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The oxidation behavior  of TD-NiCr has been studied in s tat ic  and high-speed flowing a i r  
environments at  1100 and 1200~ The surface oxide topographies  and m i c r o s t r uc t u r e s  
formed in both types of environments  have been cha rac te r i zed  and compared  to explain 
some of the observed differences  in the oxidation behavior  for  the two types of t es t s .  It 
has been found that the s table oxide morphologies formed on the specimens  exposed to the 
s tat ic  and dynamic environments  were  markedly  different.  The faceted c r y s t a l  morphology 
cha rac t e r i s t i c  of s ta t ic  oxidation was found to be unstable under h igh- tempera ture ,  high- 
speed flow conditions and was quickly rep laced  by a porous NiO " m u s h r o o m "  type s t r u c -  
ture .  Also, it was found that the ra te  of formation of CrOs(v ) f rom Cr2Os(s ) was grea t ly  
enhanced by high gas veloci ty  conditions. The s tabi l i ty  of Cr20 a was found to be g rea t ly  
improved by the p resence  of an outer NiO layer ,  even though the NiO layer  was ve ry  
porous.  An oxidation model is proposed to explain the observed mic ros t ruc tu r e s  and 
overa l l  oxidation behavior  of TD-NiCr a l loys .  

R E C E N T  in teres t  in high t empera tu re ,  high-strength 
al loys for such potential  applicat ions as  used in ad-  
vanced je t  engines and as par t  of the the rmal  p ro tec -  
tion sys tem for space shuttle,  has focused attention on 
d i spers ion-s t reng thened  n icke l -base  a l loys .  One such 
al loy which has rece ived  much considera t ion because 
of i ts combination of good oxidation r e s i s t ance  and good 
high temperature strength, is Ni-20 Cr-2 ThO~ supplied 
under the trade name TD-NiCr. The oxidation resis- 
tance of this alloy in the 900 to 1200~ temperature 
range under static furnace atmosphere conditions has 
been studied by a number of different investigators. 1-18 
R is well established that the oxidation resistance of 
this alloy is due to the formation of a protective Cr203 
layer on the surface which has excellent adherence to 
the substrate. However, it has also been shown that, 
for temperatures above about 1040~ the Cr20 s layer 
is subject to significant weight loss because of the for- 
mation of a volatile CrO a oxide phase. Giggins and 
Pettit 4 and more recently Stringer ~2 have proposed 
analyses based on the work of Tedmon ~v to correct 
weight gain data to account for this weight loss. The 
overall rate of metal consumption is, to a large part, 
determined by an interplay between the rate of scale 
thickening due to oxidation and the rate of scale thick- 
ness decrease due to the formation and volatization of 
CrO 3. Oxide vaporization which may not be severe in 
static or slowly moving gas environments may be ex- 
cessive under high speed flowing air conditions where 
volatile oxide species are rapidly swept away by the 
gas stream. A high vaporization rate tends to reduce 
the protective oxide thickness, and hence increases 
the rate of metal consumption. R is therefore clear 
that to establish reliability of flight weight, metallic 
heat shields for the thermal protection system of space 
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shuttle, t e s t s  must be conducted under shuttle r e - e n t r y  
conditions. Such tes t s  have been conducted at s eve ra l  
NASA Centers  la-~ using a r c - j e t  t es t s  to s imulate  r e -  
ent ry  conditions. 

These studies have c l ea r ly  demons t ra ted  that TD- 
NiCr does oxidize more rap id ly  in s imula ted  r e - e n t r ~  
tes t s  than in s i m i l a r  s ta t ic  furnace t e s t s .  Centolanzi 
p resen t s  data for  TD-NiCr which show that, for a r c -  
jet  t e s t s  conducted in flowing a i r ,  15 t o r r  total  p r e s -  
sure ,  and 1200~ for 50 one-half  h cycles ,  the average  
metal  loss  was roughly 0.051 mm. Using the weight 
gain data of Giggins and Pett i t  ~ for s ta t ic  oxidation at 
1200~ in 0.1 arm Oa and cor rec t ing  for  vapor iza t ion  
losses ,  a calculat ion of subs t ra te  thickness  dec rea se  
shows that 0.0026 mm of alloy should be oxidized in 
25 h. A compar ison of these two numbers  r evea l s  that 
there  is approximate ly  a twenty-fold inc rease  or  
more than an o rde r  of magnitude inc rease  in the ra te  
of subs t ra te  thickness dec rease  in the high speed flow- 
ing a i r  t e s t s .  Likewise,  Lowell and Sanders 22 at NASA 
Lewis Research  Center have exposed TD-NiCr to a 
Mach-1, 1 -a tmosphere  je t  A-1 fuel gas s t r e a m  at 
1200~ for t imes  to 50 h. They observed that near ly  
100 t imes  as much metal  was lost  in the i r  high gas -  
veloci ty  tes t  as  in s ta t ic  t e s t s .  

A r c - j e t  t e s t s  conducted at  NASA-Langley Research  
Center by the authors support  the above findings that 
high speed gas flow over the specimen inc reases  the 
overa l l  r a te  of oxidation of the al loy.  Careful  meta l lo -  
graphic analyses  of the oxide l aye r s  formed on a r c - j e t  
tes ted  specimens have revea led  oxide morphology 
changes not prev ious ly  repor ted .  R was found that the 
outer oxide scale  was a porous " m u s h r o o m "  type NiO 
layer ,  r epresen t ing  a morphology tota l ly  different  from 
that observed for  specimens  oxidized in s ta t ic  a i r .  
Since the p resence  of this  l aye r  should have a d i rec t  
influence on the observed oxidation behavior  of this 
alloy, a deta i led study was undertaken to cha rac t e r i ze  
the oxide sca le  morphology, composition, and m i c r o -  
s t ruc ture  formed on TD-NiCr under s imulated r e -  
entry  conditions. It was planned that the bas ic  infor-  
mation col lected f rom this study would be combined 
with that repor ted  for  s ta t ic  and other dynamic tes t s  
to develop an oxidation model to explain the overa l l  
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volts. They were then oxidized in air  at 1100 to 1200~ 
for 15 to 20 sec. Grain patterns were c lear ly  brought 
out due to the preferential  formation of Cr20 s at grain 
boundaries and NiO within grains. Grain s tructure was 
also examined by etching the sample electroli t ically in 
a solution of 10 pct oxalic acid at room temperature and 
5 volts for 20 sec. Typical micros t ructure  of the alloy 
is shown in Fig. l(b). The matrix grains were thin in 
the sheet thickness direction and somewhat elongated 
in the rolling direction. The grain boundaries were 
jagged and irregular .  Stringers of Cr20~ part icles 
which formed during processing were observed para l -  
lel to the rolling direction. X-ray  diffraction analysis 
indicated that the alloy has a very strong prefer red  
orientation with the {100} planes aligned parallel  to 
the sheet surface. 

Fig. l--(a) Schematic of TD-NiCr specimen mounted in arc- 
jet specimen holder. (b) Micrograph of alloy grain structure 
of as-received TD-NiCr. 

oxidation behavior of this alloy. To this end, experi- 
ments were undertaken to reveal the effects of tem- 
perature and mass flow rate on the dynamic oxidation 
behavior. Using the data thus collected, a model of the 
oxidation process for simulated re-entry conditions 
has been developed to explain the observed oxide mi- 
crostructures. 

EXPERIMENTAL PROCEDURE 

Materials and Preparation 

The alloy Ni-20 Cr-2 ThO~ supplied under the trade 
name of TD-NiCr used in this study was produced by 
Fansteel, Inc. by a combination of powder metallurgy 
techniques and thermomechanical  treatments and was 
delivered in a recrysta l l ized condition with a belt-  
sanded surface finish. Specimens were punched from 
0.020 inch sheet and had a 5/16 in. by 7/32 in. oblong 
shape test surface with two legs extended in the direc-  
tion along the short axis. The legs were bent to give 
the configuration which fit to the a rc - je t  specimen 
holder as shown in Fig. l(a). 

To examine the grain s tructure of the as- received 
alloy, the specimens were metallographically polished 
through 6 ~m diamond paste and electropolished for one 
minute in a solution of 87 ml methanol, 8 ml H2SO~, 
3 ml HNOs, and 2 ml HF at room temperature and 17 

Arc-Heater  Testing Equipment 

The equipment used for the dynamic oxidation tests 
was an Aerotherm 100 kw constr ic tor  a rc -hea te r  sys -  
tem designed to give convective heating conditions s im-  
ilar to hypersonic flight. This equipment is located at 
NASA-Langley Research Center and is described in de- 
tail in Ref. 25. The test chamber contains a pneumatic- 
ally driven model support system so arranged to allow 
the specimen to be inserted into the s t ream by t r ans -  
lating radially inward. The positioning of this system 
is such that the specimens were inserted into the jet 
s t ream approximately 6 in. downstream of the nozzle 
where lamellar flow conditions existed. The specimens 
were inserted into the s t ream in a stagnation geometry 
with the surface of the test specimen perpendicular to 
the direction of flow of the gas s t ream. With this con- 
figuration, a boundary layer is present on the speci-  
men surface, except at the extreme edges where high 
speed flow conditions exist. The thickness of this 
boundary layer for the type of tests  being conducted 
in this investigation was calculated by Aerotherm Cor-  
poration (manufacturer of the a rc - j e t  used) to be on the 
order  of magnitude of 360 ~m. Viewing ports  with py-  
rex glass windows and pyrometer  ports  with optical 
grade quartz were located on both sides of the test 
chamber to permit  observation of the specimen during 
testing. The temperature of the test specimen was de- 
termined either with a calibrated optical pyrometer  or 
with a thermocouple attached to the back of the speci-  
men. 

Specimens were oxidized in the a rc -hea te r  system 
under the condition of 1200~ Mach-5 air  s t ream ve-  
locity, 0.002 lbs /sec  mass flow rate, 1916 BTU/Ib 
s t ream enthalpy, 12.74 BTU/ft~-sec cold-wall heating 
rate, and a stagnation pressure  of 5 tor r .  A limited 
number of tests were also conducted at a mass flow 
rate of 0.008 Ibs/sec ,  which gave a stagnation p ressure  
of 17 to r t  and a s t ream enthalpy of 1368 BTU/Ib. To 
study the effect of temperature selected tests were 
also performed at ll00~ at the two mass flow rates 
used at 1200~ The exposure times examined for the 
1200~ and 0.002 & conditions were 15 sec, 30 sec, 
1 min, 10 min, 30 min, 2 h, 5 h, 10 h, 16 h, and 20 h. 
All tests  for exposure times longer than 30 rain were 
cyclic tests wherein the specimen was exposed for 30 
rain, cooled in static air,  then recycled until the de- 
sired time at temperature had been accumulated. The 
starting surface condition of all specimens was main- 
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Table I. Oxides Determined by X-ray Diffraction on TD-NiCr Praoxidized in Air at 1100~ for 1 h and Isothermally Exposed at 1200~ in High-Gas 
Velocity Apparatus for Various Times 

Alloy Surface Oxides 

Exposure Substrate Th02 Cr2 03 NiO 

Time (111) (200) (111) (200) (220) (311) (012) (104) (110) (111) (200) (220) 

As-P.O. S VS M W W W W M 
15 sac M ITS W VW VW VW VW 
30 sac M S W VW VW VW VW M M W 

1 min W VS W VW W S S S 
3 min VW VS W VW W S S S 

10 rain VW VS VW VW VW S VS S 
30 min VW VS W VW W VW S S M 

2 h VS M W W W W W VW M M W 
10 h VS S M M W W VW M M M 

VS = Very Strong; S = Strong; M = Medium; W = Weak; VW = Very Weak. Blank = Reflection Not Detected. 

Fig.  2 - - S u r f a c e  oxide  s c a l e  f o r m e d  on T D - N i C r .  (a) Topog raphy ,  s h o w i n g  g e n e r a l l y  f ine  g r a i n e d  oxide  f o r m e d  a f t e r  1 h at  
l l 0 0 ~  in s t a t i c  a i r .  (b} Showing the  o x i d e / a l l o y  c r o s s - s e c t i o n .  

tained constant by preoxidiz ing the a s - r e c e i v e d  (belt 
sanded finish) specimens at l l00~ for  1 h in a i r  be -  
fore  a r c - j e t  test ing.  The purpose of this preoxidat ion 
t rea tment  was to form an oxide layer  that provided a 
high emiss iv i ty  surface,  a condition des i r ed  for the 
ma te r i a l  to be used ffs a thermal  protect ion heat shield.  

Analysis  of Oxide Layers  

Conventional metal lographic ,  X- ray  diffraction, and 
scanning e lec t ron microscopy were employed to cha rac -  
t e r i ze  the oxide scale  on both s ta t i ca l ly  and dynamical ly  
tes ted  spec imens .  The X - r a y  diffract ion studies were 
made using vanadium f i l t e red  chromium radiat ion on 
the oxides in s i tu  and on spal led oxides.  The d i f f rac-  
tion pa t te rns  were evaluated mainly by using the s tan-  
dard ASTM Powder Diffraction Index. A summary  of 
the X- ray  ana lys i s  r e su l t s  a re  given in Table I. Quali-  
tat ive chemical  ana lys i s  of the oxides observed in the 
scanning microscope  was c a r r i e d  out using a Nuclear  
Diodes energy d i spe r s ive  X- ray  analys is  sys tem 
(EDAX). The oxidized specimens,  a f te r  observat ion 
of surface oxide morphology, were carefu l ly  cut into 
halves .  One half was bent to b reak  away par t  of the 
oxide layer  f rom the metal  subs t ra te .  The oxide m o r -  
phology and oxide chemical  composit ion were again 
studied. The other half was mounted in epoxy for me-  
ta l lographic  observat ion,  subs t ra te  thickness dec rease  

measurements ,  and e lec t ron microprobe  ana lys i s .  The 
probe analys is  was c a r r i e d  out using an ARL e lec t ron  
microprobe  opera ted  at 15 kV and 0.05 vamp beam c u r -  
rent .  MAGIC computer  p rog ram developed by Colby 26 
was used to c o r r e c t  the raw data. 

To de termine  the amount of a l loy subs t ra te  oxidized 
as a function of exposure t ime in the a r c - j e t  subs t ra te  
thickness measurements  were made before  and af ter  
test ing.  The procedure  was to measure  the thickness 
of the specimens before  tes t ings  with a Cortex mi -  
c rome te r  found to be accura te  to • inch. Mea-  
surements  were made at five different  a r e a s  on the 
surface,  and only those specimens found to be of uni-  
form thickness were used. After  oxidation, the spec i -  
mens were sect ioned and pol ished such that the c r o s s -  
sect ional  thickness of the specimen could be measured  
opt ical ly  using a ca l ib ra ted  ve rn ie r  eye piece.  

EXPERIMENTAL RESULTS 

The morphology and cross-section of the oxide scale 
formed on TD-NiCr specimens with as-received sur- 
face finish (belt sanded) a f te r  s tat ic  oxidation in a i r  at  
l l00~ for one hour a re  shown in Fig.  2. The faceted 
granular  surface oxide was identified by X- ray  d i f f rac-  
tion to be Cr~O s consis tent  with the resu l t s  of other in-  
ves t iga to rs  that only Cr~O s forms on specimens with a 
mechanical ly  pol ished surface finish. The select ive 
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Fig.  3 - - S u r f a c e  oxide  t o p o g r a p h i e s  f o r m e d  on T D - N i C r  e x p o s e d  at 1200~ in m a c h - 5  a r c - j e t  for  t i m e s  of (a) 15 s e c  and (b) 
30 s ec .  

oxidation of chromium is genera l ly  bel ieved 11 to resu l t  
f rom the p re fe ren t i a l  nucleation of CraO 3 at ThO2 p a r -  
t ic les  on the surface and enhanced diffusion of Cr to 
the surface  along numerous gra in  boundaries  in a thin 
r e c r y s t a l l i z e d  surface layer .  The presence  of a thin 
(approximately  2 ~tm) r e c r y s t a l l i z e d  layer  in the al loy 
adjacent  to the oxide was exper imenta l ly  observed on 
polished and etched c r o s s - s e c t i o n s  of oxidized spec i -  
mens with a be l t - sanded  surface finish and on spec i -  
mens polished through 600 gr i t  polishing paper .  Al -  
though the r e c r y s t a l l i z e d  layer  was much thinner on 
the specimens with the 600 gr i t  finish as compared  
with the be l t - sanded,  the Cr203 oxide l aye r s  appeared  
near ly  identical .  On both types of specimens,  the 
Cr~O 3 layer  was always continuous and approximate ly  
1/zm in thickness .  Elect ron microprobe  scans of pol-  
ished c r o s s - s e c t i o n s  indicated the existence of a smal l  
Cr depletion zone in the a l loy adjacent  to the oxide. 
X- ray  diffract ion pa t te rns  of the preoxidized a s - r e -  
ceived specimens  contained the {111) and {200} al loy 
ref lec t ions  and identifiable peaks for the ThO~ and 
Cr~O a oxide phases .  The ~111} al loy peak was p r i -  
ma r i l y  produced by the r e c r y s t a l l i z e d  surface  layer  
which formed during the e a r l y  stage of s ta t ic  oxidation.  
This s ta tement  is based  on the ' fact  that the {111} r e -  
f lect ion was never  detected f rom the a s - r e c e i v e d  spec-  
imens,  p resumably  because  of the strong {200} p r e -  
f e r r ed  or ientat ion of the TD-NiCr sheet f rom which 
the specimens  were p repared .  

Micrographs  i l lus t ra t ing  the topologies of surface 
oxides developed on specimens  dynamical ly  tes ted  at 
1200~ in a Mach-5 a r c - j e t  for t imes  of 15 sec and 
30 sec a r e  p resen ted  in Fig.  3. Normally,  it took about 
10 to 12 sec to heat the specimen to 1200~ in the a r c -  
hea ter  furnace.  In Fig.  3 it is seen that af ter  only 15 
sec oxidation, the solid granular  Cr203 oxide scale  on 
the surface  (from the preoxidat ion t reatment)  has been 
changed to a ve ry  porous oxide layer .  Only one very  
weak Cr203 ref lect ion,  and no ref lect ions  of NiO, were 
observed in X - r a y  analys is ,  suggesting that the o r ig i -  
nal Cr~O 3 oxide e i ther  spal led  or  near ly  al l  vaporized.  
The fact that Cr203 is known to have excellent  adher -  
ence to the a l loy indicated that the loss  of Cr~O 3 due 
to spal l ing is unlikely. No evidence for  spal l ing at any 
a r e a  on the sur face  could be found in e i ther  low magnif i -  

cation or  high magnification scanning micrographs  made 
of the surface.  It is therefore  concluded that the absence 
of Cr203 is due to vapor izat ion through the formation of 
volat i le  CrO a. The thin porous oxide observed is p r e -  
sumably the remains  of the or iginal  Cr20 a l ayer .  It has 
been repor ted  that the atomic oxygen which exis t s  in 
high t empera tu re ,  high-veloci ty,  flowing a i r  can g rea t ly  
enhance the following reac t ions ;  CraO a + 30 ~ 2CrO a 
and Ni + O ~ NiO. z7'3~ It is bel ieved that in the dynamic 
tes t s  conducted in the p resen t  study, a smal l  but s ignif i -  
cant f ract ion of the molecular  oxygen in the s t r eam is 
d i ssoc ia ted  into atomic oxygen, al Although the amount 
of d issocia t ion is not known, there  appears  to be a suf-  
f icient supply of atomic oxygen to g rea t ly  acce l e r a t e  
the ra te  of format ion of CrO 3 which is rap id ly  swept 
away by the gas s t ream,  thus leading to nea r ly  total  
loss  of the or iginal  Cr20 a l aye r  in 15 sec of exposure .  
Hagel a~ has repor ted  that for the reac t ion  of Cr20 a with 
oxygen at 0.1 atm, the volat i l izat ion ra te  constant for 
the loss  of CraO a via CrO a format ion is given by 

K v = 0.214 exp ( -  48,000 :E 3000/RT) (g r / cm ~. sec) 

Considering a unit c r o s s - s e c t i o n a l  a r e a  and taking the 
densi ty of Cr~O a as 5.21 g r / c m  a, it can r ead i ly  be shown 
that 3.24 • 10 -5/~m of CraO 3 would be lost  pe r  sec.  At 
this  ra te  of loss ,  it would take approximate ly  8.6 h to 
remove 1 ~tm of CraO 3. Although the tes t  conditions in 
the a r c - j e t  a re  quite different  from those for  which 
Hagel ' s  data apply, this calculat ion does se rve  to point 
out the t remendous acce le ra t ion  in the ra te  of vo la t i l i -  
zation of Cr20 a in the a r c - j e t  environment.  

The surface oxide topography formed af ter  30 see of 
oxidation in the a r c - j e t  is shown in Fig. 3(b). Most of 
the surface is covered with a porous oxide matt .  On 
the more open a r e a s  of the surface,  oxide c lus te r s  in 
the shape of " m u s h r o o m s "  a re  seen to form on top of 
a porous subs t ra te ,  p resumably  the r emains  of the o r i g -  
inal Cr~Oa layer .  Both the oxide matt and the "mush -  
r o o m "  type oxide were identified to be NiO. 

Fig.  4 shows the surface and oxide c r o s s - s e c t i o n  of 
a specimen af ter  1 minute of exposure.  Most of the 
surface is now covered with " m u s h r o o m "  type NiO 
format ions .  High magnification micrographs  indicate 
that the mushroom type oxide format ions  a re  ve ry  
porous and consis t  of a c lus te r  of numerous fine NiO 
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Fig. 4--Surface  oxide topography of  1 rain exposure  specimen.  (a) showing "mushroom-type" oxide coverage  over  mos t  of 
sur face ,  (b) higher  magnif icat ion of typical  NiO " m u s h r o o m "  area ,  (c) showing su r face  a f te r  s l ightly bending spec imen to 
cause  oxide to spall ,  and (d) showing oxide c r o s s - s e c t i o n .  

needlelike crystals ,  typical of crysta l  growth from 
condensation processes .  The average cluster diameter 
is of the order  of 5 ~tm. The formation of mushroom 
type oxide is not uniform over the entire surface, and 
some regions are  seen in Fig. 4(a) where the size of 
the oxide clusters is much smaller  than those which 
cover the majori ty of the surface. In these regions, 
the original surface scratches from the prior  mechan- 
ical polishing are  clear ly visible. High magnification 
photographs taken of these areas  disclosed that the 
small mushrooms tended to grow on ridges produced 
by the belt-sanding pretreatment  of the surface and 
are  therefore aligned parallel to the surface scratches.  
Fig. 4(ci was taken of the same specimen after bend- 
ing slightly to spall part  of the surface oxide layer.  
From this micrograph, it can be seen that the large 
oxide mushrooms form on top of a solid but friable 
subscale which is easily fractured and spalled upon 
bending. Energy dispersive X-ray analysis (EDAX) 
indicated that the spalled oxide flakes were NiO. No 
spalling was observed on those regions where small 
oxide mushrooms formed. EDAX analysis yielded high 
Cr readings from these areas,  suggesting that the small 
NiO clusters  are  located on top of a Cr20 s oxide which 
was very  adherent to the alloy substrate.  The p res -  
ence of such a continuous Cr20 s suboxide layer would 
limit the supply of Ni by separating the surface NiO 

mushrooms from the underlying alloy, thus explaining 
why these clusters did not grow as large as those which 
were in direct contact with an NiO subscale. R would 
also appear that these small NIO clusters significantly 
reduce the rate of vaporization of Cr~O s possibly by 
using up the available atomic oxygen for their own 
growth. Fig. 4(d) is a typical micrograph showing the 
oxide cross-section of the I rain exposure specimen 
from a region where large mushroom clusters were 
observed. Multiple oxide layers are clearly visible. 
The surface mushrooms are in contact with a rela- 
tively solid outer layer identified to be NiO. The inner 
oxide layer is separated from the outer NiO by a layer 
of porous oxide. This porous oxide layer is responsible 
for the observed weak adherence of the outer NiO which 
is easily spalled. 

Fig. 5 shows, at a higher magnification, the same 
oxide cross-section as that presented in Fig. 4(d). 
Also shown are four EDAX patterns made by focusing 
the electron beam to a small spot and positioning the 
spot at the locations identified on the micrograph. The 
patterns were made by accumulating counts at each lo- 
cation until the strongest peak reached approximately 
95 pct of full scale. No corrections were made on the 
detected X-ray intensity, consequently, the relative 
peak height cannot be used directly to read the chemi- 
cal composition. The horizontal scale on the patterns 
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Fig. 5--Oxide c r o s s - s e c t i o n  of 1 min exposure specimen and four energy d i spers ive  X- ray  (EDAX) pa t te rns  taken at the lo-  
cations marked on the micrograph.  

is  in the units of keV, thus the X- ray  energy c h a r a c t e r -  
is t ic  of each peak can be read  d i rec t ly  f rom this scale .  
The EDAX pat te rn  of spot 1 taken in the alloy, for  ex-  
ample,  r evea l s  that there  a r e  two major  peaks present ,  
one located at 5.4 keV and the other at 7.5 keV. These 
peaks cor respond  to the K~ l ines of Cr and Ni. The 
smal l  peaks located just  to the r ight  of these peaks a re  
the Cr Kfl and NiKfl, respec t ive ly .  The smal l  peak lo-  
cated at  3.2 keV is the ThM line. The r ema inde r  of the 
spec t rum is due to genera l  background. Spot 4 EDAX 
pat tern  c l e a r l y  shows that the subscale  on which the 
musfirooms a re  at tached is NiO. No Th intensi ty is 
measurab le  in this oxide layer ,  indicating it formed by 
external  growth. Spot 3 and spot 2 pa t te rns  were taken 
of the porous and the inner oxide layers ,  respec t ive ly .  
The appearance  of Th peaks at 3.2 keV in both of these 
two pa t te rns  indicates  that these oxide l aye r s  grow into 
the al loy as  a r e su l t  of internal  oxidation. In both cases ,  
Ni concentrat ion is lower than that observed in the a l -  
loy. It is  obvious that Ni ions requi red  for the external  
growth of NiO come f rom these oxide l aye r s .  The fo r -  
mation of the porous oxide l aye r  is  produced by the con- 
densation of vacancies  which diffuse inward counter to 
the flow of Ni ions. No ref lec t ions  of NiCr204 were 
identif iably in the X - r a y  diffraction ana lys i s .  F u r t h e r -  
more ,  mic roprobe  scans  showed that the Ni concent ra -  
tion was about twice that of Cr at  these two l aye r s .  
These r e su l t s  suggest  that both the porous and the 
inner oxide l aye r s  a r e  a mixture  of NiO and Cr203. 
There a r e  loca l ized  regions  where a continuous Cr203 
oxide layer  has s t a r t ed  to form between the duplex 
oxide mixture  and the a l loy subs t ra te .  The formation 
of this  inner Cr~O s oxide l aye r  slows the inward growth 
of the duplex oxide l ayer .  The back surface  of the 1 rain 
exposure  specimen was a lso  examined. The Cr203 oxide 
formed during the s ta t ic  preoxidat ion t rea tment  was 
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s t i l l  intact with the al loy with no observable  signs of 
mushroom type oxide formation.  

The oxide c r o s s - s e c t i o n  of a 10 min exposure spec i -  
men along with four EDAX pa t te rns  taken at the loca-  
t ions marked on the micrograph  a re  shown in Fig.  6. 
A compar ison of this c r o s s - s e c t i o n  with that shown in 
Fig. 5 r evea l s  that the separa te  oxide l aye r s  just  s t a r t -  
ing to form at 1 min a r e  well developed at 10 min. The 
oxide sca le  cons is t s  of an outer  NiO l aye r  on which the 
NiO mushrooms a re  located,  an in te rmedia te  duplex 
NiO and Cr~O 3 layer ,  and a continuous Cr~Os l aye r  ad-  
jacent  to the al loy.  The prev ious ly  solid NiO outer 
l ayer  contains extensive poros i ty .  The Ni intensi ty  
f rom the duplex layer  is  much lower than the Cr, 
whereas for the 1 min exposure specimen the two in-  
tens i t ies  were near ly  equal (see Fig.  5, spot-2 and 
spot-3).  These resu l t s  suggest  that Ni has been t r a n s -  
por ted  f rom the oxide subscale  to " f e e d "  the surface 
NiO mushrooms.  The mushrooms a re  more  than twice 
as  big as  they were on the 1 min exposure specimen.  
The continuous Cr20 S inner l ayer  appears  to isola te  the 
outer  oxide scale  f rom any fur ther  supply, of Ni. The 
reduced Ni content of the duplex layer  and the poros i ty  
of the outer  NiO laye r  indicate that the Nt which is 
t r anspor ted  to the surface is not replenished.  Also,  
since the diffusion of oxygen through CroOn is slow, the 
formation of the continuous inner Cr~O 3 layer  g rea t ly  
reduced the ra te  of subs t ra te  thickness  dec rease .  

The surface morphology and c r o s s - s e c t i o n s  of ox- 
ides formed on spec imens  af te r  10 min and 30 min of 
oxidation a re  shown in Fig. 7. A compar ison  of these 
micrographs  with those shown in Figs .  3 and 4 c l ea r l y  
indicates  that the NiO c lus te r  s ize inc reases  during the 
f i r s t  30 min. It should, however, be noted that there  is  
l i t t le  change in c lus te r  s ize f rom I0 rain to 30 rain. The 
c lus te r  s ize appears  to inc rease  rap id ly  ini t ial ly,  but 
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Fig. 6--Oxide c r o s s - s e c t i o n  of 10 min exposure  spec imen and four energy d i spe r s ive  X - r a y  (EDAX) p a t t e r n s  taken at the 
locat ions marked  on the micrograph .  

Fig. 7--Typical  " m u s h r o o m - t y p e "  NiO c l u s t e r s  and oxide c r o s s - s e c t i o n s  formed on spec imens  exposed for t imes  of (a) 10 
ml,~, sur face ;  (b) 30 rain, surface;  (c) 10 min,  c r o s s - s e c t i o n ;  and (d) 30 min, c ro s s - s ec t i o n .  
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Fig. 8 - - M i c r o g r a p h s  of oxidized s u r f a c e  and c r o s s - s e c t i o n  for  2 h 
mined  by m i c r o p r o b e  s c a n s  a c r o s s  the oxide c r o s s - s e c t i o n  at the 

g row at  a much s l o w e r  r a t e  once a cont inuous Cr20 a 
s u b s c a l e  has  deve loped  next  to the a l loy .  This  is  un-  
doubtedly  r e l a t e d  to the fac t  that  the CraO a l a y e r  i s o -  
l a t e s  the NiO-con ta in ing  s u r f a c e  s c a l e  f r o m  the a l l oy  
t h e r e b y  r e q u i r i n g  that  any  subsequent  supply  of Ni to 
the  s u r f a c e  mus t  come  f r o m  d i s s o c i a t i o n  of p a r t  of the 
NiO in e i t h e r  the duplex l a y e r  o r  the  so l id  ou te r  l a y e r .  
This  a p p a r e n t l y  is  exac t l y  what happens ,  a s  ev idenced  
by  the deve lopmen t  of l a r g e  c a v i t i e s  in the p r e v i o u s l y  
so l id  NiO l a y e r  and the f o r m a t i o n  of p o r o s i t y  in the 
duplex l a y e r  ( see  F i g s .  7(c) and 7(d)). 

The c a v i t y  s i z e  in the NiO l a y e r  c l e a r l y  i n c r e a s e s  
f r o m  10 min  to 30 min  and would be expec ted  to con-  
t inue to i n c r e a s e  with fu r t he r  e x p o s u r e  t i m e .  The s u r -  
face  NiO m u s h r o o m s  r e m a i n  in contac t  with the so l id  
s e g m e n t s  of th i s  l a y e r  which cont inues  to supply  the 
m u s h r o o m s  with Ni unti l  even tua l ly  a l l  the so l id  NiO 
s e g m e n t s  a r e  used  up. Fig~ 7 a l so  shows that  the t h i ck -  
n e s s  of the duplex oxide  has  d e c r e a s e d  f r o m  10 to 30 
min,  while the inner  CraO 3 l a y e r  is  only  s l i gh t ly  t h i cke r .  
This  would s e e m  to ind ica te  that  the oxygen r e l e a s e d  
by  the d i s s o c i a t i o n  of NiO has  been  ma in ly  used  to ox i -  
d ize  the Cr ,O  a p r e s e n t  in the duplex l a y e r  p a r t i c u l a r l y  
at  the r eg ions  ad jo in ing  the c a v i t i e s  in the ou te r  NiO 
l a y e r .  The CrO 3 v a p o r  thus  p r o d u c e d  can e s c a p e  to the 
a t m o s p h e r e  through the open s p a c e s  in the ou te r  s c a l e .  

F ig .  8 shows the oxide  c r o s s - s e c t i o n  and oxide top -  
og raphy  of a 2 h e x p o s u r e  s p e c i m e n .  Resu l t s  of two 
p robe  scans  made  a long  the l ines  m a r k e d  on the m i -  
c r o g r a p h  a r e  a l so  g iven.  The m u s h r o o m  type oxide 
shown in F ig .  8(b) is  t y p i c a l  for  the 2 h (4 -cyc le s )  
s p e c i m e n ,  and is  a l so  t yp i ca l  for  those  with oxidat ion  
t i m e s  longe r  than 2 h. The m u s h r o o m  type oxide c l u s -  
t e r s  a r e  much s m a l l e r  in s i z e  than those  o b s e r v e d  
a f t e r  10 to 30 min of e x p o s u r e .  It a p p e a r s  that  once 
the o r i g i n a l  so l id  o u t e r  NiO l a y e r  is  t o t a l l y  consumed,  
the  m u s h r o o m  c l u s t e r s  d e c r e a s e  in s i ze  due to v a p o r i -  
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exposu re  spec imen  and two  c o m p o s i t i o n  p r o f i l e s  d e t e r -  
l oca t i ons  m a r k e d .  

zat ion .  They a r e  seen  to be s m o o t h e r  and m o r e  s p h e r -  
i ca l  in shape .  The oxide c r o s s - s e c t i o n  t yp i ca l  a t  th i s  
s tage  of oxidat ion  is  shown in F ig .  8(a). T h e r e  a r e  r e -  
gions where  duplex oxide is  no longe r  o b s e r v e d ,  and 
only s m a l l  fad ing  NiO m u s h r o o m s  a r e  seen  to c o v e r  
the inner  CraO a oxide.  M i c r o p r o b e  a n a l y s i s  1 was t aken  
f r o m  such a r eg ion ,  as  ind ica t ed  in 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 .  A s l igh t  Cr  dep le t ed  zone in the a l l oy  i s  
de t ec t ab l e .  However ,  l a r g e r  Cr  dep le t ion  is  n o r m a l l y  
o b s e r v e d  on p r o b e  scans  made  a t  s i m i l a r  r e g i o n s .  
T h e r e  a r e  a l so  l o c a l i z e d  a r e a s  where  s e g m e n t s  of 
so l id  NiO a r e  s t i l l  c o v e r i n g  the duplex oxide and l a r g e  
NiO m u s h r o o m s  a r e  l oca t ed  on top of the  NiO s e g m e n t s ,  
a morpho logy  c h a r a c t e r i s t i c  of that  o b s e r v e d  at  the 
e a r l i e r  s t ages  of oxida t ion .  Appa ren t l y ,  l o c a l i z e d  ox i -  
dat ion o c c u r s  at  t he se  r e g i o n s  th rough  a new cyc l e  of 
oxida t ion  fol lowing the p r o c e s s e s  d e s c r i b e d  in the  p r e -  
v ious  s ec t ions .  Mic rop robe  a n a l y s i s  2 was taken  a c r o s s  
a r eg ion  of loca l  a t t ack .  In the duplex oxide the Ni con -  
cen t r a t i on  is  about double tha t  of Cr .  No r e f l e c t i o n s  of 
NiCraO 4 we re  iden t i f i ed  in the  X - r a y  d i f f r ac t ion  p a t -  
t e r n .  X - r a y  d i f f r ac t ion  a n a l y s i s  a l so  r e v e a l e d  that  the 
{111} a l loy  r e f l e c t i on  was no l onge r  de t ec t ab l e .  This  
ind ica t e s  that  the m e t a l / o x i d e  i n t e r f ace  has  moved into 
the s p e c i m e n  to such an extent  that  the o r i g i n a l  r e -  
c r y s t a l l i z e d  s u r f a c e  l a y e r  has  been  t o t a l l y  ox id ized .  

M i c r o g r a p h s  of oxide c r o s s - s e c t i o n  and s u r f a c e  
morpho logy  taken  f rom a s p e c i m e n  exposed  for  10 h 
is  shown in Fig .  9. A l so  shown a r e  two compos i t i on  
p r o f i l e s  taken  a long the l ines  m a r k e d  by  a r r o w s  on the 
c r o s s - s e c t i o n  photograph .  The s u r f a c e  m u s h r o o m  
c l u s t e r s  a r e  g e n e r a l l y  s m a l l e r  than those  found on the 
two hour  e x p o s u r e  s p e c i m e n  (see  Fig .  8). As is  ind i -  
ca ted  in F ig .  9(a), t h e r e  a r e  a r e a s  of loca l  ox ida t ion  
where  the Cr~O a l a y e r ,  a duplex oxide mix tu re ,  and 
s m a l l  po rous  oxide m u s h r o o m s  (occa s iona l l y  l a r g e  
m u s h r o o m  oxide c l u s t e r s )  a r e  o b s e r v e d .  M i c r o p r o b e  
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Fig. 9--Micrographs  of oxidized surface  and c r o s s - s e c t i o n  of 10 h exposure specimen and two composit ion prof i les  d e t e r -  
mined by microprobe  scans ac ross  the oxide c r o s s - s e c t i o n  at the locations marked.  

ana ly s i s  1 r evea l s  that a s l ight  Or deplet ion is de-  
tec ted in the a l loy subs t r a t e .  Again, the Ni content  is 
approx imate ly  twice that of Cr in the duplex oxide 
l ayer .  No NiCr204 re f lec t ions  were  ident i f iable  in the 
X - r a y  dif f ract ion ana lys i s .  There  a re  a lso  regions  
observed  in the f igure  where duplex oxide has n e a r l y  
or  to ta l ly  d isappeared .  The inner  Cr203 l ayer  is not 
un i form in th ickness ,  be ing th icker  where it is p r o -  
tec ted by an outer  l ayer  of NiO c l u s t e r s .  Apparent ly ,  
even a porous  l aye r  of NiO grea t ly  reduces  the ra te  
of vapor iza t ion  of Cr203. A r a the r  la rge  Cr deplet ion 
zone is p e r s i s t e n t l y  obse rved  at these  reg ions ,  as is 
seen in mic roprobe  ana lys i s  2. F r o m  these  o b s e r v a -  
t ions  it appears  that, at reg ions  where  the Cr depleted 
al loy is exposed to the a i r  s t r e am,  rapid  local  pene-  
t r a t ion  tends to occur  through a new oxidation cycle,  
thus leading to the appearance  i l l u s t r a t ed  in Figs.  8(a) 
and 9(a). P i l e -up  of ThO r pa r t i c l e s  at the oxide s u r -  
face was observed  f rom an i n c r e a s e  in Th in tens i ty  
for EDAX pa t t e rns  taken at the outer  edge of duplex 
oxide l ayer .  

The mush room type oxide fo rma t ions  were also ob-  
se rved  on the back sur face  of the spec imens  af ter  10 
or  more  min  of exposure .  Without facing d i rec t ly  to 
the high speed a i r  s t r e am,  some of the NiO c l u s t e r s  
were  able to grow as high as 70/~m. However, the 
ra te  of oxidat ion on the back sur face  was about 10 
t imes  s lower  than that on the f ront  sur face .  

Tes t s  were  a lso  conducted at l l00~  and 0.002 l b s /  
sec m a s s  flow ra te  of the gas.  The same  genera l  oxi-  
dat ion behavior  as that r epor t ed  above was observed .  
The mush room type NiO c l u s t e r s  which fo rmed  on the 
sur face  were n e a r l y  ident ica l  in appearance ,  except 
that they were  gene ra l l y  more  dense .  The t ime se -  
quence of the va r ious  s tages  of oxidation d i scussed  
above for  1200~ was also different .  Work is cont inu-  
ing in an effort  to de t e rmine  how much s lower  the total  
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Fig. 10--Substrate thickness dec rease  of TD-NiCr exposed at 
1200~ in a mach-5 a r c - j e t  compared  with that calculated f rom 
weight gain data for static oxidation in 0.1 atm 02. 

oxidation p r oc e s s  proceeded at the lower t e m p e r a t u r e .  
Specimens were  also tes ted  at 1200~ us ing  a 0.008 
l b s / s e c  mass  flow ra te  ins tead  of the 0.002 l b s / s e c  
flow ra te  used for  the spec imens  d i s cus sed  above.  In 
genera l ,  the same  bas ic  oxidation behavior  was ob-  
se rved  for  the two dif ferent  flow r a t e s .  The p roce s s  
did proceed  somewhat  f a s t e r  at the higher  flow ra te ,  
but  addi t ional  samples  mus t  be analyzed before  a de-  
f in i t ive  s t a t ement  is  made about the enhancing effect 
of h igher  mass  flow r a t e s .  

To de t e r mi ne  the approx imate  ra te  of oxidation of 
the a l loy in the dynamic high speed env i ronment ,  sub -  
s t ra te  th ickness  m e a s u r e m e n t s  were made before  and 
af ter  a r c - j e t  exposure .  The r e su l t s  of these  m e a s u r e -  
ments  a r e  p r e se n t e d  in Fig.  10 and compared  with the 
subs t r a t e  th ickness  dec rease  ca lcula ted  33 f rom weight 
gain data publ ished for  oxidation of TD-NiCr  in 0.1 
a tm of 02. 3 Substra te  th ickness  dec rease  in mm is 
plotted v e r s u s  oxidation t ime  in h. In i t ia l ly  the spec i -  
men undergoes  an ex t r eme ly  rapid ra te  of oxidation 
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Fig. if--Schematic diagram of the model for the oxidation of 
TD-NiCr in a dynamic high-speed flowing air environment 
containing atomic oxygen. The chronology of oxidation illus- 
trated is divided into four major phases. The essential mi- 
crostructural features associated with each phase, as well 
as the important chemical reactions, are shown. 

and then oxidizes  at a much slowed ra te .  The shor t -  
es t  t ime for  which subs t ra te  th ickness  d e c r e a s e  mea -  
su rements  were made was 30 min. However, the s can -  
ning mic rographs  taken of the 1 and 10 min exposure  
spec imens  suggest  that the ini t ia l  subs t ra te  th ickness  
d e c r e a s e  ac tua l ly  took p lace  d~ring the f i r s t  few min-  
utes of exposure .  Had measu remen t s  been made for  
the I0 min exposure  spec imen it is  ant ic ipated  that the 
amount of subs t ra te  th ickness  d e c r e a s e  would have 
been e s sen t i a l ly  the same as  that measu red  and r e -  
por ted  for  the 30 min spec imen.  It is p roposed  that 
the ini t ia l  loss  co r r e sponds  to the v e r y  rap id  r a t e  of 
oxidation which takes  place  before  a Cr~O s l aye r  has 
fully developed at  the me ta l /ox ide  in ter face .  The much 
s lower  ra te  of oxidation m e a s u r e d  for  longer t imes  is  
contro l led  by the r a t e  of vapor iza t ion  of NiO f rom the 
sur face .  

It will  be noted that  the amount of a l loy oxidized in 
the dynamic environment  is  more  than an o r d e r  of mag-  
nitude l a r g e r  than that in the s ta t ic  t e s t s .  This is in 
agreement  with p rev ious ly  r epor t ed  data of Centolan- 

�9 23 
Zl, who conducted s i m i l a r  t e s t s  on TD-NiCr  at 1200~ 
and found an average  meta l  loss  of 0.051 mm af ter  
25 h of exposure .  This is  approx imate ly  20 t imes  as 
much metal  l o s s  as  would be ca lcula ted  f rom the s ta t ic  
oxidation data used to plot  the lower curve in Fig. 10. 

Reference  to Fig.  10 will  show that the amount of 
metal  loss  for  the 20 h spec imen does not fal l  on the 
s t ra igh t  l ine through the other  data points .  The l a r g e r  
amount of meta l  loss  for  this  spec imen is be l ieved to 
have been caused  by the spec imen being acc identa l ly  
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overheated  for  a few seconds during one of the las t  few 
oxidation cyc les .  This type of  overheat ing occu r r ed  
only once for  this  spec imen and did not occur  for any 
of the other  spec imens  tes ted .  

DISCUSSION 

Based on the observa t ions  desc r ibed  above, a model 
shown in Fig.  11 is postula ted to i l l u s t r a t e  the dynamic 
oxidation behavior  of TD-NiCr  al loy.  When the p r e -  
oxidized spec imen is exposed to the mach-5  flowing 
a i r  environment  at 1200~ the sur face  Cr~O s oxide is  
fu r ther  oxidized to form vola t i le  CrO s. The a tomic  
oxygen in the a i r  s t r eam,  combined with the high speed 
flow conditions,  g rea t ly  enhances the oxidation ra te ,  
and the approx imate ly  1 ~m thick or ig ina l  Cr~O s l aye r  
is  e s sen t i a l l y  to ta l ly  vapor ized  in 15 sec of exposure .  
Once the ba re  al loy is exposed d i r e c t l y  to the a i r  
s t r e a m ,  both NiO and Cr~O s tend to fo rm on the spec i -  
men sur face .  The NiO, which although not the most  
favored phase thermodynamica l ly ,  f o r m s  at  a much 
f a s t e r  r a t e  than Cr~O 3 and tends to cover  most  of the 
sur face ,  The formation of NiO, enhanced zg's~ by the ex-  
is tence of a tomic oxygen, p roceeds  at an e x t r e m e l y  
fas t  ra te .  Reference to Fig.  4 shows that, during the 
f i r s t  minute of exposure  a sol id  l aye r  of NiO app rox i -  
mate ly  4 ~m thick is developed on the sur face  on top 
of which NiO c lus t e r s  roughtly 4 ~m high a r e  located.  
This rap id  outward growth r a t e  s t rongly  suggests  that  
the sol id  NiO l aye r  is  high in Ni §247 vacanc ies .  While 
Ni ++ diffuses through the sol id  NiO l aye r  and r e a c t s  
with a tomic oxygen at  gas /ox ide  in ter face ,  v a p o r i z a -  
tion of NiO is  a lso  taking place  at  the in te r face .  It has 
been r epor t ed  s4 that the vapor iza t ion  of NiO is p r i m a r -  
i ly by d issoc ia t ion  to the e lements ,  i . e . ,  NiO ~ Ni + O. 
It is postula ted that a s ignif icant  f rac t ion  of the d i s s o -  
c ia ted Ni vapor  will  again be oxidized at a lat i tude 
above the oxide sur face  where the concentra t ion of 
a tomic oxygen is r e l a t i ve l y  high. It is  fu r the r  pos tu -  
lated that pa r t  of the NiO thus formed will  condense on 
e levated points on the sur face  which act  as  nucleat ion 
s i t es  for  c r y s t a l  growth. Ni may a lso  be t r anspo r t ed  
to these  s i t e s  by sur face  diffusion and la t t i ce  diffusion. 
The reac t ions  r e su l t  in a net mass  t r a n s p o r t  of NiO 
f rom regions  of depress ion  to regions  of elevation,  
leading to the format ion of porous  mushroom- type  
oxide c l u s t e r s .  The fact that these  oxide c l u s t e r s  
form indicates  that  at  this  e a r l y  stage of oxidation 
( less  than 3 min) the ra te  of NiO condensation is 
l a r g e r  than the ra te  of loss  of NiO f rom the sur face  
of oxide c lu s t e r s  to the gas s t r e a m  by vapor iza t ion .  
It is  a l so  apparent  that the ra te  of outward growth of 
the sol id  NiO l aye r  is  l a r g e r  than the r a t e  of evapora -  
tion of NiO at the gas /ox ide  in ter face .  The reac t ions  
involved in this  s tage a re  shown in Fig,  l l ( b ) .  The 
rapid  development of a duplex l aye r  below the sol id  
NiO l aye r  suggests  that at the base  of the sol id  l aye r  
the reac t ion  NiO ~ Ni +§ +O--  occurs .  Ni ++ ions di f -  
fuse outward to form NiO, and the O--  ions diffuse in-  
ward and r e a c t  with the a l loy  to give a mixture  of NiO 
and Cr20 s. The penet ra t ion  of this  in ternal  oxidation 
will  continuously take place  until a l aye r  of Cr~O s 
fo rms  at  the ox ide /me ta l  in ter face  where the ac t iv i ty  
of oxygen is reduced  to the point where only Cr~O s is  
formed.  The format ion of this  Cr~O s slows down the 
inward growth of the duplex oxide l ayer ,  and in effect,  
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isolates the upper oxides from the alloy substrate.  
The rate of formation of the solid NiO layer  which pro-  
ceeds by mass  t ranspor t  of Ni f rom the duplex layer 
is slowed down because the Ni content in the duplex 
layer  is diminishing. As a result  of continuous vapori -  
zation and condensation, the "mushroom-type" oxide 
clusters  increase in size, while the solid NiO is grad-  
ually consumed by continued dissociation and t ranspor t  
of material  to the surface oxide clusters .  The devel- 
opment of large cavities with NiO " m u s h r o o m s "  p re s -  
ent on the remaining solid segments is typical for the 
intermediate stage (3 to 30 min) of oxidation. The pro-  
cesses  involved are shown in Fig. l l (c) .  On further 
oxidation (30 min to 2 h) the solid NiO layer  is eventu- 
ally totally consumed by dissociation and t ransported 
to the surface.  As the supply of Ni to the surface dimin- 
ishes, the rate of condensation will also be proport ion-  
ally reduced. When the amount of NiO condensing on 
the surface becomes less than the amount of NiO being 
lost to the gas s t ream by vaporization, the oxide clus- 
t e rs  will decrease  in size (see Fig. 8(b)). The duplex 
layer  becomes ra ther  porous in nature as both Cr20 s 
and NiO are  lost by vaporization. When the duplex 
layer  is totally gone, the inner Cr203 layer  is exposed 
direct ly  to the a i r s t ream.  This s tar ts  a new oxidation 
cycle leading to the observed local oxidation regions 
typical for the later stage of oxidation, Fig. l l(d).  

The above oxidation sequence is believed to apply to 
the test  conducted at ll00~ as well as the test  con- 
ducted at 1200~ and 0.008 lbs / sec  mass flow rate.  
The t ime period of each stage would be expected to 
vary  as the rates  of oxidation and vaporization are  
smal ler  at ll00~ than at 1200~ The effect of in- 
creasing the mass flow rate should be expected to 
speed up the oxidation sequence p r imar i ly  by increas-  
ing the available supply of both atomic and molecular 
oxygen at the specimen surface.  An increase in the 
concentration of atomic oxygen would be expected to 
be of greater  importance than an increase in the con- 
centration of molecular  oxygen. The effect of mass  
flow rate could vary  from one stage of oxidation to the 
next, depending on the ra te-control l ing mechanism. 
Mass flow rate would affect the overall  t ime sequence 
of the oxidation process  when the supply of oxygen to 
the surface was the rate controlling factor.  

The effect of atomic oxygen on the oxidation behav- 
ior of TD-NiCr at ll00~ in flowing atmospheres  has 
been studied by Gilbreath. m'~ In atomic oxygen, this 
alloy was found to have a higher rate of oxide growth, 
to volatilize faster ,  and to have greater  metal r e ce s -  
sion than in molecular oxygen. Because of rapid for -  
mation of CrO3, the scale was found to be essential ly 
devoid of chromium, and the emittance of the resulting 
oxide was reportedly lower than that of oxides formed 
in molecular oxygen. Gilbreath found that the color of 
the oxide layer of the specimens tested in a flowing 
mixture of O + O~ varied from whitish yel low-over-  
green on the upstream location to gray on the down- 
s t ream side. The a r c - j e t  specimens tested in this in- 
vestigation which were whitish or ye l low-over-green 
were always found to have an external NiO mushroom 
type layer  on the surface.  Although no SEM micro-  
graphs to check oxide morphology were presented, 
Gilbreath did note that microprobe analysis showed 
the ye l low-over-green  area  to be nearly all NiO. This 

suggests that the oxide scale may have been very  s im-  
ilar to that observed in this investigation. 

SUMMARY AND CONCLUSIONS 

The oxidation of TD-NiCr under high temperature  
high speed flow conditions has been studied and the 
following results  were obtained: 

a) The oxidation kinetics of TD-NiCr are  controlled 
by an interpIay between the rate of vaporization of NiO 
and the rate of growth of Cr20 a. Although Cr~O a pro-  
vides good oxidation protection in static environments, 
it is rapidly lost due to oxidation to gaseous CrO a when 
exposed to the high speed s t ream containing atomic 
oxygen. The pre fe r red  oxide arrangement  for dynamic 
conditions consists of an outer layer  of NiO, an inter-  
mediate layer of oxide mixture, and an inner layer of 
Cr203. The outer NiO layer reduces the rate of vapori -  
zation of the Cr20 a layer and the inner Cr~O 3 layer r e -  
s t r ic ts  the growth rate of the NiO layer .  

b) The oxidation process  of TD-NiCr was found to 
be cyclic in nature. The essential  steps in this cycle 
can be summarized  as follows: 

1) The initial Cr20 a surface oxide is ve ry  rapidly 
lost by formation of gaseous CrO a. 

2) The exposed alloy is oxidized to yield an outer 
NiO layer,  an intermediate duplix oxide, and an inner 
Cr20 s layer.  

3) The inner Cr203 subscale blocks the supply of 
Ni to the outer NiO layer  with the result  that the NiO 
layer decreases  in thickness with time due to contin- 
ued vaporization. 

4) Once the NiO layer  is Iost, the uncovered Cr~O 3 
layer rapidly vaporizes.  However, due to localized 
differences, this does not occur at the same time over 
the entire surface.  

5) In areas  where the alloy is exposed, it again oxi- 
dized starting a new cycle. 

c) The surface oxide morphology formed under the 
high speed flow conditions was totally different f rom 
that normally observed in static environments.  The 
specimen surfaces were covered with porous NiO clus-  
ters  having a "mush room- type"  appearance.  This type 
of oxide growth is believed to have been caused by a 
vaporization and condensation process  promoted by the 
high speed flow conditions in conjunction with the p r e s -  
ence of atomic oxygen in the air  s t ream.  NiO is sus-  
ceptible to this type of growth because of its low disso~ 
clarion energy and rapid reaction with atomic oxygen. 

d) The rate of oxidation in the dynamic test  con- 
ducted was found to be more than an order  of magni-  
tude faster  than that observed for this alloy in static 
tests  at that same temperature .  The rate of substrate 
thickness decrease  measured was comparable to that 
previously reported for s imilar  tests  conducted in 
other a rc - j e t  apparatus. The results  c lear ly demon- 
strate that to establish reliabili ty of flight weight heat 
shields of this alloy, tests  must be conducted under 
simulated r e -en t ry  conditions. 

CONCLUDING REMARKS 

Alloys containing sufficient A1 to yield an external 
layer of AI~O 3 should be tested because AI203 would 
offer significantly better oxidation protection than NiO 

METALLURGICAL TRANSACTIONS VOLUME 5, MAY 1974-1011 



or Cr~O s. Since AI20 s is an n-type oxide, it should not 
be adversely affected by the presence of atomic oxygen 
in the test environment. R is not susceptible to rapid 
vaporization as is Cr~O a. Also, one would not expect 
it to form surface oxide "mushrooms" as does NiO 
because it has a much higher dissociation energy. How- 
ever, the fact that the emissivity of Al2Os is lower than 
that of either NiO or Cr20 s would be a negative factor 
when interested in an application such as metallic heat 
shields for a thermal protection system for space 
shuttle. 
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