T h is  show s t h a t  th e  m a r te n s ite  c o n te n t  

p ro d u c e d  d u r in g  th e  s u r f a c e  f in is h in g  o f 304 SS o r  i t s  r e d u c e d  s ta b i l i ty  

w ith  r e s p e c t  to  th e  a u  s  t e  n i te -  m ar t  e n  s i te  tr a n s fo rm a tio n  a r e  n o t  im p o r ta n t
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u n im p la n te d  304 SS
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F ig . 25 C r it ic a l  Load v s .  T o ta l Dose o f 304 SS a n d  310 SS. 

T he so lid  l in e s  a r e  d ra w n  to  q u id e  th e  ey e .
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f a c to r s  in  in c re a s in g  th e  s u r f a c e  h a r d n e s s  of im p la n te d  304 SS. T h is  

is  in  c o n t r a s t  to  o u r  e a r l ie r  r e s u l t s  w h ich  sh o w ed  a  s ig n if ic a n t ly  h ig h e r  

w ea r r a t e  fo r  u n im p la n te d  304 SS co m p ared  to  310 SS (F ig . 8 ). T ab le  16 

a lso  in c lu d e s  a  su m m ary  o f th e  m ic r o s t r u c tu r a l  r e s u l t s  fo r  e a c h  sam ple. 

N ote t h a t  th e  c r i t ic a l  load  a t  380 °C a lso  s c a le s  sy s te m a tic a lly  w ith  th e  

th ic k n e s s  o f th e  p h a se .

S am ples S l - 1 ,  S 7 -1 , S3-1  a n d  S 8-1  w e re  a lso  s tu d ie d  b y  CEMS 

d u r in g  o r  a f t e r  w e a r  t e s t in g .  A fte r  a  1 h  w e a r t e s t  a t  a  load  o f 5 N 

on  S l - 1 ,  CEMS d a ta  in  F ig . 26 show  th a t  m a r te n s i te  fo rm ed  a f t e r  th e  

h a r d  la y e r  w as b ro k e n  th r o u g h  ( i.e ., ab o v e  th e  c r i t ic a l  load ) a n d  no 

n i t r id e  re m a in s . By c o m p a riso n  w ith  F ig . 5 (w ear te s t in g  o f a s -p o l i s h e d ,  

u n im p la n te d  sam ple) b o th  CEMS p a t t e r n s  a f t e r  w e a r te s t in g  a r e  v e r y  

s im ilar.

F ig . 27 sh o w s CEMS d a ta  a f t e r  tw o s ta g e s  o f w e a r  te s t in g  o f S7-1 . 

A t lo w er lo ad  ( le s s  th a n  10 N ), t h e r e  w as no d e te c ta b le  m ass  lo ss . 

W hen th e  w e a r load  in c re a s e d  to  10 N, m ass lo s s  b e g a n  to  o c c u r  a f t e r  3 

h o u r s  w e a r  (w ear d e p th  is  a b o u t  410 Â). A t th i s  s ta g e ,  th e  CEMS d a ta  

sh o w s t h a t  th e r e  is  m a r te n s i te  fo rm ed  a n d  th a t  some o f th e  7 n  P h a se  

re m a in s . I t  s u g g e s t s  t h a t  m a r te n s i te  fo rm s in  a s s o c ia t io n  w ith  th e  in i t ia l  

s ta g e s  o f in c re a s e d  w e a r  w h en  th e  h a r d  la y e r  b e g in s  to  be rem o v e d . 

A fte r  th e  5 h  w e a r  t e s t  a t  th e  sam e lo ad , w e a r  te s t in g  w as s to p p e d  

j u s t  a f t e r  th e  m ass lo s s  r a t e  ro s e  d ra m a tic a lly  in d ic a tin g  t h a t  a ll 

b e n e f ic ia l e f f e c ts  o f th e  h a r d  la y e r  w e re  lo s t. T he CEMS d a ta  sh o w s no
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TABLE 16 C ritic a l L o ad s F o r  304 S ta in le s s  S te e ls  (LubÔGated» O scillating

D isc To^al Dose Tem p. P h a s e s  C rit. load

5 0 -1  0 0 a*+ <0.1*
55=1_________0______________0__________ _a% ___ 50U **
5 1 -1  0.5 280 FeNP <5

5 7 -  1   " "6 .5 ...............    Î 6 6 ...............7n (6 .69)........................ Ï 6 ..........

S Ï 2 - Ï ..............1........................... 160  ............. FegN...........................  11

s6-2 ............ Ï ........................34 0 ± 5 0    FeNP" " ” 5

S4-2™    1 .. “380+50 7 n"(6.2)    14...........

S 3 -1  4 350 ” FegN 15

s9-i 4 i s o i s o  /^ ioT eT      "ie"""'"...........

5 8 -1  10 380+50  ZN(1.4)'.. .......... .............55........

€
   ......... .......... .... .. ............... ......... .... ..C.tFC-
T i = i _  .̂.......
T l- 2  0.5 38O+5O Zn (0.24) 9

T 0 -1 ................ 1  ............ ....... 380+50..............Z ^(6 .2 ).................   27..........

T 2 - Ï   ..........4  ....................386+50.......... 7n(6.T)   24

T 3 -1   .. 10 380150 f NU .6T  52

____________________________________ S_______________________

* l i g h te s t  lo ad  u s e d  o n  th i s  sam ple.

** S m alles t load  p o s s ib le  w ith  a p p a r a tu s .
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Fig. 26 CEMS Data of S l-1  a fter  1 h wear

at th e load of 5 N
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1.177

10 N 3h wear 71 'z"

1.000
10 N Eh wear rl'r/y

1. 144

1.000
0

V e  I o c L t y  C m m Z s )

Fig. 27 CEMS Data of S7-1 a fter  3 h and

5 h wear at the load of 10 N
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e v id e n c e  o f th e  p h a s e  a n d  le s s  m a r te n s i te  o b ta in e d  b y  co m p a riso n  

w ith  3 h  w e a r  t e s t in g .  T h is  is  s u g g e s te d  to  be  d u e  to  p a r t ia l  s u p p o r t  

o f th e  lo ad  b y  th e  h a r d  la y e r  so  t h a t  s t r a in - in d u c e d  m a r te n s ite  p h a s e  

fo rm s  n e a r  th e  s u r f a c e  d u r in g  th e  w e a r  t e s t in g .  A fte r  th e  h a r d  la y e r  is  

b ro k e n  th r o u g h ,  m ore s t r a in - in d u c e d  m a r te n s i te  a p p e a r  d e e p e r  a s  

d is c u s s e d  e a r l ie r  (F ig . 6 ).

F ig . 28 sh o w s CEMS d a ta  a f t e r  tw o s ta g e s  o f w e a r  on  S 3-1 . Two 

h o u r s  w e a r  te s t in g  a t  th e  lo ad  o f 10 N w as d o n e  w ith  no  d e te c ta b le  m ass 

lo s s , a n d  th e  p a t t e r n  lo o k s  v e r y  s im ila r to  th e  a s - im p la n te d  o n e . T h is  

sh o w s t h a t  th e  w e a r  p ro c e s s  h a s  n o t in d u c e d  p h a s e  c h a n g e s  in  th e  

n i t r id e  la y e r  n o r  th e  fo rm a tio n  o f  m a r te n s i te  below  th i s  la y e r .  M ass lo s s  

b e g a n  to  o c c u r  a f t e r  2 h o u r s  w e a r  t e s t in g  a t  th e  c r i t ic a l  load  o f 15 N. 

M a r te n s ite  w as o b ta in e d  a n d  a  sm all am o u n t o f (F e , C r, N i^N  re m a in e d . 

A t th i s  c o n d itio n  th e  h a r d  la y e r  is  n o t b ro k e n  th r o u g h .  From  T ab le  16 

we se e  t h a t  in  th i s  c a s e  th e  c r i t ic a l  load  is  s l ig h t ly  h ig h e r  th a n  S 4-2  

e v e n  th o u g h  th e  to ta l  d o se  is  4 tim es b ig g e r  th a n  S 4-2 . I t  s u g g e s t s  

t h a t  a  th in  n i t r id e  FegN p h a s e  is  n o t a s  e f fe c t iv e  a s  a  th ic k e r  la y e r  of 

th e  N in  s o lu tio n  p h a se .

T he V ic k e rs  m ic ro h a rd n e s s  v a lu e s  (Hv) o f th e  sam p les  w e re  

m e a su re d  a t  CSU b y  u s in g  a n  u l t r a l i g h t  load  m ic ro h a rd n e s s  t e s t e r .  T he 

r e s u l t s  a r e  g iv e n  in  F ig . 29. C om pared  to  th e  u n im p la n te d  sam p les  

(b o th  a s - re c e iv e c i a n d  p o lish e d  ) th e  im p la n te d  sam p les  y ie ld  a  h ig h e r  

s u r f a c e  h a r d n e s s  (d e te c ta b le  a t  th e  sm a lle s t lo a d s) . T h is  is  a t t r i b u t e d  

to  th e  N in  so lu tio n  r e s u l t in g  from  th e  N im p la n ta tio n .
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1-------------------------- 1--------------------------r
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Fig. 28 CEMS Data of S3-1 a fter  2 h wear at

th e load of 10 N and 15 N
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O ur la b o ra to ry  s tu d ie s  o f so lid  so lu tio n  h a rd e n in g  ( d u e  to  th e  

c h a n g e  o f w ea r b e h a v io r  from  s e v e re  to  mild a n d  th e  h ig h e r  s u r fa c e  

h a r d n e s s )  c a n  b e  d ir e c t ly  c o n n e c te d  w ith  s tu d ie s  of so lid  so lu tio n  

h a rd e n in g  a n d  s t r e n g th in g  o f n i t ro g e n  a llo y ed  a u s te n i t ic  SS [47,48]. 

F ig . 30 sh o w s th e  p lo ts  o f th e  s t r e s s e s  o f 304 c a lc u la te d  b a se d  on  th e  

c r i t ic a l  load a n d  p in  m ass lo s s  a n d  th e  y ie ld  s t r e s s  from  F ig . lb  [47] v s . 

n i t r o g e n  c o n te n t .  T he e x tra p o la te d  d ish e d  lin e  is  b a s e d  on  re f[4 8 ]. I t  

sh o w s th a t  th e  in c re a s e  in  s t r e s s  is  p ro p o r t io n a l  to  th e  s q u a re  ro o t of 

th e  N c o n c e n tra t io n  in  th e  so lu tio n . T h e re fo re ,  w ith  16 at.% N in 

so lu tio n , th e  s t r e s s  sh o u ld  be  a p p ro x im a te ly  1300 m pa, w h ich  is  q u ite  

s im ila r to  o u r  sam ple  S9-1 .
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•: Data from [47]
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Fig. 30 S tre ss  v s . N itrogen Content
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N itro g e n  ion  im p la n ta tio n  in to  304 a n d  310 s ta in le s s  s te e l  p ro d u c e s  

g r e a t  im p ro v e m e n ts  in  t h e i r  w e a r  b e h a v io r . W hen th e  N -in -so lu tio n  

p h a s e  is  a c h ie v e d  in  th e  s te e l ,  th e  mild a d h e s iv e  w ea r b e h a v io r  is  

p ro lo n g e d  a n d  th e  t r a n s i t io n  to  s e v e re  w e a r b e h a v io r  o c c u r s  a t  a  

g r e a t e r  c r i t ic a l  load . T he c r i t ic a l  load  fo r  th e  im p la n te d  sam p les  is  tw o 

to  th r e e  o r d e r s  o f m a g n itu d e  g r e a te r  th a n  th a t  fo r  th e  u n im p la n te d  

sam p les . To fo rm  th e  N - in -s o lu tio n  p h a s e  in  th e  s te e l  r e q u i r e s  d e e p  

p e n e t r a t io n  o f th e  im p la n te d  n it ro g e n .  D eep p e n e t r a t io n  o f im p lan ted  

n i t r o g e n  c a n  b e  a c h ie v e d  w h en  th e  im p la n ta tio n  te m p e ra tu r e  is  e q u a l to  

o r  h ig h e r  th a n  380±50°C w ith  th e  d o se  r a n g in g  from  0.5 X 1 0 ^  io n s /c m ^  

to  1 X 10*** io n s /c m ^ . T he c r i t ic a l  n a tu r e  o f  th i s  te m p e ra tu r e  fo r  

fo rm a tio n  o f th e  N - in -s o lu tio n  c a n  be  s e e n  from  th e  r e s u l t s  fo r  sam p les  

S3-1  a n d  SO-2, w h ich  w e re  im p la n te d  a t  te m p e r a tu r e s  o f 350 °C a n d  

340±50°C, r e s p e c t iv e ly ,  a n d  no  N -in -so lu tio n  w as d e te c te d  b y  CEMS o r  

XRD. T he  sha llow  p e n e t r a t io n  in  SO-2 is  co n firm e d  b y  th e  AES p ro file . 

T he p h a s e  fo rm ed  a t  350 °C a n d  below  w ere  fo u n d  to  b e  p a ra m a g n e tic  o r  

m a g n e tic  n i t r id e s  w ith  h e x a g o n a l s t r u c t u r e s  r a t h e r  th a n  so lid  so lu tio n s . 

AES p ro f i le s  p ro v id e d  th e  N d is t r ib u t io n  fo r  som e sam p les . T he d e e p e r  

p e n e t r a t io n  d e p th  o f N th a n  th e  e x p e c te d  im p la n te d  d e p th  o f 430 Â is  

a t t r i b u t e d  to  a  r a d ia t io n  e n h a n c e d  d if fu s io n  m echan ism . G re a te r  s u r f a c e  

h a r d n e s s  a t  low in d e n te r  lo a d s  w as o b ta in e d  w ith  in c re a s in g  im p la n te d  

do se  a t  th e  te m p e ra tu r e  380±50°C. T h ese  b e n e f ic ia l e f f e c ts  show  th a t
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th e  m echan ism  o f so lid  s o lu tio n  h a rd e n in g  p la y s  a  m a jo r ro le  in  

im p ro v in g  th e  w e a r  b e h a v io r .

By c o m p a riso n  o f th e  r e s u l t s  from  u n im p la n te d  304 SS a n d  310 SS , 

th e  w e a r  t e s t s  show  t h a t  310 SS h a s  a  lo w er w e a r  r a te  th a n  304 SS a n d  

th i s  is  a t t r i b u t e d  to  th e  tr a n s fo rm a tio n  from  a u s te n i te  to  m a r te n s i te  in  

304 SS w h ich  c a u s e s  a  volum e in c re a s e  o f a b o u t  5 %. T h is  v o lu m e tr ic  

c h a n g e  p r o b a b ly  p ro d u c e s  m ic ro c ra c k s  w h ich  th e n  le a d s  to  e n h a n c e d  

rem o v a l o f th e  s u r f a c e  m a r te n s ite  b y  th e  w e a r  p in . W ear d e b r is  s tu d ie s  

co n firm  t h a t  304 SS d e b r is  is  h ig h ly  e n r ic h e d  in  a ’- m a r te n s i te  a n d  t h a t  

310 SS d e b r is  is  p a ra m a g n e tic . T ra n s fo rm a tio n  from  a u s te n i te  to  

m a r te n s i te  o c c u r r e d  o n ly  in  304 SS b e c a u s e  o f th e  h ig h e r  a u s te n i te  

s ta b i l i ty  in  310 SS. W ear t e s t  r e s u l t s  from  im p la n te d  304 SS a n d  310 SS 

show  a  s im ila r in c re a s e  in  c r i t ic a l  lo ad  w ith  n i t r o g e n  d o se . T h is  

s u g g e s t s  t h a t  th e  m a r te n s i te  c o n te n t  p ro d u c e d  d u r in g  th e  sam ple 

f in is h in g  o r  th e  r e d u c e d  s ta b i l i ty  o f a u s te n i te  in  304 SS d o es  n o t p la y  

a n  im p o r ta n t  ro le  in  a f f e c t in g  th e  w e a r  b e h a v io r  o f N im p la n te d  304 SS.
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