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The  a i r  ox ida t ion  of f r ee  s tand ing  0.1 cm th ick  s p u t t e r - d e p o s i t e d  and wrought  304 s t a in -  
l e s s  s t e e l  s p e c i m e n s  was s tud ied  and the long t e r m  oxida t ion  weight  ga ins  of the s p u t t e r -  
d e p o s i t e d  m a t e r i a l  we re  much l e s s  than  weight  ga ins  for  the  wrought  m a t e r i a l  a t  800, 
900, and 1000~ The  amount  of s c a l i n g  was  a l s o  much l e s s  on the  s p u t t e r e d  m a t e r i a l  
and  a thin,  adhe ren t  oxide f o r m e d .  The  oxide  on the s p u t t e r e d  m a t e r i a l  was m o r e  uni-  
f o r m  in compos i t ion  and was h ighe r  in c h r o m i u m  and manganese  c o m p a r e d  to oxide on 
wrought  s t a i n l e s s  and even tua l ly  f o r m e d  MnCr204 a f t e r  long p e r i o d s  of e x p o s u r e .  No 
s t r a t i f i e d  oxide l a y e r s ,  a s  t y p i c a l l y  o b s e r v e d  in wrought  s t a i n l e s s  s t e e l ,  f o r m e d  on the 
f i n e - g r a i n e d  s p u t t e r e d  m a t e r i a l .  The  i m p r o v e d  s c a l i n g  r e s i s t a n c e  of the  s p u t t e r - d e p o s i t e d  
s t e e l  was a t t r i b u t e d  to a combina t ion  of g r a i n  bounda ry  enhancemen t  of c h r o m i u m  diffu-  
s ion,  r e d u c e d  s t r e s s e s  in the oxide and m e c h a n i c a l  key ing  of the  oxide  to c lo se ly  s p a c e d  
g r a i n  b o u n d a r i e s .  The  s t ab i l i t y  of g r a i n  s i z e  fo r  the s p u t t e r e d  m a t e r i a l  (g ra in  s i ze  -< 6 
/~m) a l s o  con t r ibu ted  to the  b e t t e r  oxide  a d h e r e n c e .  

IN s u r v e y i n g  f i n e - g r a i n e d  s p u t t e r - d e p o s i t e d  304 s t a in -  
l e s s  s t e e l  for  unusua l  p r o p e r t i e s ,  l i t t l e  s c a l i n g  was 
o b s e r v e d  du r ing  high t e m p e r a t u r e  oxidat ion  in a i r ,  
F ig .  1. To d e t e r m i n e  the m e c h a n i s m  for  the i m p r o v e d  
oxidat ion  r e s i s t a n c e ,  s p e c i m e n s  of both  s p u t t e r - d e -  
pos i t ed  and wrought  304 s t a i n l e s s  we re  ox id i zed  at  
800, 900 and 1000~ for  p e r i o d s  as  long as  1000 h and 
weight ga ins  we re  cont inuously  mon i to r ed .  The  com-  
pos i t ions  n e a r  and in the v a r i o u s  ox ides  we re  ex -  
amined  and the morpho logy  of ox ides  were  c o m p a r e d  
to a s s e s s  c h e m i c a l  and s t r e s s  e f fec t s  r e s p o n s i b l e  for  
the i m p r o v e m e n t  in oxida t ion  r e s i s t a n c e .  

The oxida t ion  of F e - C r - N i  a l l oys  involves  the ap -  
p e a r a n c e  of s e v e r a l  ox ides  inc luding  s p i n e l s ,  r h o m b o -  
h e d r a l  p h a s e s  and so lu t ions  of t h e s e  phase s  and often 
the s u r p r i s i n g  a p p e a r a n c e  of l a rge  amount s  of oxide 
high in concen t ra t ion  of m i n o r  a l loy  cons t i tuen t s  such 
as  m a n g a n e s e .  The f o r m a t i o n  of t he se  v a r i o u s  ox ides  
is  v e r y  dependent  on a l loy  compos i t ion ,  oxida t ion  t e m -  
p e r a t u r e ,  s u r f a c e  p r e p a r a t i o n  and wa te r  content  of 
the gaseous  phase .  T h e r e f o r e ,  even though a n u m b e r  
of p r ev ious  s tud ies  were  done on a l l o y s  with the F e -  
18Cr-8Ni  compos i t i on  of the p r e s e n t  s tudy,  i t  was 
c o n s i d e r e d  n e c e s s a r y  to do a con t ro l  s tudy on wrought  
m a t e r i a l  of the  s a m e  compos i t ion  as  the s p u t t e r e d  a l -  
loy under  the  s a m e  t e s t  condi t ions .  The  e a r l i e r  s tudy 
of Giggins  and P e t t i t  1'2 on a N i - C r  a l loy  i nd i ca t ed  that  
r educed  g r a i n  s i ze  i m p r o v e d  oxidat ion  r e s i s t a n c e  and 
the p o s s i b i l i t y  that  a s i m i l a r  m e c h a n i s m  involv ing  fo r -  
matron of C r - r i c h  oxide might  e x i s t  in a f i n e - g r a i n e d  
s p u t t e r - d e p o s i t e d  F e  b a s e  a l loy  was wor thy  of f u r t h e r  
inves t iga t ion .  Th is  p a p e r  d e s c r i b e s  the g e n e r a l  c h a r -  
a c t e r i s t i c s  of oxidat ion  in s p u t t e r - d e p o s i t e d  s t a i n l e s s  
s t e e l  and the d e t a i l s  of oxide compos i t i on  and m o r -  
phology that  a p p e a r  dependent  on a l loy  m i c r o s t r u c t u r e .  

wt pet  C. The  wrought  m a t e r i a l  was 50 m m  d i a m  (2 
in.) b a r  and the  s p u t t e r i n g  t a r g e t  was f a b r i c a t e d  
f r o m  the s a m e  s tock .  The  s p u t t e r e d  m a t e r i a l  was 
depos i t ed  on a w a t e r - c o o l e d  copper  s u b s t r a t e  ( m e t a l -  
l o g r a p h i c a l l y  po l i shed)  at  a r a t e  of 50 ~tm//h (0.002 
in.//h) to a t h i c k n e s s  of 0.1 cm (0.04 in .) .  The  s p u t t e r -  
ing gas  was k ryp ton  and the copper  s u b s t r a t e  was 
r e m o v e d  p r i o r  to eva lua t ion .  S e v e r a l  d e p o s i t s  w e r e  
made  dur ing  the c o u r s e  of the s tudy and the s t r u c t u r e  
and p r o p e r t i e s  we re  r e p r o d u c i b l e .  In the a s - d e p o s i t e d  
condi t ion the  m a t e r i a l  was f i n e - g r a i n e d  (~0.5 p m )  and 
had the bcc  s t r u c t u r e ,  a s  o b s e r v e d  by  D a h l g r e n .  3 Both 
the s p u t t e r - d e p o s i t e d  m a t e r i a l  and the wrought  m a -  
t e r i a l  were  g iven  a 2 h annea l  at  1000~ in vacuum 
p r i o r  to the ox ida t ion  t e s t s .  The  oxida t ion  s p e c i m e n s  
were  6 x 6 x 1 m m  for  both  the wrought  and s p u t t e r -  
depos i t ed  m a t e r i a l s .  Thus ,  p o s s i b l e  g e o m e t r i c a l  f a c -  
t o r s  that  might  a f fec t  oxide a d h e r e n c e  were  the s a m e  
in both ca se s ;  for  e x a m p l e ,  thin s p u t t e r - d e p o s i t e d  
coat ing  o r  coa t ings  on s u b s t r a t e s  might  behave  d i f -  

EXPERIMENTAL 

The s t a r t i n g  m a t e r i a l  was a c o m m e r c i a l  wrought  
304 s t a i n l e s s  s t e e l  with compos i t i on  of 18.1 wt pc t  Cr ,  
7.6 wt pct  Ni,  1.6 wt pct  Mn, 0.9 wt pc t  Si, and 0.02 
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Fig. 1--Improved scal ing r e s i s t ance  of spu t te r -depos i t ed  304 
s ta in less  s teel  compared  to wrought 304 s ta in less  s tee l ,  62 h 
at 1000~ i n a i r .  
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fe ren t ly  than f ree  s tanding  spec imens  because  of 
s t r e s s  effects .  Al l  spec imens  were  abraded  to a 600 
gr i t  SiC paper  f in ish  before  the 2 h 1000~ annea l  in 
vacuum.  Auger  and SEM examina t ion  revea led  only 
a ve ry  thin oxide layer  p r i o r  to the a i r  oxidation 
t e s t s .  The post  annea l  g ra in  s ize  of the wrought s t a in -  
l ess  was 40 /~m and that of the spu t t e r -depos i t ed  ma-  
t e r i a l  was 3 to 4 ~m.  The f ina l  s t r u c t u r e  was fcc in 
both m a t e r i a l s .  

The oxidation was mon i to red  by continuous weight 
change r eco rd ing  with a Cahn mic roba l ance .  The 
spec imens  were  held upr ight  in a p la t inum dish to 
capture  any spa l l ing  oxide. Continuously r eco rded  
weight gains agreed  with before  and a f t e r  weights 
m e a s u r e d  with an ana ly t i ca l  ba lance .  The fu rnace  tube 
was fused s i l i c a  su r rounded  by a r e s i s t i v e  heat ing 
e l emen t .  T e m p e r a t u r e  was cont ro l led  to •176 No 
a t tempt  was made to cont ro l  the water  content of the 
oxidizing a tmosphe re  (air) .  Thus  the mo i s tu r e  con- 
tent  of the a i r  was approx ima te ly  5000 ppm based  on 
the typical  humidi ty  in the l abora to ry .  

RESULTS 

The oxidation rate of sputter-deposited 304 stain- 
less ($304) at 800 and 900~ decreased with time at 
temperature and showed no sign of film breakdown to 
times of 1000 h, Fig. 2. The wrought 304 stainless 
steel (W304), in contrast, initially oxidized at a lower 
rate than the $304, but after 80 to 120 h the oxidation 
rate increased drastically and the total weight gain 
rose well above the $304, Fig. 2. The oxidation rate 
of $304 at 1000~ likewise decreased with time but 
after about 50 h accelerated slightly, Fig. 3. Thus, 
in all cases, after long times the amount of oxidation 
was less in the $304 than in the W304 specimens. 

The visual appearance of the specimens after long 
periods of oxidation indicated that the oxide film on 
the $304 was more adherent and the amount of oxida- 
tion much less. The amount of spalled oxide was al- 
ways greater for the W304 than for the $304. Only a 
cursory examination of thermal cycling effects has 
been completed, but the results indicate that the 
oxide on $304 is also more adherent during cycling. 
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Fig. 2--Weight gains of sputter-deposited 304 stainless steel 
($304) and wrought 304 stainless steel (W304) v s  time at vari-  
ous temperatures. 
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F i g .  3 - - W e i g h t  g a i n s  o f  s p u t t e r - d e p o s i t e d  3 0 4  s t a i n l e s s  s t e e l  
($304) and wrought 304 stainless steel (W304) v s  time at 
1000~ in air. 

The c h a r a c t e r i s t i c s  of the oxide f i lm and the com- 
pos i t ion  changes in the meta l  n e a r  the f i lm were ex- 
amined  by optical  microscopy ,  scann ing  e l ec t ron  mi -  
croscopy (SEM) with energy  d i s p e r s i o n  spec t roscopy 
(EDS) compos i t iona l  ana lyse s .  The supe r io r  oxide ad- 
he rence  to the spu t t e r -depos i t ed  m a t e r i a l  was evident  
in polished sec t ions ,  Fig .  4. The layered  na ture  of the 
oxide on the wrought m a t e r i a l  a f te r  long exposures  
has been  r e f e renced  by many inves t iga to r s  and ap- 
pa ren t ly  is r e la ted  to the breakdown of the in i t i a l  Cr-  
r i ch  f i lm that fo rms  on F e - C r - N i  a l loys .  4-6 In con- 
t r a s t ,  the oxide on the sput te red  m a t e r i a l  was thin 
and showed no s ign of repea t ing  l aye r s .  Ins tead,  the 
oxide provided n e a r l y  continuous coverage of the base  
meta l  even af ter  long per iods  of oxidation.  

The examina t ion  of composi t ion by EDS in the SEM 
revea led  that for the spu t te red  m a t e r i a l  the meta l  
beneath  the oxide was more  highly depleted in Cr 
and Mn compared  to the oxidized wrought m a t e r i a l  
and also that the amounts  of Cr and Mn in the oxide 
on the $304 were higher .  A composi t ion  prof i le  of 
Fe ,  Ni, Cr and Mn was obtained by EDS at 10 ~m 
i n t e r va l s  for both the spu t te red  and wrought mate-  
r i a l s ,  Fig.  5. The p r i m a r y  d i f fe rence  between $304 
and W304 was the g r e a t e r  deple t ion of Cr and Mn for 
the sput te red  m a t e r i a l .  The composi t ion of the 
l aye red  oxide on the wrought m a t e r i a l  va r i ed  f rom 
C r - r i c h  and F e - N i  r i ch  in a pe r iod ic  manne r ,  Fig.  6. 
This  layered  s t r u c t u r e  is cons i s ten t  with repor ted  
obse rva t ions  and the notion that oxide breakdown in-  
volves  an a c c e l e r a t e d  at tack of Cr -dep le ted  regions  
a n d / o r  that i ron  dif fuses  through a C r - r i c h  sp ine l  to 
fo rm a d i s rupted  F e - r i c h  oxide. In cont ras t  the 
oxide layer  on the $304 was un i fo rm in composi t ion 
and had a much higher  Cr and Mn content than any of 
the oxide in the l aye red  scale  on the W304 s p e c i m e n s .  
The C r / F e  ra t io  was ve ry  high for the $304 oxide 
compared  to the W304 with Fe as  low as 0.1 wt pct and 
Cr and Mn as high as  30 wt pct each.  The re  were oc- 
cas iona l  i so la ted  a r e a s  on the wrought m a t e r i a l  where 
the oxide composi t ion,  appearance  and the re la ted  
composi t ion prof i le  beneath  the oxide were nea r ly  
iden t ica l  to those of the spu t t e red  counterpar t ,  but 
these  a r e a s  were  a s m a l l  f r ac t ion  of the sur face  a r e a  
and were  located p r i m a r i l y  n e a r  g ra in  boundar i e s .  
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The bulk composi t ion of the $304 m a t e r i a l  was 
compared  to the W304 m a t e r i a l  by EDS, Tab le  I .  No 
s igni f icant  d i f fe rences  were found. The amount  of 
carbon in the deposi t  was not de t e rmined .  However,  

UN~CHED ~CHED 

previous  s tud ies  in F e - C  with i ron  2 to 5 wt pct c a r -  
bon indica ted  t t~ t  carbon contents  of depos i t s  were 
ve ry  n e a r l y  the same  as the t a rge t  m a t e r i a l ?  The 
unusua l  s t ab i l i ty  of the s m a l l  g ra ins  in the spu t t e r -  

UNETCHED 

:200 ~m 

~ [ R  DEPOS i TED 
(a) 
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. . . . .  UTTER S G : SP DEPO: t:TED WRO:U HT 
(b) 

Fig. 4 - -Oxides  on $304 and W304 s p e c i m e n s  a f te r  62 h at 1000~ Note magni f i ca t ion  d i f f e rence .  
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Fig. 5--(a) Composition of metal beneath oxide after 62 h at 1000~ sputter-deposited 304 SS. (b) Composition of metal 
beneath oxide after 62 h at 1000~ wrought 304 SS. 

deposi ted  m a t e r i a l  p rompted  us to examine  the ma-  
t e r i a l s  by TEM for krypton bubbles  caused by spu t t e r -  
ing gas en t r apmen t .  Indeed, about 35 ppm krypton was 
e s t ima t ed  f rom the s ize  and dens i ty  of bubbles ,  e Thus,  
en t rapped  krypton was at leas t  pa r t i a l ly  r e spons ib l e  
for  the s table  fine g ra in  s ize  through the pinning ef- 
fects  of krypton bubbles .  

DISCUSSION OF RESULTS 

F r o m  the obse rved  weight gain r e s u l t s ,  F igs .  2 and 
3, and the obse rva t ions  on oxide adherence ,  the dif-  
f e rence  in oxidation r e s i s t a n c e  of the spu t t e r - de -  
posi ted  and wrought m a t e r i a l s  is due to the breakdown 
of the oxide on the wrought m a t e r i a l .  The impor tan t  
ques t ion  then is  why the oxide on spu t t e red  m a t e r i a l  
r e m a i n s  intact  and pro tec t ive .  Giggins and Pet t i t  2 
noted in  b i n a r y  N i - C r  al loys that d e c r e a s e s  in g ra in  
s ize  reduced  the oxidation ra te  which they a t t r ibu ted  
to se lec t ive  oxidat ion of c h r o m i u m  at g ra in  boundar i e s .  
They  concluded that l a t e r a l  diffusion of ch romium 
f r o m  gra in  boundary  reg ions  to the cen te r  of gra in  
su r f ace s  cont r ibuted  to the fo rma t ion  of a protec t ive  
Cr2Os layer ,  an effect that was enhanced by sho r t e r  
diffusion d i s t ances  in m a t e r i a l s  with g ra in  s izes  under  
10 ~tm. The i r  r e s u l t s  a re  the re fo re  cons is ten t  with 
the r e su l t s  observed  here  on 304 s t a i n l e s s  s teel ,  
though, of course ,  the va r ious  oxides a re  of more  
v a r i e d  compos i t ions  for the F e - C r - N i  s tee l .  

The r e a s o n s  for  the s u p e r i o r  oxide adherence  on 
the $304 spec imens  can not be unequivocal ly  d e t e r -  
mined  f rom the obse rva t ions  made so fa r .  As other  

' I 

Mr 

, I 

Mn 

, I 

140 

i nves t iga to r s  5'9 have ment ioned,  it is difficult  to 
i so la te  chemica l  effects in t e r n a r y  and more  compli-  
cated al loys ,  and fu r the r  work is  r e q u i r e d  to fully 
unde r s t and  the phenomena.  Never the le s s ,  the obser -  
va t ion  on the ma t e r i a l s  s tudied here ten ta t ive ly  indi-  
cate that the fine gra in  s ize  of spu t t e r -depos i t ed  ma-  
t e r i a l  is the source  of the improved oxidation r e -  
s i s t ance .  The me c ha n i sm  was na r rowed  to three  
pos s ib i l i t i e s :  

1) An inc r ea se  of ch romium in the oxide by gra in  

RELATIVE 
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Mn 
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F ig .  6 - - P e r i o d i c  c o m p o s i t i o n  v a r i a t i o n  of  s t r a t i f i e d  oxide 
on W304 c o m p a r e d  to oxide  on $304 and th in  oxide  s e e n  o c -  
c a s i o n a l l y  on W304.  Voids  m a d e  to ta l  c o u n t s  low in s o m e  
c a s e s .  62 h at  1000~ 

7 4 - V O L U M E  10A, JANUARY 1979 METALLURGICAL TRANSACTIONS A 



Table I. Chemical Composition of Sputter-Deposited ($304) and 
Wrought (W304) Specimens, Wt Pct 

Fe Hi Cr Mn Si 

$304 72 7.6 18.1 1.6 0.9 
W304 72 7.5 18.7 1.6 0.7 

Fig. 7--Oxide on W304 after 30 h at 800~ Islands are rela-  
tively iron-rich and surrounding areas are Cr-rich and above 
grain boundaries. 

boundary  diffusion of ch romium which cont r ibu tes  to 
a more  adheren t  c h r o m i u m - r i c h  oxide, 

2) A more  favorable  d i s t r ibu t ion  of s t r e s s e s  in the 
oxide and, 

3) Mechan ica l  keying of the oxide to c losely  spaced 
m i c r o s t r u c t u r a l  fea tu res .  
The purpose  of the r e m a i n d e r  of this  sec t ion  is to 
d i scuss  obse rva t ions  made on both W304 and $304 
spec imens  that indicate  these  m e c h a n i s m s  of im-  
proved oxide adherence .  

An impor t an t  obse rva t ion  conf i rming  the rap id  
t r a n s p o r t  of ch romium by g ra in  boundar ies  was the 
ex is tence  of c h r o m i u m - r i c h  r eg ions  above g ra in  
boundar ies  in the W304 ma te r i a l ,  e .g .  at 800~ af ter  
30 h, Fig .  7. The sur face  C r / F e  ra t io  was ~0.96 in  
these reg ions  compared  to ~0.04 in the r eg ions  over  
the gra in  c e n t e r s .  This  d i f fe rence  was obse rved  even 
af ter  ve ry  shor t  oxidation t imes  at 800~ and indi-  
cated that ch romium mobi l i ty  was enhanced by gra in  
boundar ies  as repor ted  by Smith.  1~ Cons ide r ing  the 
va lues  of g ra in  boundary  dif fusivi ty  of c h r o m i u m  de-  
r ived  by Smith on 316 s t a i n l e s s  s teel ,  the expected 
enhancement  in diffusion flux of ch romium for  a 4 ~tm 
gra in  s ize  compared  to 100 g m  g ra in  s ize  is  approxi -  
mate ly  a fac tor  of 7 at 1000~ and a factor  of 120 at 
800~ Thus,  the fine s tab le  g r a in  s ize  of $304 en-  
hances  ch romium diffusion over  the en t i r e  t e m p e r a -  
tu re  range of these  s tud ies .  Because  ch romium mo- 
bi l i ty  is rapid  in gra in  boundar i e s ,  it might be expected 

that  l a r g e r  amounts  of Cr2Oa wil l  f o rm nea r  g ra in  
boundar i e s  in 304 spec imens  much as  Giggins and 
Pe t t i t  obse rved  in  N i - C r  a l loys .  The  enhancemen t  
of ch romium diffusion by g ra in  boundary  shor t  c i r cu i t -  
ing in the f i n e - g r a i n e d  spu t t e r -depos i t ed  m a t e r i a l  
may be the cause of the in i t i a l ly  h igher  weight gains 
in the spu t t e red  m a t e r i a l  at 800 and 900~ Once a 
p ro tec t ive  ch romium oxide is  fo rmed ,  the r a t e  begins  
to d e c r e a s e .  At 1000~ in con t ras t ,  the W304 mate -  
r i a l  appea r s  to oxidize more  rap id ly  than $304 f rom 
the s t a r t .  However,  sca le  breakdown in the W304 
m a t e r i a l  o c c u r r e d  at  about 1 m g / c m  2 (~6 ~m thick-  
ness )  at 1000~ and because  the oxidat ion r a t e s  a re  
v e r y  high, it was actual ly  diff icult  to make a va l id  
compar i son  of the r e l a t ive  in i t i a l  r a t e s .  In any case,  
at  1000~ g r a i n  boundary  enhancemen t  of c h r o m i u m  
is much less  than at 800 and 900~ 

The un i fo rmi ty  and composi t ion  of oxides on the 
$304 spe c i me ns  were  d i f ferent  than on the W304 
s p e c i m e n s .  It was c lea r  f rom the obse rva t ions  that 
the oxides fo rmed  in a he terogeneous  m a n n e r  on the 
W304 spe c i me ns  compared  to more  compos i t iona l ly  
and ge ome t r i c a l l y  un i fo rm oxide on the $304 spec i -  
me ns .  Th i s  was a t t r ibu ted  to the f ine r  g ra in  s ize  of 
the $304 spe c i me ns  which enhanced  c h r o m i u m  oxide 
fo rma t ion  over  the en t i re  su r face  du r ing  the ea r l y  
s tages  of oxidation.  In cont ras t ,  an  i r o n - r i c h  oxide 
fo rmed  over  g ra in  i n t e r i o r s  on the W304 s p e c i m e n s .  
Benea th  this  i ron  oxide a porous  r eg ion  with a chro-  
m i u m - r i c h  oxide was found. At r eg ions  over  and n e a r  
g ra in  bounda r i e s  a c h r o m i u m - r i c h  oxide formed.  The 
compos i t ions  of the va r i ous  oxides were  examined  
and the $304 spe c i me ns  had a low amount  of Fe  (~1 to 
2 wt pct) in the pro tec t ive  oxide. The oxide on the 
$304 af ter  long per iods  was a M n - C r  oxide approach-  
ing 1 : 2  M n / C r  (MnCreO4) at 800 and 1000~ the ra t io  
be ing cons i s ten t  with obse rva t ions  of MnCreO4 by 
Y e a r i a n  e t  al .  ix X - r a y  d i f f rac t ion  conf i rmed  the 
MnCr204 sp ine l  with 8.50A lat t ice  p a r a m e t e r .  Minor  
amounts  of rhombohedra l  Cr203-Fe203 were  a lso  de- 
tected;  the amount  be ing  g r e a t e r  at  1000~ The de-  
plet ion of c h r o m i u m  and manganese  in the under ly ing  
m a t e r i a l  was cons i s ten t  with the ex i s t ence  of the 
high C r - M n  oxides and indicated  the dependence  of 
oxide fo rma t ion  on the flux of Cr and Mn through the 
base  meta l .  The appearance  of MnCr204 has in fact 
been  r e l a t ed  by prev ious  i nves t iga to r s  to high Cr con- 
cen t ra t ions ,  e .g . ,  s tee l s  with Cr > 21 wt pct, and to 
condi t ions  where  the ra te  of a t tack  is low. Thus ,  the 
appearance  of MnCr204 in $304 is the consequence  of 
a s tab le ,  p ro tec t ive  oxide with an enhanced  flux of 
c h r o m i u m  and manganese  to the su r face  v ia  c losely  
spaced g ra in  bounda r i e s .  The pro tec t ive  na tu re  of 
the oxide on $304 is l ikely due to the fo rmat ion  of a 
cont inuous Cr203 f i lm dur ing  the i n i t i a l  s tages  of oxi- 
dat ion in con t ras t  to the F e - r i c h  oxide that  fo rms  
over  g ra in  i n t e r i o r s  in W304. 

In  addit ion to the chemica l  effects ,  some cons ide ra -  
t ion has been given to s t r e s s  effects  that may con- 
t r ibu te  to the s u p e r i o r  oxide adhe rence  on $304. In  
one case af ter  150 h oxidation of W304 at  900~ (just 
pas t  the b reakaway  oxidation,  Fig.  8), there  was ev i -  
dence of c rack ing  of the high c h r o m i u m  oxide that 
r e m a i n e d  a f te r  spa l l ing  of the ou te r  F e - r i c h  oxide. In  
con t ras t ,  the oxide on $304 showed no evidence  of 
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WROUGHT SPUTTER DEPOSITED 
Fig. 8--Oxides on sputter-deposited and wrought 304 stainless steel specimens. 150 h at 900~ Note crack in oxide on wrought 
304. 

c r ack ing ,  F i g .  8. A more  un i fo rm d i s t r i b u t i o n  of 
s t r e s s e s  p r o b a b l y  e x i s t e d  in the f i n e - g r a i n e d  S304 
m a t e r i a l  b e c a u s e  of the m o r e  homogeneous  na tu r e  of 
the oxide,  though fu r the r  e x p e r i m e n t s  a r e  n e c e s s a r y  
to con f i rm  th is  a s s e r t i o n .  M e c h a n i c a l  key ing  of the 
oxide  at  c l o se ly  spaced  g r a i n  bounda ry  g rooves  may  
con t r ibu te  to th is  m e c h a n i s m ,  s i m i l a r  to a m e c h a n i s m  
s u g g e s t e d  by  Giggins  et  a112 for  A12Os a d h e r e n c e  on 
NiCrA1 and CoCrA1 a l loys  where  i r r e g u l a r i t i e s  on a 
m i c r o  s c a l e  i m p r o v e d  oxide a d h e r e n c e .  G r a i n  growth 
of the b a s e  m e t a l  du r ing  ox ida t ion  has  been  c i ted  as  
the cause  of oxide  b reakdown  in an F e - 1 7  wt pct  Cr  
a l loy ,  ~s e s p e c i a l l y  when the i n i t i a l  g r a i n  s i ze  was 
s m a l l  and c o n s i d e r a b l e  g r a i n  growth o c c u r r e d  i .e. ,  an 
in i t i a l  g r a i n  s i ze  of 35 ~ m  grew to 150 p m  in a p p r o x i -  
ma te ly  1 h at  1000~ In the W304 s p e c i m e n s  t h e r e  
was g r a i n  growth  e.g.,  at 1000~ in 62 h the g r a i n  s i ze  
i n c r e a s e d  f r o m  40 to 100 ~zm, w h e r e a s  in the $304 
s p e c i m e n s ,  the g r a i n  s ize  i n c r e a s e d  only s l igh t ly  
f r o m  3-4 to 5-6 / lm.  Thus,  the r e l a t i v e  s t ab i l i t y  of 
the $304 g r a i n  s i ze  may  add i t iona l ly  con t r ibu te  to 
the oxide  a d h e r e n c e  e s p e c i a l l y  at  1000~ where  con- 
s i d e r a b l e  g r a i n  growth  o c c u r s  in the W304 s p e c i m e n s .  

SUMMARY 

F i n e - g r a i n e d  s p u t t e r - d e p o s i t e d  304 s t a i n l e s s  s t e e l  
ox id i zed  l e s s  than c o a r s e - g r a i n e d  wrought  s t a i n l e s s  

s t e e l  at  a l l  t e m p e r a t u r e s  s tudied ,  800, 900 and 1000~ 
fo r  t i m e s  as  g r e a t  a s  900 h. 

The  i m p r o v e m e n t  in oxida t ion  r e s i s t a n c e  of the 
s p u t t e r - d e p o s i t e d  m a t e r i a l  was a t t r i bu t ed  to the ef-  
f ec t s  of a f ine,  s t ab le  g ra in  s i z e .  Chromium diffusion 
was enhanced and the oxide on the s p u t t e r - d e p o s i t e d  
s t a i n l e s s  s t e e l  was r i c h  in c h r o m i u m  and manganese .  
The  c h r o m i u m  oxide on the s p u t t e r - d e p o s i t e d  s ta in-  
l e s s  s t e e l  was s i m i l a r ,  though of h igher  c h r o m i u m  
concen t ra t ion ,  to the oxide f o r m e d  n e a r  g ra in  bound- 
a r i e s  in wrought  s t a i n l e s s  s t e e l .  Thus ,  the p r e s e n c e  
of c lose ly  s p a c e d  g r a i n  b o u n d a r i e s  was concluded to 
be the cause  fo r  f o rma t ion  of a uni form,  low Fe ,  
MnCr204 in the s p u t t e r - d e p o s i t e d  m a t e r i a l .  The  oxide 
on s p u t t e r - d e p o s i t e d  304 s t a i n l e s s  s t e e l  was r e l a -  
t i ve ly  thin and adhe ren t  and exh ib i ted  none of the 
l a y e r e d  s t r u c t u r e  c h a r a c t e r i s t i c  of spa l l i ng  oxide 
found on wrought  s t a i n l e s s  s t e e l .  Mechan i ca l  keying 
of the oxide to c l o se ly  spaced  g r a i n  boundary  g rooves  
may  cont r ibu te  to b e t t e r  oxide a d h e r e n c e  for  the 
s p u t t e r - d e p o s i t e d  s t a i n l e s s  s t e e l .  
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