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Oxidat ion tes ts  of T D - N i C r  al loy with d i f ferent  su r face  p r e t r e a t m e n t s  were  conducted 
in a Mach-5  a r c - j e t  at 1200~ and 0.002 l b / s  flowing a i r  e n v i r o n m e n t .  Extens ive  s cann ing  
e l ec t ron  mic roscopy  and X - r a y  a n a l y s e s  were  c a r r i e d  out to d e t e r m i n e  the m e c h a n i s m s  
r e spons ib l e  for the obse rved  oxidation behavior .  The p r e s e n c e  of a tomic oxygen in the a i r  
s t r e a m  plays  a s ign i f ican t  role in d e t e r m i n i n g  the oxidation c h a r a c t e r i s t i c  of the al loy.  
The ra te  of Cr203 vapor iza t ion  by format ion  of volat i le  CrO3 is g rea t ly  enhanced by the 
flowing condi t ions .  The typical  m i c r o s t r u c t u r e  of oxides fo rmed  in the dynamic  t e s t s  
cons i s t s  of an ex t e rna l  l aye r  of NiO with a porous  " m u s h r o o m  " - type  morphology ,  an in-  
t e r m e d i a t e  l aye r  of NiO and Cr203 oxide mix tu re ,  and a cont inuous  i n n e r  l a ye r  of Cr203 
in contact  with the Cr -dep l e t ed  al loy s u b s t r a t e .  The fo rma t ion  of m u s h r o o m - t y p e  NiO is 
a t t r ibu ted  to three  bas ic  p r o c e s s e s :  1) vapor iza t ion  of NiO by d i s soc ia t ion  into i ts  e l e -  
m e n t s ,  2) reoxidat ion of Ni vapor  p redominan t ly  with a tomic oxygen, and 3) condensa t ion  
of NiO at e levated s i tes  on the s p e c i m e n  su r face .  The oxidat ion ra te  is  d e t e r m i n e d  by 
the ra te  of vapor iza t ion  of NiO. Surface p r e t r e a t m e n t  has a s ign i f ican t  effect on the oxida-  
tion behavior  of the al loy in the ea r ly  s tage of oxidat ion,  but becomes  l e s s  impor t an t  as  
exposure  t ime i n c r e a s e s .  Mechanica l  pol ishing induces  su r face  r e c r y s t a l l i z a t i o n ,  which 
enhances  the format ion  of CrzOs in s ta t ic  e n v i r o n m e n t ,  but p r o m o t e s  the c o n c u r r e n c e  of 
ex t e rna l  growth of NiO and i n t e rna l  oxidation of the alloy in the dynamic  a t m o s p h e r e .  

BECAUSE of its r epor ted  high s t reng th  and good 
s ta t ic  oxidation r e s i s t a n c e  at high t e m p e r a t u r e ,  x-'~ 
Ni-20 pct C r - 2  pct ThOe alloy,  supplied unde r  the 
t rade name of TD-NiCr ,  has been cons ide red  for use 
in advanced jet engines  and as a par t  of a t h e r m a l  
pro tec t ion  sys t em for the space shut t le .  The addit ion 
of s u b m i c r o n  ThO2 pa r t i c l e s  to the N i - C r  alloy inhibi ts  
gra in  growth and s t ab i l i zes  the s u b s t r u c t u r e  of the 
alloy,  thereby re ta in ing  high s t r eng th  at e levated  t e m -  
perature.~-4 The addit ion of thor ia  pa r t i c l e s  a lso i m -  
proves  s ta t ic  oxidation r e s i s t a n c e  by p romot ing  the 
se lec t ive  oxidation of Cr  to form pro tec t ive  Cr203, 
and by d e c r e a s i n g  the growth ra te  of CrzO~. 6-9 Surface 
p r epa ra t i on  has a s igni f icant  inf luence  on the oxida-  
tion behav ior  of the alloy.  Surface g r ind ing  enhances  
the format ion  of Cr203 whereas  e l ec t ropo l i sh ing  p ro -  
motes  the format ion  of ex te rna l  NiO and i n n e r  Cr203 
subscale.8-~a 

Under  high t e m p e r a t u r e ,  high speed flowing gas 
condi t ions ,  a subs tan t i a l  i n c r e a s e  in the oxidat ion 
rate  has been observed  as compared  with the r e s u l t s  
of s ta t ic  tes t ing .  Gi lbrea th  ~3'~4 has emphas i zed  the 
impor tance  of a tomic oxygen which exis ted  in the 
r een t ry  e n v i r o n m e n t ,  and has  d e m o n s t r a t e d  the 
acce l e ra t ed  degradat ion of the alloy in d i s soc ia t ed  
oxygen. Lowell  e t  a l  ~s has indicated  that the loss  rate 
of m a t e r i a l  in a 1 - a t m o s p h e r e ,  Mach-1 tu rb ine  gas 
s t r e a m  at 1200~ was approx imate ly  100 t imes  g rea t e r  
than that of s ta t ic  tes ts .  Enhanced oxidation in a 

Mach-1 b u r n e r  gas s t r e a m  at 1093~ was also ob-  
s e r v e d  by Johns ton  e t  a l .  16 Cento lenz i  e t  a l  ~7'~8 has 
r epor t ed  i n c r e a s e d  oxidation in a Mach-5  a r c - j e t  gas 
s t r e a m ,  but no deta i led  m e c h a n i s m  has been given.  

The oxidation behav ior  of T D - N i C r  (be l t - sanded  
su r face  f inishing)  in a Mach-5  a r c - j e t  at 1200~ was 
r epor t ed  in a p reced ing  paper ,  x9 It was d e m o n s t r a t e d  
that the ex t e rna l  Cr203 fo rmed  dur ing  a s ta t ic  p r e -  
oxidat ion was not s table  in the high speed gas flow 
and was rapid ly  rep laced  by a l a ye r  of NiO with a 
porous  m u s h r o o m  -type morphology .  In that work, me ta l  
r e c e s s i o n  was m e a s u r e d .  The s u b s t r a t e  th ickness  
d e c r e a s e d  rapid ly  at the ea r ly  s t ages  of oxidat ion,  
and d e c r e a s e d  l i nea r ly  with t ime at a much s lower  
ra te  in the l a t e r  s t ages  of oxidat ion.  A model  was 
proposed  to expla in  the obse rved  oxidat ion behav ior .  
To fu r the r  conf i rm this  proposed model ,  a c o m p r e -  
hens ive  me ta l log raph ic  ana ly s i s  of the oxidat ion 
c h a r a c t e r i s t i c s  of s p e c i m e n s  having four d i f fe rent  
su r face  p r e t r e a t m e n t s  was inves t iga ted  in the p r e s e n t  
s tudy.  Oxidation tes t s  were  conducted,  with emphas i s  
be ing  placed on shor t  t ime tes t s  where  the effect of 
the o r ig ina l  su r face  condit ion should be of m o s t  i m -  
po r t ance .  The chronology of oxidat ion for each s u r -  
face p r e pa r a t i on  and test  t ime was fully documented.  
The data  thus col lec ted  was combined  with that r e -  
por ted  e a r l i e r ,  to provide  a be t t e r  c h a r a c t e r i z a t i o n  
of the oxidation behav ior  of T D - N i C r  unde r  s imula t ed  
shut t le  r e e n t r y  condi t ions .  
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M E T A L L U R G I C A L  T R A N S A C T I O N S  A 

EXPERIMENTAL PROCEDURES 

The TD-NiCr specimens used in this study were 
prepared from the same 0.02 in. thick sheet stock as 
that reported in the previous paper; ~9 the sheet stock 
was received in a recrystallized condition, with a 
belt-sanded surface finish. The previous paper also 
describes the specimen configuration and alloy 
microstructure. To reveal the effect of surface pre- 
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t r e a t m e n t  on the  o x i d a t i o n  b e h a v i o r ,  s p e c i m e n s  w e r e  
g i v e n  f o u r  d i f f e r e n t  s u r f a c e  t r e a t m e n t s  p r i o r  to 
d y n a m i c  o x i d a t i o n  t e s t s .  T h e s e  w e r e :  1) e l e c t r o -  
p o l i s h i n g  ( E P ) ,  2 ) m e c h a n i c a l  p o l i s h i n g  (MP) ,  3.) 
e l e c t r o p o l i s h i n g  f o l l o w e d  by  s t a t i c  p r e o x i d a t i o n  

( E P  + PO) ,  a n d  4) m e c h a n i c a l  p o l i s h i n g  f o l l o w e d  by 
s t a t i c  p r e o x i d a t i o n  ( M P  + PO) .  M P  w a s  f i n i s h e d  
t h r o u g h  400 g r i t  SiC a b r a s i v e  p a p e r .  E P  w a s  c a r r i e d  
ou t  in a s o l u t i o n  of 87 m l  m e t h a n o l ,  8 m l  HzSO4, 3 m l  
HNO3, a n d  2 m I  H F  a t  r o o m  t e m p e r a t u r e  a n d  17 V f o r  
2 r a i n .  PO  w a s  c o n d u c t e d  in a i r  a t  l l 0 0 ~  f o r  1 h .  

D y n a m i c  o x i d a t i o n  t e s t s  w e r e  c o n d u c t e d  in a M a c h - 5  
a r c - j e t  o p e r a t e d  w i t h  a m a s s  f low of  0 .002  l b / s  a i r .  
D e t a i l s  on  the  a r c - h e a t e r  e q u i p m e n t  h a v e  b e e n  g i v e n  
in the  p r e v i o u s  p a p e r .  19 T h e  p o w e r  to the  a r c - h e a t e r  

w a s  a d j u s t e d  to y i e l d  a g a s  t e m p e r a t u r e  s u f f i c i e n t  to 
m a i n t a i n  a s p e c i m e n  t e s t  t e m p e r a t u r e  of 1200~ 
u n d e r  l a m i n a r  f low c o n d i t i o n s .  In g e n e r a l ,  i t  w a s  
n e c e s s a r y  to u s e  l o w e r  i n i t i a l  p o w e r  f o r  the  u n p r e -  
o x i d i z e d  s p e c i m e n s ,  e s p e c i a l l y  t h o s e  e l e c t r o p o l i s h e d ,  
t h a n  t h a t  u s e d  f o r  t h o s e  s p e c i m e n s  w h i c h  h a d  b e e n  
p r e o x i d i z e d .  D u r i n g  the  i n i t i a l  few m i n u t e s  of  t e s t -  
i ng ,  i t  w a s  n e c e s s a r y  to c o n t i n u a l l y  i n c r e a s e  the  p o w e r  
to m a i n t a i n  a c o n s t a n t  t e s t  t e m p e r a t u r e .  O n c e  the  

m e t a l l i c  s u r f a c e s  w e r e  c o v e r e d  w i th  s t a b l e  o x i d e  
s c a l e s  w i t h  e s s e n t i a l l y  the  s a m e  s u r f a c e  r e f l e c t a n c e  
and  e m i t t a n c e ,  the  p o w e r  a p p r o a c h e d  to a v a l u e  

c o m m o n  to a l l  of  the  t e s t s .  S p e c i m e n s  w e r e  o x i d i z e d  
in the  a r c - h e a t e r  f o r  t i m e s  r a n g i n g  f r o m  12 s to 10 h .  
Al l  t e s t s  f o r  t i m e s  l o n g e r  t han  30 r a in  w e r e  c y c l i c  
t e s t s  of  30 r a in  d u r a t i o n  f o l l o w e d  by c o o l i n g  b e f o r e  
the  n e x t  r u n .  T h i s  p r o c e d u r e  w a s  r e p e a t e d  u n t i l  t he  
d e s i r e d  c u m u l a t i v e  e x p o s u r e  t i m e  w a s  o b t a i n e d .  

T h e  o x i d e  p h a s e s  p r e s e n t  on the  o x i d i z e d  s p e c i m e n s  
w e r e  i d e n t i f i e d ,  in situ, u s i n g  s t a n d a r d  X - r a y  d i f -  

f r a c t i o n  t e c h n i q u e s .  O x i d e  m o r p h o l o g y  w a s  e x a m i n e d  
in  a s c a n n i n g  e l e c t r o n  m i c r o s c o p e .  S p e c i m e n s  w e r e  
t h e n  s e c t i o n e d ,  e p o x y  m o u n t e d ,  m e t a l l o g r a p h i c a l l y  
p o l i s h e d ,  a n d  v a p o r  d e p o s i t e d  w i th  a t h in  l a y e r  of  
c a r b o n .  T h e  m i c r o s t r u c t u r e  of  the  o x i d e  c r o s s  s e c -  
t i o n s  w a s  a n a l y z e d  u s i n g  a s c a n n i n g  e l e c t r o n  m i c r o -  
s c o p e  e q u i p p e d  w i th  a n  e n e r g y  d i s p e r s i v e  X - r a y  
(EDX) a n a l y z e r .  E l e c t r o n  p r o b e  m i c r o a n a l y s i s  w a s  
c a r r i e d  ou t  u s i n g  a n  A R L  e l e c t r o n  m i c r o p r o b e  
o p e r a t e d  a t  15 kV a n d  0 .05  /x a m p e r e  b e a m  c u r r e n t .  
T h e  c a r b o n  l a y e r  d e p o s i t e d  on the  s p e c i m e n  s u r f a c e  
h e l p e d  to e l i m i n a t e  s h i f t i n g  of the  e l e c t r o n  b e a m  a t  
the  m e t a l / o x i d e  i n t e r f a c e .  T h e  M A G I C  c o m p u t e r  
p r o g r a m  d e v e l o p e d  by  C o l b y  2~ w a s  u s e d  to c o r r e c t  
the  r a w  d a t a .  

EXPERIMENTAL RESULTS 

The oxides produced on the specimens were 
identified in situ by X-ray diffraction. Three oxide 
phases, i.e., NiO, Cr203 and ThO2, were identified, 
but NiCr204 spinel was not detected on any of the 
specimens. The relative X-ray intensities of the 
oxides and the alloy are listed in Table I. Note that 
the relative X-ray intensity from the three oxides 
varies from stage to stage as the dynamic oxidation 
testing proceeds. It should also be noted that the EP 
and EP + PO specimens exhibit only the [200] alloy 
reflection. This indicates that the TD-NiCr alloy has 
a texture orientation, with its [i00] planes parallel 
to the specimen surface. The MP specimen shows a 

Table I. X-Ray Diffraction Data of TD-NiCr After Various Surface Pretreatments and Arc-Jet Exposures 

Pretreatment and Alloy Substrate ThO2 Cr203 NiO 

Arc-Jet Exposure (111) (200) (111) (200) (220) (31 t) (012) (104) (110) (111) (200) (220) 

EP VS W VW VW VW 
EP 1 rain VS W VW VW VW VW M VW W S W 
EP 10 rain VS W VW VW VW VW W W M W 
EP 2 h S M W W W VW VW S S S 

EP + PO VS S VS S 
EP+PO 30s VS S VS S 
EP + PO 1 min VS S VS S 
EP + PO 3 rain VS S VS S 
EP+PO 10min VS M, W W W W W W M W 
EP + PO 30 min VS W VW VW W W M VS M 
EP + PO 2 h VS M M W VW VW W W M S W 
EP+PO 10h VS S M M M VW W W M M W 

MP W VS W VW VW VW 
MP 15 s M VS W VW VW VW VW 
MP 1 min M VS W VW VW VW VW VW 
MP 10 min M VS W VW VW VW VW W W M S M 
MP 2 h VW S M W W W VW W VW M M W 

MP + PO M VS M W W W W M 
MP+PO 15s M VS W VW VW VW VW 
MP + PO 1 min W VS W VW W S S S 
MP+PO lOmin VW VS VW VW W VW S VS S 
MP + PO 2 h VS M W W W W W VW M M W 
MP+PO 1Oh VS S M M M W W V W  M M M 

EP = Electropolished 
EP + PO = E/ectropoiished and preoxidized 
MP = Mechanically polished 
MP + PO = Mechanically polished and preoxidized 
VS = Very strong; S = strong; M = medium; W = weak; VW = very weak; Blank = not detected. 
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weak [111] and a very  s t rong  [200] re f lec t ion .  Dur ing  
oxidation,  s ta t ic  o r  dynamic ,  the [111] ref lec t ion  in -  
t ens i f i es  when the spec imen  is exposed to the high 
t e m p e r a t u r e  e n v i r o n m e n t .  In the s ta t ic  p reox ida -  
l ion,  the peak height of the [111] re f lec t ion  i n c r e a s e s  
by a factor  of four af ter  only 15 s of exposure ,  and 
reaches  a max imum of s l ight ly h igher  in tens i ty  a f te r  
1 rain of exposure .  This  in tens i f ica t ion  of the [111] 
re f lec t ion  can be taken as evidence  of r e c r y s t a l l i z a -  
l ion of the deformed sur face  l ayer  in the ea r ly  stage 
of oxidation.  The effect of this r e c r y s t a l l i z a t i o n  is 
to promote  the se lec t ive  format ion  of CrgD~ in a s ta t ic  
e n v i r o n m e n t ,  x'-' Its effect on the dynamic  oxidation 
behavior  of the al loy will be d i s cus sed  l a te r  in this 
paper .  

The following sec t ions  desc r ibe  each type of s u r -  
face p r e t r e a t m e n t .  Scanning e l ec t ron  m i c r o g r a p h s  
showing sur face  oxide morphology and oxide c ros s  
sec t ion,  EDX pa t t e rns  indica t ing  oxide chemis t ry ,  
and e lec t ron  m i c r o p r o b e  scans  showing composi t iona l  
p rof i les  are  p r e sen t ed  sequent ia l ly  accord ing  to the 
sur face  p r e t r e a t m e n t .  

E lec t ropol i shed  and Preox id ized  Surface (EP + PO) 

The m i c r o g r a p h s  and EDX pa t t e rns  taken of a 
spec imen  af ter  1 h of s ta t ic  oxidation in a i r  at l l 00~  
are  shown in Fig.  1. A compound oxide l ayer  formed 
on the spec imen  sur face  is seen in F ig .  l (b) .  This  
l aye r  cons i s t s  of, as identif ied by the EDX pa t t e rns ,  
an ex te rna l  l aye r  of NiO, an i n t e rmed ia t e  l aye r  of 
duplex oxide containing both NiO and CrzO3, and a 
cont inuous inne r  l aye r  of Crz~)3. The EDX pa t te rn  
taken of the ex te rna l  NiO at spot-3 shows no sign of 

,) 
, ' i ' ~ , - ,~ r  - .  ~ " 

..~ . . . .  ..-:. :. .%e~..'f~{77;,~=:,?~.. ~ 

thor ium peak, ind ica t ing  that the NiO grew ex te rna l ly  
by outward diffusion of Ni ions which reac t  with 
oxygen at the gas /ox ide  in t e r f ace .  The oxide g ra ins  
grew p redominan t ly  along ce r t a in  c rys t a l log raph ic  
d i r ec t i ons ,  thus r e su l t ing  in a faceted appearance  
with sha rp  gra in  r idges  and va l l eys ,  see Fig .  l (a) .  The 
i n t e r m e d i a t e  oxide, composed  of Cr203 pa r t i c l e s  
embedded  in porous  NiO m a t r i x ,  appea r s  to be porous  
and g ra iny .  The fact that a thor ium peak is  c l ea r ly  
detec ted  in the c o r r e spond i ng  EDX pa t te rn  (spot-2 
pa t te rn)  sugges ts  that this oxide l aye r  is produced by 
i n t e r n a l  oxidat ion.  P a r t i a l  d i s soc ia t ion  of NiO m u s t  
have taken place in this duplex oxide l aye r  to provide 
Ni and O ions r equ i r ed  for the obse rved  ex t e rna l  
growth of NiO and in t e rna l  oxidation of the al loy.  As 
a consequence  of m a s s i v e  outward flow of Ni ions,  
the NiO in this  duplex oxide l a ye r  becomes  very  
porous  in na tu re .  Oxygen ions can pene t ra te  readi ly  
through this l ayer  for fu r the r  i n t e r n a l  oxidat ion.  The 
cont inuous inne r  oxide l aye r ,  CRY)3 (see spot-1 EDX 
pat te rn)  adjacent  to the al loy,  is fo rmed by l a t e r a l  
growth of Crg33 pa r t i c l e s  at the i n t e rna l  oxidation 
front .  The fo rmat ion  of this oxide l a ye r  effect ively 
s lows down the p r o g r e s s  of i n t e r n a l  oxidat ion.  Al-  
though mul t ip le  oxide l a y e r s  were  obse rved  on the 
EP  + PO s p e c i m e n s ,  only NiO was detected in the X - r a y  
d i f f rac t ion  s tudies  (Table I). Absorpt ion  of the inc ident  
and d i f f rac ted  X - r a y  beams  by the ex te rna l  NiO r e -  
duced the in tens i ty  d i f f rac ted  by the i nne r  Cr203 be -  
low the m i n i m u m  detec table  leve l .  

Low magni f ica t ion  m i c r o g r a p h s  taken of the 
EP  + PO spe c i me ns  c l ea r ly  showed the alloy grain  
s t r u c t u r e .  Select ive oxidat ion of Cr along the alloy 
g ra in  boundar ies  grea t ly  reduced the local  ex te rna l  

I ~l~#~t'l,y/7#t~f - ' i y ,  Y~..#, l :~.. 'b.~,, : . , ' , ' : , : ; ; ,>#:, .4. ~ " . l r i ! ' # #  , I 

ENERGY, Key ENERGY, Key ENERGY, Key 

Fig. l--(a) Oxide morphology and (b) oxide cross section of eleetropolished and preoxidized (1 h in static air at 1 IO0~ 
Energy dispersive X r a y  analyses were made of the different oxide layers shown in (b) indicating variation of Cr, Ni and Th con- 
tents. 
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Fig. 2--Topography of external NiO formed on electropolished 
and preoxidized specimens after (a) 12 s, and (b) 15 s of ex- 
posure to 1200~ Mach-5 and 0.002 lb/s flowing air  environ- 
ment. (c) Higher magnification micrograph of central area in 
(b). 

growth of NiO, and there fore  caused  va l l eys  to appea r  
on the oxidized spec imen  sur face  along the o r ig ina l  
al loy gra in  bounda r i e s .  

The sur face  oxide morpho log ies  formed on the 
EP  + PO spec imens  a f te r  12 and 15 s of exposure  to 
the flowing e n v i r o n m e n t  are  i l l u s t r a t e d  in Fig .  2. 
It should be noted that accord ing  to m e a s u r e m e n t s  
made  us ing  an optical  p y r o m e t e r ,  approx imate ly  10 
to 12 s were r equ i r ed  to heat  a spec imen  to the tes t  
t e m p e r a t u r e .  Af ter  12 s of exposure ,  Fig.  2(a), voids 
and c racks  a re  seen on the su r face ,  mos t ly  along 
oxide gra in  boundar i e s .  After  15 s of exposure ,  F igs .  
2(b) and 2(c), l a rge  voids  a re  obse rved  at lower  a r e a s  
of the su r face ,  ma in ly  at oxide g ra in  va l l eys .  Some 
porous  m a s s ,  which is  ident i f ied as NiO, is  seen  to 
condense at h igher  locat ions  on the su r face ,  p r e -  
dominant ly  at oxide g ra in  r idges .  Obviously,  m a s s  
t r a n s p o r t  from oxide gra in  boundary  regions  to oxide 
gra in  r idges  has taken place at the spec imen  su r face  
immedia t e ly  upon exposure  to the high t e m p e r a t u r e  
flowing a i r .  

G r imley  et  a121 has repor ted  that the vapor iza t ion  
of NiO at high t e m p e r a t u r e  is  p r edominan t ly  by d i s -  
socia t ion  of NiO into i ts  e l e m e n t s .  Equ i l ib r ium pa r t i a l  
p r e s s u r e s  of Ni(v) and O m e a s u r e d  on NiO(s) unde r  
neu t r a l  condi t ions  were  repor ted  to be two o r d e r s  of 
magni tude  g r e a t e r  than that of NiO(v). It w i l l b e  shown 

l a t e r  (Fig.  5) that the oxide morpho log ie s  i l l u s t r a t e d  
in Fig .  2 may  be obse rved  only if s p e c i m e n s  a re  
tes ted  in a gas s t r e a m  conta in ing  oxygen. It is  
the re fo re  proposed  that the obse rved  m a s s  t r a n s p o r t  
phenomenon develops following three  p r o c e s s e s .  They 
a re  : 1) vapor i za t ion  of NiO at oxide g ra in  boundary  
a r e a s  ma in ly  by d i s soc ia t ion  of NiO into Ni(v) and O, 
2) reoxidat ion  of Ni vapor ,  p r e s u m a b l y  with a tomic  
oxygen in gas s t r e a m ,  and 3) condensa t ion  of NiO at 
r a i s e d  points  on the su r f ace .  The s tagna t ion  l aye r  
unde r  the p r e s e n t  tes t  condi t ions  was r epor t ed  to be 
of the o rde r  of 360 ~tm. 22 T h e r e  is g rad ien  t in oxygen 
concen t ra t ion  and in total  p r e s s u r e  a c r o s s  the th ick-  
n e s s  of the s tagna t ion  l a y e r .  Vapor iza t ion  of NiO 
appea r s  to proceed  at a f a s t e r  ra te  at a r e a s  lower  
than the average  s p e c i m e n  sur face  leve l  where  the 
oxygen pa r t i a l  p r e s s u r e  is lower  unde r  the flowing 
condi t ions .  Consequent ly ,  voids and c r acks  a re  ob-  
s e r v e d  mos t ly  along oxide g ra in  va l l eys .  Reoxida-  
t ion of Ni vapor  tends  to take place at a g r e a t e r  ra te  
at loca t ions  above the average  sur face  level  where  
the oxygen pa r t i a l  p r e s s u r e  is  h igher .  T h e r e f o r e ,  
condensat ion  of NiO occu r s  mos t ly  at h igher  l oca -  
t ions  on the spec imen  sur face  where  the ra te  of r e -  
oxidation of Ni is g r e a t e r  than the ra te  of d i s s o c i a -  
tive vapor i za t ion  of NiO. 

Dur ing  subsequent  oxidat ion,  the v a p o r i z a t i o n - c o n -  
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Fig. 3--Surface morphology and oxide cross sections of electropolished and preoxidized specimens after (a), (b) 1 rain, and (c), 
(d) 10 rain of dynamic oxidation. 

densa t ion  p roce s s  b r ings  about some d ras t i c  changes 
in the oxide morphology.  At 1 m i n  of oxidat ion,  the 
spec imen  sur face  is covered  with a l aye r  of ve ry  
porous  oxide, see Fig .  3(a).  High magni f i ca t ion  photo- 
graphs  and EDX pa t t e rns  r evea l  that the porous  oxide 
cons i s t s  of n u m e r o u s  fine NiO c r y s t a l s ,  with an ap-  
pea rance  s i m i l a r  to that s o m e t i m e s  obse rved  for 
c r y s t a l s  growing unde r  condensa t ion  p r o c e s s e s .  The 
oxide c ro s s  sec t ion  of the s ame  spec imen  is shown 
in Fig .  3(b).  The top por t ion  of the o r ig ina l  NiO, 
which fo rmed  dur ing  s ta t ic  preoxidat ion ,  degrades  
as a resu l t  of vapor iza t ion .  F ine  pa r t i c l e s  of NiO 
a re  growing on top of the degraded NiO l aye r  as a 
consequence  of condensa t ion  of reoxidized NiO. The 
oxides undernea th  the degraded l aye r  r e m a i n  e s s e n -  
t ia l ly  uneffected.  

After  10 rain of oxidation,  m o s t  of the s p e c i m e n  
sur face  is covered  with a l aye r  of NiO with a m u s h -  
room- type  o r  "cot ton b a l l " - t y p e  morphology,  see 
Fig.  3(c ). NiO m u s h r o o m  c l u s t e r s  s m a l l e r  than those 
shown in the f igure were  obse rved  at o ther  a r e a s ,  
p redominan t ly  the a r e a s  n e a r  alloy gra in  boundar i e s .  
The m i c r o s t r u c t u r e  of the oxide c ro s s  sec t ion  at 
a r e a s  where  la rge  m u s h r o o m s  developed is  given in 
Fig.  3(d). The NiO c l u s t e r s  cons i s t ing  of fine NiO 
pa r t i c l e s  are  suppor ted  by oxide s t ems  which a re  the 
r e m a i n s  of the o r ig ina l  NiO. The m u s h r o o m  oxide 
grows at the expense of the o r ig ina l  NiO l aye r .  Al -  
though par t  of the NiO condenses  on growing m u s h -  
rooms ,  a s ign i f ican t  f rac t ion  of the NiO is c a r r i e d  

away by the flowing gas .  Most  of the o r ig ina l  NiO 
d i s a p p e a r s  af ter  about 1.5 h of oxidat ion.  F r o m  this  
s tage on the ex i s t ance  of m u s h r o o m  oxide depends on 
the NiO in the duplex oxide l a y e r .  As the NiO content  
in the duplex oxide l aye r  is lowered  (see spot-2  pa t -  
t e rn  in Fig.  1), the m u s h r o o m  c l u s t e r s  s t a r t  to r e -  
duce in s ize  because  the ra te  of condensa t ion  of NiO 
be c ome s  l e s s  than the ra te  of loss  to the a i r  s t r e a m .  

Mi c r og r a phs  taken of a s p e c i m e n  with 2 h of ex-  
posure  are  p r e s e n t e d  in Fig .  4. These  m i c r o g r a p h s  
a re  a lso typical  for s p e c i m e n s  af ter  10 h of oxidat ion.  
At this l a t e r  stage of oxidat ion,  mos t  of the s p e c i m e n  
su r face  is  covered  with s m a l l  NiO c l u s t e r s ,  which 
have a r e l a t i ve ly  smooth sur face  appearance  com-  
pa red  with that of the la rge  m u s h r o o m s  found in the 
e a r l i e r  s tages  of oxidat ion.  A typical  m i c r o g r a p h  
showing these s m a l l  m u s h r o o m - t y p e  c l u s t e r s  is given 
in Fig .  4(a ), and a m i c r o g r a p h  r evea l ing  the c o r r e s -  
ponding oxide c r o s s  sec t ion  is p r e s e n t e d  in Fig .  4(b). 
T h e r e  a re  some  a r e a s  on the s p e c i m e n  su r face  where  
the duplex oxide tota l ly  d i s a p p e a r s .  The i nne r  Cr203 
l aye r  is  sub jec t  to rap id  vapor i za t ion ,  and the al loy 
is exposed d i rec t ly  to the flowing a i r .  Mic roprobe  
a n a l y s i s  made at these  a r e a s  gene ra l ly  shows ex ten -  
s ive Cr  deplet ion in the alloy,  mos t ly  10 to 15 pct at 
the a l loy/oxide  i n t e r f ace .  T h e r e  are  also o ther  r e -  
gions on the s p e c i m e n  su r face  where  local  i n t e r n a l  
oxidation is c l ea r ly  obse rved .  An example  is given 
in Fig .  4(c ). Resu l t s  of a probe  scan  made along the 
m a r k e d  line shown in Fig .  4(c) a re  p r e se n t e d  in Fig .  
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4(d). The Cr  content in the al loy at the i n t e r f ace  is 
found to be approx ima te ly  15 pet .  P i l e - u p  of ThO2 p a r -  
t i c les  at the outer  por t ion of the duplex oxide l aye r  
is f requent ly  o b s e r v e d .  In addit ion to the two types 
of oxide c r o s s  sec t ions  d e s c r i b e d  above,  t he re  a re  
o ther  reg ions  where  l a rge  NiO m u s h r o o m s  are  seen 
to grow on top of sol id  NiO, and under  the sol id  NiO, 
in terna l  oxidat ion is invar iab ly  de tec ted .  

To fu r the r  enl ighten the m e c h a n i s m  proposed  for  
the fo rmat ion  of m u s h r o o m - t y p e  oxide,  tes t s  were  
conducted on the EP + PO s p e c i m e n s  in Mach-5  f low- 
ing N2 at 120ff:C for t imes  ranging f rom 15 s to 1 h. 
The ob jec t ive  was to d e t e r m i n e  the changes  in s u r -  
face oxide morpho logy  r e su l t i ng  from high speed 
gas flow o v e r  the spec imen  where  l i t t le  o r  no oxygen 
was p re sen t .  X - r a y  d i f f rac t ion  pa t t e rns  taken of the 
exposed s p e c i m e n s  showed only NiO and Cr203 r e -  
f l ec t ions .  T h e r e  w e r e  no nickel  o r  ch romium ni t r ide  
phases  de tec ted .  Typ ica l  m i c r o g r a p h s  of the exposed 
s p e c i m e n s  a re  shown in Fig .  5. Af te r  l5  s of exposu re ,  
Fig .  5(a), there  is a rounding of the sharp  NiO gra in  
r idges ,  and a deve lopment  of c av i t i e s  at the oxide 
grain boundary reg ions .  Af t e r  10 rain of exposure  
there  is an i n c r e a s e  in the NiO grain s i ze ,  and a 
fu r the r  opening up of the cav i t i e s  in the NiO l aye r ,  
see  Fig .  5(b).  As the tes t  p r o c e e d s ,  the NiO l a y e r  at 
the alloy gra in  boundar ies  d i s a p p e a r s  by v i r tue  of 

vapor i za t ion .  The exposed  al loy g ra in  boundary r e -  
gions which a re  s t i l l  c o v e r e d  with Cr203 a re  c l e a r l y  
v i s ib l e  (the dark a r ea s )  in F ig .  5(c). The Cr203 oxide 
phase  is s table  in the N2 e n v i r o n m e n t  because  the 
fo rma t ion  of vo la t i l e  CrO3 is p r e v e n t e d  due to the ab-  
sence  of oxygen.  The su r f ace  NiO d i s a p p e a r s  total ly 
f rom the s p e c i m e n  su r f ace  a f t e r  about 1 h of exposu re .  
The  above o b s e r v a t i o n s  d e m o n s t r a t e  that the p r e s e n c e  
of oxygen is n e c e s s a r y  for  the r edepos i t i on  of NiO 
and the subsequent  growth of m u s h r o o m - t y p e  oxide.  

Mechan ica l l y  Po l i shed  and P r e o x i d i z e d  
Surface  (MP + PO) 

The s ta t ic  oxidat ion behav io r  of the M P  s p e c i m e n s  
was a lso  s tudied.  Af te r  1 h of oxidat ion in a i r  at 
1100~ the s p e c i m e n  su r f ace  was c o v e r e d  with a 
l a y e r  of g lobular  Cr203 a p p r o x i m a t e l y  1 to 2 #m 
thick,  see  Fig .  6. 

When MP + PO s p e c i m e n s  w e r e  exposed  to the 
dynamic  env i ronm en t ,  the ex t e rna l  Crz.03 w a s  f u r t he r  
oxid ized  to fo rm vo la t i l e  CrO3. Resu l t s  of X - r a y  
d i f f rac t ion  ana lys i s  indicate  that the ex te rna l  CrK)3 
a l m o s t  d i s a p p e a r s  f rom the s p e c i m e n  su r f ace  a f t e r  
15 s of e x p o s u r e ,  and subsequen t ly  a NiO l a y e r  grows 
rapidly on the s p e c i m e n  s u r f a c e .  

At I rain of exposu re ,  the s p e c i m e n  su r f ace  was 
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Fig. 4--Typical oxide topography and oxide cross sections observed on electropolished and preoxidized specimen after 2 h of ex- 
posure to the dynamic environment, Probe scan was made along the line marked with an arrow in (c). 
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Fig. 5--Surface topography of electropolished and preoxidtzed 
specimen after (a) 15 s. and (b) lO rain of exposure to a 
Mach-5, 1200~ and 0.002 lb/s flowing N 2 gas. (c) A tower 
magnification micrograph of l0 m~n exposure specimen. 

~ ~ ~ ; 2 ~ .  ~_ 
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Fig. 6--Morphology of external Cr203 and oxide cross section of mechanically polished and preoxidized (t h in static air at 
IIO0~ specimen. 

c o v e r e d  with a porous  m u s h r o o m - t y p e  NiO oxide,  
see  F ig .  7(a ). The c r o s s - s e c t i o n a l  m i c r o g r a p h ,  F ig .  
7(b), shows that the m u s h r o o m  oxide grows on top of 
a r e l a t i ve ly  sol id  NiO l aye r  which is f o r m e d  by 
e x t e r n a l  growth.  Under  the NiO l a y e r  a duplex oxide 
r e su l t i ng  f rom in te rna l  oxidation is o b s e r v e d .  At this 
s tage of oxidat ion,  no inner  Cr203 l a y e r  has  yet  f o r m e d  
at the o x i d e / a l l o y  i n t e r f ace .  As oxidat ion p r o c e e d s ,  
a continuous Cr203 l aye r  eventua l ly  deve lops  and in-  
t e rna l  oxidat ion e f fec t ive ly  s tops .  M u s h r o o m  oxide 

c l u s t e r s  continue to grow at the expense  of the u n d e r -  
lying NiO. Af te r  10 min  of e x p o s u r e ,  F ig .  7(c ) and 
7(d), oxidat ion p r o c e e d s  in the same  sequence  as that 
p r ev ious ly  p r e s e n t e d  for  the EP  + PO s p e c i m e n s .  

The MP + PO s p e c i m e n s  were  a lso  t es ted  in a 
flowing N2 e n v i r o n m e n t .  At 15 s of exposu re  no 
changes  w e r e  de tec ted  in C r ~ 3  morpho logy .  Af ter  
10 min of e x p o s u r e ,  changes  in oxide topology w e r e  
o b s e r v e d .  A typical  m i c r o g r a p h  is shown in F ig .  8(a). 
X - r a y  d i f f rac t ion  ana lys i s  indicated that the s u r f a c e  
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l a y e r  shown in the photograph is Cr~Oa. The Crg)3 ap-  
p e a r s  in the shape of m u s h r o o m - t y p e  morpho logy  with 
s m a l l  so l id  p i l l a r s  p ro t rud ing  f rom the a l loy sub-  
s t r a t e .  Ca re fu l  c o m p a r i s o n  of the photographs  taken 
before  and a f t e r  the N~ exposure  sugges t s  that the 
s m a l l  p i l l a r s  o b s e r v e d  in Fig .  8(a) a r e  the r e m a i n s  of 
the or ig ina l  l a rge  CrzOs g lobules .  Apparen t ly ,  v a p o r i -  
zat ion of CrzOa o c c u r s  under  the neu t r a l  flowing con-  
di t ions .  Acco rd ing  to G r i m l e y  e l  a l ,  z~ vapor i za t ion  of 

CrzO:~ under  neu t r a l  condi t ions  p r o c e e d s  with the 
fo rma t ion  of Cr ,  CrO,  CrOe, O and Oe as the p r inc ipa l  
gaseous  s p e c i e s .  

Af t e r  a 10 rain N2 exposu re ,  the M P  + PO s p e c i m e n s  
w e r e  then oxid ized  in f lowing a i r  condi t ions .  I m m e d i -  
a te ly  upon e x p o s u r e ,  a sudden glow at the shock wave 
was de tec ted ,  p r e s u m a b l y  the r e s u l t  of rapid v a p o r i -  
za t ion  of the Cr203 p i l l a r s .  A typ ica l  m i c r o g r a p h  taken 
f rom the 10 rain N2 exposu re  s p e c i m e n  a f t e r  an addi -  
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Fig. 7--Oxide topography and cross sections of mechanically polished and preoxidized specimens after (a), (b) 1 min, and (c), 
(d) 10 rain of dynamic oxidation. 

Fig. 8--Surface morphology of mechanically polished and preoxidized specimen after (a) 10 min of exposure to flowing N 2 gas, 
and (b) subsequent 5 rain exposure to flowing air environment. 
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Fig. 9--Oxide topography and cross sections of electropolished specimens after {a), (b) 1 min, and (c), (a) 10 rain of dynamic 
oxidation. 

t ional 5 rain of a i r  exposu re  is shown in F ig .  8(b). The 
su r f ace  is  un i fo rmly  c o v e r e d  with NiO c l u s t e r s  typi -  
cal  of the type of morpho logy  found for  sho r t  t ime  a i r  
t e s t s .  

E l e c t r o p o l i s h e d  Surface  (E19) 

F i g s .  9(a) and 9(b) show the m i c r o g r a p h s  taken of 
an E19 s p e c i m e n  a f t e r  1 min  of oxidat ion.  The en t i r e  
s u r f a c e ,  with the except ion  of the al loy gra in  boundary 
a r e a s ,  is c o v e r e d  with m u s h r o o m - t y p e  oxide c l u s t e r s .  
A un i fo rm and continuous Cr2Os l a y e r  is seen  u n d e r -  
neath the m u s h r o o m  NiO. Although po rous ,  the NiO 
m u s h r o o m s  do s e r v e  to p ro t ec t  the Cr~O3 f rom oxida-  
t ive vapo r i za t i on .  No in t e rna l  oxidat ion is  ye t  ob-  
s e r v e d  at this s tage .  As the oxidat ive  p r o c e s s  p r o -  
ceeds ,  both the n u m b e r  and s ize  of the NiO m u s h r o o m s  
d e c r e a s e ,  and the C r y 3  l aye r  b e c o m e s  th inne r .  Th is  
i s  seen  in F ig s .  9(c) and 9(d) which a re  pho tographs  
taken of a 10-rain exposure  s p e c i m e n .  Apparen t ly ,  
the porous  NiO is  s t i l l  p ro t ec t i ng  the under ly ing  
Cr203. However ,  at some  a r e a s  on the s p e c i m e n  s u r -  
face ,  i s l ands  of l a rge  NiO m u s h r o o m s  w e r e  o b s e r v e d ,  
and in t e rna l  oxidation was always found under  these  
a r e a s .  Af t e r  2 h of exposu re ,  the s p e c i m e n  su r f ace  
was en t i r e ly  cove red  with l a rge  oxide c l u s t e r s .  The 
oxide morpho logy  and c r o s s  sec t ion  w e r e  v e r y  s i m i l a r  
to those o b s e r v e d  on the EP  + PO s p e c i m e n s  a f t e r  

a p p r o x i m a t e l y  10 min  of oxidat ion .  It is appa ren t  
that the in i t i a l  oxidat ion ra te  of the E19 s p e c i m e n  is 
s l o w e r  than those  of the E19 + PO and M19 + 190 s p e c i -  
m e n s .  

M e c h a n i c a l l y  P o l i s h e d  Surface  (M19) 

F ig s .  10(a) and 10(b) d e m o n s t r a t e  the typ ica l  oxide 
s t r u c t u r e  of an M19 s p e c i m e n  a f t e r  1 rain of oxidat ion .  
S c a t t e r e d  i s l ands  of NiO m u s h r o o m s  a re  seen  to grow 
on the s p e c i m e n  s u r f a c e .  Under  these  m u s h r o o m  i s -  
lands ,  c o n c u r r e n c e  of e x t e r n a l  growth of NiO and in-  
t e r n a l  oxidat ion of the al loy is de tec ted .  Away f rom 
the i s l ands ,  s m a l l  NiO c l u s t e r s  a re  seen  to grow on 
r idges  of the s u r f a c e  s c r a t c h e s  caused  by m e c h a n i -  
cal  po l i sh ing .  Under  these  s m a l l  oxide c l u s t e r s  a 
thin l a y e r  of Cr203 is g e n e r a l l y  o b s e r v e d .  Dur ing  
subsequen t  oxidat ion  the m u s h r o o m  c l u s t e r s  i n c r e a s e  
in s i z e ,  and the m u s h r o o m  i s lands  s p r e a d  to c o v e r  
the whole s u r f a c e .  This  i s  i l l u s t r a t e d  in the m i c r o -  
g raphs  shown in F i g s .  10(c) and 10(d) which r e p r e s e n t  
the typica l  oxide s t r u c t u r e  of a s p e c i m e n  a f t e r  10 
min  of e x p o s u r e .  The s p e c i m e n  su r f ace  is  e s s e n t i -  
a l ly  c o v e r e d  with l a rge  NiO m u s h r o o m s .  T h e r e  a r e  
s m a l l  r eg ions  whe re  s m a l l  m u s h r o o m s  a re  s t i l l  
growing on top of a thin Cr2Os l a y e r .  At 2 h of o x i d a -  
tion the oxide s t r u c t u r e  is  s i m i l a r  to that o b s e r v e d  
on the E19 + 190 s p e c i m e n s  with the s a m e  e x p o s u r e .  
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DISCUSSION 

F r o m  the above obse rva t ions  it  is  ev iden t  that in 
spi te  of the d i f f e rence  in su r face  p r e t r e a t m e n t ,  the 
e x t e r n a l  oxide developed under  the Mach-5  and 1200~ 
flowing a i r  condit ions is a l a y e r  of porous  NiO in 
the m u s h r o o m - t y p e  morpho logy .  The deve lopmen t  of 
this m u s h r o o m  oxide can be accounted  for  by the 
p roposed  v a p o r i z a t i o n - r e o x i d a t i o n - c o n d e n s a t i o n  p r o -  
c e s s e s .  Vapor i za t ion  of NiO p r o c e e d s  p redominan t ly  
by d i s soc ia t ion  into i ts  e l e m e n t s ,  i .e . ,  

NiO(s) = Ni(v) + O. 

A d e c r e a s e  in pa r t i a l  p r e s s u r e  of e i t h e r  Ni(v) o r  0 ,  
o r  both, f avors  the d i s soc i a t i ve  vapo r i za t i on ,  w h e r e -  
as the r e v e r s e  enhances  the oxidat ion p r o c e s s  f o r m -  
ing the sol id  oxide phase .  T h e r e  is a g rad ien t  of 
oxygen pa r t i a l  p r e s s u r e  a c r o s s  the s tagna t ion  l a y e r  
on the spec imen  s u r f a c e .  Vapor i za t ion  of NiO t h e r e -  
fore o c c u r s  at low reg ions  on the su r f ace  where  the 
oxygen pa r t i a l  p r e s s u r e  is low, and reox ida t ion  of 
the d i s s o c i a t e d  Ni a toms  p r o c e e d s  at high reg ions  on 
the s u r f a c e  where  the oxygen concen t ra t ion  is h ighe r .  
P a r t  of the ox id ized  NiO m o l e c u l e s  a r e  cons tan t ly  
c a r r i e d  away by the flowing gas s t r e a m ,  and pa r t  of 
them condense  on the e l eva ted  s i t e s  of the s p e c i m e n  
su r f ace  r e su l t i ng  in the fo rmat ion  of porous  m u s h -  
room oxide.  

The fo rma t ion  of m u s h r o o m  oxide r e q u i r e s  the 
p r e s e n c e  of  oxygen in the f lowing gas condi t ion.  This  

was  c l e a r l y  d e m o n s t r a t e d  in the flowing N2 t e s t  where  
no oxygen was in t roduced  in the gas s t r e a m ,  and only 
vapo r i za t i on  of NiO was o b s e r v e d .  The d e v e l o p m e n t  
of m u s h r o o m  oxide a lso  r e q u i r e s  high p a r t i a l  p r e s -  
su re  of Ni(v).  Th is  was ev ident  f rom the o b s e r v a -  
t ions that m u s h r o o m  c l u s t e r s  grew in s ize  on a 
so l id  NiO l a y e r ,  and faded when the under ly ing  NiO 
was consumed .  

The in t roduc t ion  of oxygen into the f lowing gas 
s t r e a m  s l ight ly  r educes  the vapor i za t ion  ra te  of NiO, 
and g rea t ly  i n c r e a s e s  the vapo r i za t i on  ra te  of Cr203. 
The e x t e r n a l  NiO l a y e r ,  3 t~m thick, f o r m e d  on the 
EP  + PO s p e c i m e n  was found to d i s a p p e a r  a f t e r  about 
1 h of e x p o s u r e  to the N2 tes t .  With the p r e s e n c e  of 
oxygen which caused  condensat ion  of some  r e o x i -  
d ized  NiO, the s a m e  e x t e r n a l  NiO was found to d i s a p -  
p e a r  a f t e r  about 1.5 h of e x p o s u r e .  The l a t t e r  o b s e r v a -  
tion c o r r e s p o n d s  to a vapo r i za t i on  ra te  of app rox i -  
m a t e l y  3.6 x 10 -7 g m / c m 2 / s .  The e x t e r n a l  CrzO3 
l a y e r ,  1 #m thick,  p roduced  on the MP + PO sample  
was s t i l l  in contac t  with the m e t a l  subs t r a t e  a f t e r  a 
10 rain N2 e x p o s u r e .  With the in t roduct ion  of oxygen,  
however ,  the s a m e  oxide was  found to n e a r l y  d i s a p -  
p e a r  a f t e r  15 s of t es t ing .  Th is  obse rva t i on  ind ica tes  
a CrzO3 v a p o r i z a t i o n  ra te  of app rox im a te ly  1 • 10 -4 
g m / c m 2 / s ;  the c o m p e n s a t e d  exposure  t ime  at 1200~ 
was taken to be 5 s,  s ince  the t ime needed  to r each  
the t es t  t e m p e r a t u r e  was about 12 s .  The l o s s  ra te  of 
CRY)3 is m o r e  than two o r d e r s  of magni tude  g r e a t e r  

Fig. 10--Oxide morphology and cross sections of mechanically polished specimens after (a), (b) 1 min, and (c), (d) 10 rain of dy- 
namic oxidation. 
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than that of NiO. There fo re  it can be concluded that 
the loss  ra te  of NiO in the vapor i za t ion  and condensa -  
tion p r o c e s s e s  is the rate  con t ro l l ing  fac tor  in the 
p r e s e n t  dynamic  oxidative condit ion.  The rapid  
vapor iza t ion  ra te  of Cr203 is a t t r ibu ted  to the p r e s e n c e  
of a tomic oxygen in the a i r  s t r e a m  which grea t ly  
enhances  the format ion  of volat i le  CrO3. 

Surface p r e t r e a t m e n t  has a s ign i f ican t  effect  on 
the s ta t ic  oxidat ion behavior  of the T D - N i C r  al loy.  
Mechanica l  pol ishing causes  a de formed  su r face  
l aye r  which undergoes  r e c r y s t a l l i z a t i o n  upon exposure  
to the high t e m p e r a t u r e  env i ronmen t ,  and a f i n e - g r a i n  
l aye r  fo rms  on the spec imen  su r f ace .  The r e c r y -  
s ta ! l ized  su r face  l aye r  provides  n u m e r o u s  p r e f e r -  
ent ia l  s i t e s ,  the gra in  boundary  a r e a s ,  for se lec t ive  
format ion  of Cr203, which grows to cover  the whole 
spec imen  su r face .  Removal  of the sur face  d e f o r m a -  
tion l aye r  by e l ec t ropo l i sh ing  leads  to the fo rma t ion  
of a compound oxide cons i s t ing  of an ex te rna l  l a ye r  
of NiO, and in t e rmed ia t e  l aye r  of NiO and Cre03 m i x -  
ture ,  and an inne r  l aye r  of CreO3. The NiO, although 
not as t he rmodynamica l l y  favored as CRY:)3, fo rms  
f a s t e r  than CreO3 on gra in  su r f ace s  and then grows 
l a t e ra l ly  to cover  the gra in  boundary  a r e a s  where  
Cr203 se lec t ive ly  fo rms .  

Surface p r e t r e a t m e n t  also has a s ign i f ican t  effect 
on the dynamic  oxidation behavior  of TD-NiCr ,  p a r -  
t i eu la r ly  in the ea r ly  stage of oxidat ion.  The EP + PO 
t r e a t m e n t  produces  a sol id ex te rna l  NiO which 
changes to the m u s h r o o m  oxide morphology unde r  
high speed flowing a i r  condit ion.  Deta i ls  of the oxida-  
tion p roces s  have been desc r ibed  in the r e s u l t s  s e c -  
tion. 

The MP + PO t r e a t m e n t  r e su l t s  in an ex te rna l  Cr~O3 
surface  sca le  on a r e c r y s t a l l i z e d  al loy sur face  l aye r .  
Upon exposure  to the a i r  s t r e a m  the Cr203 l aye r  
immed ia t e ly  evapora tes  exposing the ch romium 
depleted al loy d i rec t ly  to the a i r  s t r e a m .  A l aye r  of 
Nit:) subsequent ly  fo rms  on the sur face  and is  con-  
ver ted  to a m u s h r o o m  type morphology.  Since this 
l ayer  is porous ,  oxygen can read i ly  pene t ra te  to the 
alloy subs t r a t e  r e su l t ing  in i n t e r n a l  oxidation of 
both n ickel  and ch romium.  The n u m e r o u s  gra in  
boundar ies  in the r e c r y s t a l l i z e d  al loy sur face  l a ye r  
tend to enhance i n t e rna l  oxidation of the al loy.  The 
g ra in  boundary regions  n e a r  the sur face  tend to be 
opened up as a r e su l t  of vapor iza t ion  of Cr203 in i t i a l ly  
p r e s e n t  from the PO t r ea tmen t .  Any NiO which 
fo rms  following the loss  of the CreO3 will  d i s soc ia te  
m o r e  rapidly  at the boundary a r e a s  than at more  
e levated  locat ions  on the sur face ,  such as c en t e r s  of 
g ra ins .  Both the vapor iza t ion  of Cr203 and d i s s o c i a -  
tion of NiO at the boundary reg ions  tends to open up 
the boundar i e s  making  them paths for rapid  m a s s  
t r a n s p o r t  of oxygen into the al loy and n icke l  out. 
Undoubtedly the p r o c e s s e s  involved include vapor  
t r anspor t ,  su r f ace ,  and gra in  boundary  diffusion.  

The rapid and m a s s i v e  outward flow on Ni ions 
leaves  behind a porous  zone f i l led  with vacanc i e s  
which grea t ly  enhances  i n t e rna l  oxidation of both 
n ickel  and ch romium and delays  the deve lopment  of a 
continuous i nne r  CRY)3 layer .  When the inward  pene-  
t ra t ion  slows down at the n o n r e c r y s t a l l i z e d  region,  
an inne r  l aye r  of Cr203 fo rms  at the oxidation f ront .  
When this l aye r  becomes  cont inuous and coheren t  it 

e f fect ively  s tops i n t e rna l  oxidat ion of the al loy by 
blocking the inward  diffusion of oxygen and the out-  
ward  diffusion of n icke l .  This  oxidation chronology 
is  c l e a r l y  evident  in the m i c r o g r a p h s  shown in Fig .  7 
and the X - r a y  r e s u l t s  given in Table  I. At 1 rain of 
oxidat ion,  an i n t e r n a l l y  oxidized l a ye r  is found without 
an i nne r  l a y e r  of Cr203 and the (111) re f lec t ion  from 
the al loy is s t i l l  m e a s u r a b l e .  At 10 rain of oxidat ion,  
an i nne r  Cr~O3 is obse rved ,  and the al loy (111) l ine 
is  v e r y  weak.  

The above obse rva t ions  sugges t  that the depth of 
i n t e rna l  oxidat ion of the MP + PO sample  at the ea r ly  
stage of oxidat ion is dependent  on the depth of s u r -  
face de fo rmat ion  caused  by m e c h a n i c a l  pol i sh ing .  The 
o r ig ina l  purpose  of the MP + PO t r e a t m e n t  was to 
produce a l a ye r  of ex t e rna l  Crg:)3 which had a high 
su r face  r e f l ec tance  and emi t tance  for  improved  oxida-  
tion r e s i s t a n c e  to the dynamic  e n v i r o n m e n t .  The r e -  
su l t s  of this inves t iga t ion  however  sugges t  that the 
p r e t r e a t m e n t  enhances  r a the r  than d e c r e a s e s  me ta l  
r e c e s s i o n  dur ing  the ea r ly  s tages  of oxidat ion.  

The MP t r e a t m e n t  produces  a su r face  de format ion  
l a y e r  which undergoes  r e c r y s t a l l i z a t i o n  upon exposure  
of the spec imen  to the high t e m p e r a t u r e  dynamic  
oxidat ion e n v i r o n m e n t .  Since r e c r y s t a l l i z a t i o n  is  a 
t h e r m a l l y  ac t iva ted  p r oc e s s  it p roceeds  nonun i fo rmly  
at the de formed  sur face  l ayer ,  fast  r a t e s  of oxide 
growth at r e c r y s t a l l i z e d  regions  r e s u l t s  in the f o r m a -  
t ion of NiO m u s h r o o m  i s lands  on the s p e c i m e n  s u r -  
face at 1 m i n  of exposure ,  see Fig .  9(b ). Dur ing  sub-  
sequent  oxidation r e e r y s t a l l i z a t i o n  of the su r face  
l a y e r  p roceeds  and m u s h r o o m s  sp read  to cover  the 
en t i r e  su r f ace .  

The EP t r e a t m e n t  r e move s  the de fo rmed  sur face  
l a y e r .  Upon exposure  to the dynamic  e n v i r o n m e n t  an 
ex t e rna l  l a y e r  of NiO fo rms  on the sur face  which then 
conve r t s  to the m u s h r o o m - t y p e  morphology .  U n d e r -  
neath  the NiO a cont inuous Cr~Oa l a ye r  fo rms  at the 
m e t a l / o x i d e  in t e r f ace .  Although porous ,  the NiO does 
p ro tec t  the unde r ly ing  Cr203 f rom rap id  v a p o r i z a -  
t ion.  As the oxidat ion p r oc e s s  p roceeds ,  both the 
n u m b e r  and s ize  of Nit:) m u s h r o o m  c l u s t e r s  d e c r e a s e ,  
and the Cr~O3 l a y e r  becomes  th inne r .  The sur face  
and c r o s s - s e c t i o n  of a 10 rain exposure  s p e c i m e n  are  
shown in F igs .  9(c ) and 9(d). With i n c r e a s i n g  exposure  
t ime the CreO3 l aye r  wil l  continue to reduce in th ick-  
n e s s  due to the combined  effects  of a f a s t e r  ra te  of 
Cr203 vapor iza t ion  a t t r ibu ted  to the loss  of p ro tec t ing  
NiO and a s lower  ra te  of growth of Cr203 due to ch ro -  
m i u m  deplet ion of the under ly ing  al loy.  As oxidat ion 
p roceeds  a point  wil l  be reached  where  the CreO3 
l a ye r  is  los t  exposing the al loy d i r ec t ly  to the e n v i r o n -  
me n t .  This  gives  r i s e  to ex te rna l  growth of NiO 
m u s h r o o m s  with accompany ing  i n t e r n a l  oxidat ion of 
the al loy.  It was genera l ly  obse rved  that i n t e r n a l  
oxidat ion proceeded  into the ch romium depleted alloy 
unt i l  a depth was reached  where the c h r o m i u m  content  
was approx imate ly  15 pet.  This  s e e m e d  to be the Cr  
content  needed for the development  of a cont inuous 
i n n e r  Cr203 l aye r  at the me t a l / ox i de  in t e r f ace .  

At the l a t e r  s tage of oxidation when the p r e t r e a t -  
m e n t  effect  i s  washed out, the oxidation of the al loy is 
c h a r a c t e r i z e d  by a cyclic  p r o c e s s  which occur s  to a 
d i f fe rent  s tage at d i f ferent  reg ions  on the spec imen  
su r face .  At reg ions  where  the duplex oxide is con-  
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sumed,  the i nne r  Crg:)3 quickly vapo r i ze s ,  thus expos-  
ing the Cr -dep l e t ed  subs t r a t e  (genera l ly  to about 10 
pct Cr) d i rec t ly  to the oxidizing a tmosphe re .  Th i s  is 
followed by s imu l t aneous  p r o c e s s e s  of ex te rna l  growth 
of solid NiO and in t e rna l  oxidation of the al loy.  The 
i n t e rna l  oxidation hal ts  when a l ayer  of i nne r  Cr~O3 
forms ,  with the depth of pene t ra t ion  dependent  on the 
extent  of Cr  deplet ion at the loca l ized  reg ions .  Mush -  
room oxide grows atop the sol id  NiO, and fades when 
the solid NiO vapor ized .  When the m u s h r o o m  oxide 
and the duplex oxide a re  consumed,  a new oxidation 
cycle e m e r g e s .  The ove ra l l  oxidat ion rate  of the al loy 
is dependent  on the ra te  of vapor iza t ion  of NiO d u r -  
ing the cyclic  p roce s s  and to a l e s s e r  extent  on the 
rate  of format ion  of Cr203 at the me t a l / ox ide  i n t e r -  
face. 

F ina l ly ,  it should be pointed out that the dynamic  
a tmosphere  of Mach-5,  1200~ and 0.002 l b / s  flowing 
a i r  condit ions was se lec ted  in this inves t iga t ion  to 
s imula te  the e n v i r o n m e n t  encoun te red  in the c ruc i a l  
par t  of space shutt le  r een t ry  where  the t h e r m a l  p r o -  
tect ion shield,  for which T D - N i C r  al loy is cons ide red  
a candidate m a t e r i a l ,  wil l  expe r i ence  a t e m p e r a t u r e  
max imum of 1200~ A large  f rac t ion  of the boundary  
l aye r  oxygen wil l  be d i ssoc ia ted  into a tomic  oxygen by 
the shockwave.  The f rac t ion  of the d i s soc ia t ed  oxygen 
ranges  from 0 to 100 pct,  depending on al t i tude and 
angles  of en t ry  at tack.  13'14 Under  the a r c - j e t  condi t ions  
employed in this study, the concen t ra t ion  of a tomic  
oxygen at the spec imen  sur face  was repor ted  to be 
approximate ly  0.5 pct.  22 E l e c t r i c a l  a rc ing  in the arc  
chamber  may  produce addi t ional  oxygen a toms .  Al -  
though a r c - j e t s  produce an e n v i r o n m e n t  high in 
ionized gases and low in atomic oxygen relative to 
those encountered in reentry, they do provide a 
better reentry simulation than any other facility 
available. The dissociated oxygen, although low in 
concentration, may impose significant variation in 
oxidation k ine t i c s  of m e t a l s .  Dickens  e t  a124 ind ica tes  
that the in t roduct ion  of 0.02 pet a tomic oxygen in an 
oxidizing a tmosphere  at 710~ i n c r e a s e s  the oxida-  
tion rate of pure  Ni by a factor  of four teen over  that 
observed  in m o l e c u l a r  oxygen. F r y b u r g  e t  a l  eS shows 
an enhancement  of oxidative vapor iza t ion  of Cr203 by 
a factor  of 109 at 550~ in oxygen conta in ing 2.5 pet 
a tomic oxygen and an enhancemen t  of vapor i za t ion  of 
bare  Cr  by a factor  one-ha l f  that of CrzO3 at t e m p e r a -  
tu res  below 800~ Gi lbrea th  13'~4 has d e m o n s t r a t e d  
the acce le ra t ed  oxidation of space shutt le  TPS m e t a l s  
in flowing a i r  (12 m / s )  which contained a s ign i f ican t  
amount  of a tomic  oxygen. Meta l  r e c e s s i o n  ra te  is  
about two o r d e r s  of magni tude  g r e a t e r  in a tomic  
oxygen than in m o l e c u l a r  oxygen. In s ta t ic  or  flowing 
O2, a d a r k - g r e y  and adhesive sur face  sca le  r ich  in 
Cr  was detected.  In flowing O, a y e l l o w - g r e e n  and 
f r iable  sca le  r ich  in Ni was obse rved .  The ex t e rna l  
m u s h r o o m - t y p e  NiO formed dur ing  the p r e s e n t  dy- 
namic  tes t ing  is i nva r i ab ly  yel lowish to g r een i sh  white.  
The mush room oxide was ve ry  f r iable  and a sha r p  tap 
or  sl ight bending of the spec imen  caused much  of the 
oxide to spal l .  ~he s i m i l a r i t y  of v i sua l  appearance  
and oxide ident i ty  observed  in a tomic oxygen and in 
a r c - j e t  sugges ts  that the d i ssoc ia ted  oxygen in the 
a r c - j e t  a i r  s t r e a m  plays the mos t  impor t an t  role in 
the development  of m u s h r o o m - t y p e  oxide morphology.  

CONCLUSIONS 

Based on the observations described herein, to- 
tether with the results reported in the literature, the 
following conc lus ions  can be made .  

1) Under  the a r c - j e t  e n v i r o n m e n t ,  the a tomic  oxygen 
in the a i r  s t r e a m  plays  the mos t  impor t an t  ro le  in  
d e t e r m i n i n g  the oxidat ion c h a r a c t e r i s t i c s  of T D - N i C r  
al loy.  

2) The high oxidat ive vapor i za t ion  rate  of Cr203 
ma ke s  the Cr203 a nonpro tec t ive  oxide in the a r c - j e t  
a t m o s p h e r e .  

3) The ex te rna l  oxide found in an e n v i r o n m e n t  con-  
ta in ing  a tomic oxygen is a l a ye r  of porous  NiO in 
the m u s h r o o m - t y p e  morphology.  Its deve lopment  
follows three  s teps :  a ) v a p o r i z a t i o n  of NiO p r e d o m i -  
nant ly  by d i s soc ia t ion  into Ni vapor  and O a toms ,  b) 
reoxida t ion  of Ni vapor  p r i m a r i l y  with the d i s soc ia t ed  
oxygen in a i r  s t r e a m ,  and c) condensa t ion  of NiO at 
e levated  s i t e s  on s p e c i m e n  su r face .  The NiO m u s h -  
rooms  grow at the expense of unde r ly ing  NiO, and 
fade when the supply for Ni is l imi ted .  

4) Surface p r e t r e a t m e n t  has a s ign i f i can t  inf luence  
on the oxidation behav io r  of T D - N i C r  al loy.  M e c h a n i -  
cal  pol i sh ing  induces  sur face  r e c r y s t a l l i z a t i o n  in 
the ve ry  e a r l y  s tage of oxidat ion.  In s ta t ic  e n v i r o n -  
men t ,  the r e c r y s t a l l i z e d  su r face  enhances  the f o r m a -  
tion of ex t e rna l  Cr203. In dynamic  a t mosphe re ,  the 
r e c r y s t a l l i z e d  l a ye r  p romotes  the c o n c u r r e n c e  of 
ex t e rna l  growth of NiO and i n t e r n a l  oxidation of the 
alloy,  and thereby i n c r e a s e s  in i t ia l  me ta l  r e c e s s i o n  
ra te .  Removal  of the sur face  de format ion  l aye r  by 
e l ec t ropo l i sh ing  s lows down the in i t i a l  oxidat ion ra te .  

5) At the l a t e r  s tage of oxidat ion when the effect  of 
su r face  p r e t r e a t m e n t  is  washed out, the oxidat ion 
p r o c e s s  is c h a r a c t e r i z e d  by loca l ized  oxidat ion fol-  
lowing a cyclic  p r o c e s s ;  each cycle cons i s t s  of 1) va -  
por iza t ion  of fading NiO m u s h r o o m s  and oxide m i x -  
ture, 2) rapid vaporization of Cr203 layer, and 3) con- 
currence of external growth of NiO and internal oxida- 
tion of Cr-depleted substrate. The internal oxida- 
tion proceeds to a depth where the formation of an 
inner Cr203 becomes favorable. The Cr content at 
the oxide/metal interface for favorable formation of 
inner CreO3 layer appears to be approximately 15 pct. 

6) The oxidation rate of the alloy in the arc-jet 
environment is determined by the rate of loss of NiO 
during the vaporization-condensation processes. 
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