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The kinet ics  of A1203 growth and spa l l ing  were observed  for  Ni-42 at. pct A1 oxidized in 
a i r  at l l00~  up to 1500 h. While c rys ta l lograph ic  voids formed at the ox ide -meta l  in-  
ter face  due to the oxidation p rocess ,  the oxidation r e s i s t a n c e  was good in 1 h cycle tes ts ,  
Spall ing to bare  meta l  was the p redominan t  mode of oxide loss .  The A1203 g ra in  s ize  at 
the meta l  in te r face  var ied  with a t ime-exponen t  of 0.2. In i so the rma l  tes ts  the oxide 
th ickness  was n e a r l y  parabol ic  with t ime,  having a t ime-exponen t  of 0.40, while the 
volume per  void var ied  d i rec t ly  with r e s idence  t ime undernea th  intact  oxide. The total  
void volume accounted for ~ 1 / 2  the a luminum needed to form the A1203 sca le .  In 1 h 
cycle tes ts  the oxide th ickness  and volume per  void reached  a plateau at ~150 h due to 
the spa l l ing  p roces s .  The co r r e l a t i on  between total  void volume and oxide volume was 
eventual ly  ob l i te ra ted  by extens ive  cycling.  A cyclic s t e p - p r o c e s s  spal l  model was used 
to predic t  the parabol ic  ra te  constant ,  tep, and the oxide spal l  f rac t ion,  ks ,  f rom grav i -  
me t r i c  curves .  P red ic ted  values  of lep agreed  well  with expe r imen ta l  values,  while p re -  
dicted k s values  were  often less  than m e a s u r e d  va lues .  Accord ing  to this  model  the se-  
ve r i ty  of a long t ime test  can be ra ted  accord ing  to the factor  f M e ~ s s  �9 hp �9 At  m g / c m  z 
�9 cycle,  where f M e  is  the ra t io  of me ta l - to -oxygen  in the oxide and At is the cycle t ime.  
Measured  values  of k s in i so the rma l  tes ts  va r ied  l inea r ly  with exposure  t ime or approxi-  
mate ly  with (oxide thickness).2 Cyclic tes t s  showed more  sca t t e r  and less  dependence 
of k s on oxide th ickness ,  p r e s u m a b l y  due to the complex oxide topography and re laxed 
s t r e s s  s ta tes .  

C Y C L I C  oxidation s tudies  in the MCrA1Y sys t e ms  
have shown that the benef ic ia l  effects of act ive meta l  
addi t ions a r e  due to minute  effects at the A1203 oxide- 
meta l  i n t e r f a c e - i n c l u d i n g  oxide pegging via Y203 and 
the p reven t ion  of void format ion ,  x,2 While in fe r io r  to 
some NiCrA1Y al loys,  NiA1 has also proved i tself  to be 
a very  oxidation r e s i s t a n t  ma te r i a l .  Studies at the 
NASA Lewis Resea rch  Center  have dealt  with mapping 
of cyclic oxidation r e s i s t a n c e  in the NiCrA1 sys t em 
and have shown that Ni-40 at. pct A1 is nea r  the bound- 
a ry  for acce le ra t ed  oxidation. 3,4 Work here  has also 
been concerned  with the case of var ious  oxide spa l l ing  
models  based on a) a continuous loss  of oxide, 5 b) a 
s t e p - p r o c e s s  a s s u m i n g  a constant  f rac t ion  of oxide 
th ickness  spal led  each cycle,  6 and c) another  s tep-  
p rocess  a s s u m i n g  a constant  f rac t ion  of oxide a r e a  
spal led each cycle.7 The purpose  of the p r e s e n t  work 
was to study in deta i l  the A1203 oxide morphology and 
ox ide -me ta l  in te r face  of a n i c k e l - r i c h  NiA1 alloy with 
the hope of providing in format ion  r e l evan t  to spa l l ing  
theor ies  in the MCrA1Y sys tem.  A second purpose  was 
to study the k ine t ics  of spal l ing as a c r i t i ca l  evaluat ion  
of one of the s t e p - p r o c e s s  spal l  models as well  as to 
obtain the expe r imen ta l  data.  

MATERIALS AND PROCEDURE 

The m a t e r i a l  used for this  p r o g r a m  was made f rom 
a l u m i n u m  shot and n ickel  270 sheet,  both 99.99 pct 
pure .  A 2 x 7 x 7 cm cas t ing  was produced by tungsten  
a rc  mel t ing  in argon.  The charge composi t ion was 40 
at.  pct a luminum;  wet chemical  ana lys i s  of the cas t ing  
was 41.8 • 0.2 at. pct  (24.8 wt pct). The cas t ing was 
sect ioned and machined into 0.3 • 1.5 • 2 cm test  cou- 
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pons.  Surfaces  were pol ished through 3 ~t diamond ex- 
cept for long t e r m  (500 and 1500 h) cyclic  oxidation 
spec imens  which were f inished with 600 gr i t  emery .  

F u r na c e  oxidation tes t s  were r un  in 1 arm a i r  at 
1100 ~ • 5~ Cyclic tes ts  involved 1, 20, and 50 h heat-  
ing cycles ,  a l l  with 20 min cooling to ~65~ 

Morphologies  of r e su l t an t  oxide and meta l  su r faces  
were  examined in a scanning e lec t ron  microscope  
equipped with an energy d i spe r s ive  spec t rographic  
(EDS) unit .  Acce l e ra t i ng  voltage was 25 kV. Cycl ic  
tes ted spec imens  were examined af ter  i n t e rva l s  r ang -  
ing f rom 1 to 1500 h of exposure ,  and i s o t h e r m a l  spec i -  
mens  were  examined f rom 2 rain to 200 h of exposure .  

RESULTS AND DISCUSSION 

I. SEM Observa t ions  

A. Morphology of Oxide and Metal  Surfaces .  Oxide 
and meta l  s t r u c t u r e s  were conclus ively  d i f ferent ia ted  
f rom each other by EDS. Oxide s t r u c t u r e s  exhibited 
high re la t ive  a luminum in tens i t i e s  (A1/(Ni + A1) -> 0.5), 
be ing for the most  par t  A1203. In tens i t i es  of 1.0 were 
not obse rved  because  in s i tu  oxides were not fully 
opaque to 25 kV e lec t rons ,  and exci tat ion of n ickel  in 
the subs t r a t e  s t i l l  occur red .  As -po l i shed  NiA1 or ba re  
meta l  exposed by oxide spa l l ing  typical ly had re la t ive  
a luminum in tens i t i e s  of only 0.1 to 0.2. The spec imen  
t i l t  used in the mic rographs  was 20 deg un less  indicated 
otherwise .  F igu re  1 s u m m a r i z e s  the sequence of 
s t r u c t u r a l  changes with i n c r e a s i n g  oxidation t imes .  
At 4.5 min  a r r a y s  of what appear  to be polyhedra l  
voids in the me ta l  were al igned with pol ishing marks .  
At this point  the oxide was so t r a n s p a r e n t  that it could 
not be d i f ferent ia ted  f rom the base  meta l .  (No s t ruc -  
ture  was obse rved  at 2 min other  than the pol ishing 
ma r ks  themse lves . )  After  20 min  the spec imen  was 
complete ly  covered with a textured oxide which also 
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Fig. 1--Changes in Ni-42A1 surface void s t ruc tu res  with oxidation t ime at 1100~ Magnification 2400 t imes.  (a) Initial void 
a r rays ,  4.5 rain, (b) complete oxide covering,  20 rain, (c) p r i sma t i c  voids f i r s t  exposed by spalling, 1 hr, (d) formation of 
oxide imprints  between voids, 9 1-n cycles ,  (e) mature metal  topography, 1500 1-h cycles .  
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(a) 

(b) 
Fig. 2--Details of void structure in Ni-42A1 oxidized at ll00~ 
70 deg ~ilt. (a) Martensite plates, 1500 1-h cycles, magnifica- 
tion 8100 times, (b) thermal grooving, 100 h isothermal ex- 
posure, magnification 2490 times. 

indicated the d i rec t ion  of pol ishing.  The s ize of this  
lace texture,  0.4 ~, ag rees  with the oxide gra in  s ize  
as de t e rmined  by t r a n s m i s s i o n  mic roscopy  of s t r ipped 
oxide. L a r g e r  dark  a r ea s  indicated where  voids proba-  
bly lay beneath the oxide. After  1 h a spal led  oxide 
flake was apparent ,  and the exposed meta l  r evea led  the 
beginnings  of facets  in the voids.  Longer  tes t  t imes  ac-  
centuated the polyhedral  na ture  of the voids (Figs .  l(d) 
and (e)) and revea led  a definite c rys ta l lograph ic  a l ign-  
ment  of a l l  the void p lanes  within one gra in  of the 
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subs t r a t e .  The faceted na ture  of the voids probably  
a r i s e s  f rom the p r e f e r r e d  growth along the tow-energy  
h igh-o rde red  {110} planes in fl-NiA1, which in t e r sec t  
at 120 deg angles .  While voids were observed  in oxi- 
dized ~ /~ '  NiCrA1 al loys,  1'2 they were f la t te r  and less  
faceted.  The reg ions  between the voids exhibited im-  
p r in t s  of the oxide in contact with the meta l  and grew 
cons ide rab ly  with t ime,  s i m i l a r  to impr in t s  observed  
in the MCrA1 sys t ems .  1'2 As expected, no evidence of 
oxide pegging was obse rved  in this pure Ni-A1 al loy.  
In n u m e r o u s  high angle photographs of a l l  the speci -  
mens ,  the oxide over  the void a r e a s  was neve r  ob- 
s e rved  to be th inner  than the oxide in contact with the 
meta l .  Also,  the voids were not oxidized un less  ex- 
posed to the a tmosphere  by oxide c rack ing  or spal l ing.  

Some addi t ional  deta i ls  of the void s t r uc t u r e  a re  
shown in Fig .  2. Surface shear  p la tes  s i m i l a r  to those 
of m a r t e n s i t e  were  observed  af ter  long exposures .  
Mar t ens i t i c  NiA1 has been observed  at  room t e m p e r a -  
tu re  for composi t ions  -<37 at. pct AI. s The re fo re  long- 
t ime  oxidation may have reduced  the sur face  a l u m i n u m  
content  f rom 42 pct and allowed some m a r t e n s i t e  to 
form.  The sp i r a l  step fo rma t ions  in Fig.  2(b) r e s e m -  
ble  etch pit fo rmat ions  on emergen t  sc rew d is loca-  
t ions .  The c l a s s i c  etch pit phenomenon involves  l aye r -  
b y - l a y e r  m a t e r i a l  r e mova l  f rom the exposed end of a 
d is locat ion.  Thus ,  these step format ions  suggest  that 
the voids were growing by vapor t r a n s p o r t  of a lumi -  
num f rom the void sur face  to the oxide. 

Examples  of typical  oxide s t r u c t u r e s  a re  shown in 
Fig.  3. The " l a c e y "  oxidation in Fig.  3(a) was ob- 
s e rved  at a r e a s  exposed for  shor t  t imes  (cf, 1 h oxida- 
t ion in Fig.  l(c)).  The fact that these a re  oxidized 
voids af ter  20 tes t  cycles  suggests  that the o r ig ina l  
oxide layer  had cracked and exposed these  voids be-  
fore  spa l l ing  off complete ly  on the 20th cycle.  A more  
mature  lace s t r u c t u r e  is shown in  Fig .  3(b) for  1500 h 
oxidation.  It is apparen t  that the lace network impinges  
on i tself  and fo rms  a more  un i fo rm oxide layer .  The 
outer  su r face  of intact  th icker  oxides often exhibited 
a porous  cha rac t e r  that was accentuated by 1200 deg 
t e s t ing  as shown in Fig.  3(c). The ove ra l l  s t r u c t u r e  of 
void, laeey oxide, and o r ig ina l  oxide p la tes  is shown 
in Fig.  4 for a 20 h exposure .  A cons ide rab le  amount  
of spal led oxide debr i s  is a lso apparent .  Areas  where 
the lacey oxide has grown over the void s t ruc tu re  
have resu l t ed  in  a pocky rough oxide layer .  G e n e r a l -  
izing,  spec imens  oxidized for a few cycles  showed 
more  a r e a s  of the o r ig ina l  un i form oxide layer ,  while 
spec imens  oxidized for many cycles  (~500 h) had ve ry  
l i t t le  of the o r ig ina l  oxide l ayer  left and were topo- 
graphical ly  ve ry  complex.  

Oxide plates  were s t r ipped f rom the subs t r a t e  us ing  
cellophane tape to p e r m i t  examina t ion  of the oxide- 
meta l  in te r face .  Typica l  f ea tu res  of the oxide under -  
s ides  a re  shown in Fig .  5. At 1 h (Fig. 5(a)) a def in i -  
t ive lace network outl ined oxide gra in  boundar ies ,  im-  
plying p r e f e r e n t i a l  oxygen diffusion at  these  a r e a s .  A 
more  mature  s t r u c t u r e  developed af ter  20 h (Fig. 5(b)) 
with porous a r e a s  bea r ing  an expl ici t  r e l a t ionsh ip  with 
the r e c t i l i n e a r  a r r a y s  of voids seen in the meta l .  The 
impl ica t ion  of these porous oxides over  the voids is 
that a luminum t r a nspo r t  f rom the meta l  to the oxide 
(presumably  vapor t ranspor t )  was somewhat  s lower  
than diffusion at a reas  of ox ide-meta l  contact .  The 
a r e a s  of contact began to exhibit  a g ranu la r  tex ture  
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(a) Fig. 4--Typical overall surface structure of Ni-42A1 oxidized 
at 1100~ for 20 1-h cycles. 

(b) 

(c) 

Fig. 3--Oxide surface structures on Ni-42A1. Magnification 
2400 times. (a) "Lacey" oxidation of exposed voids, ll00oC/ 
20 h, (b) coarse "lacey" oxide, 1100oCfi.500 h, (c) porous ex- 
ternal surface, 1200oc/217 h. 
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which was enhanced af ter  500 h (Fig. 5(c)). The f r ac -  
tu re  edge of this plate was also i n t e r g r a n u l a r  in na-  
ture .  It is apparent  that the gra in  s ize  was an o rde r  of 
magnitude s m a l l e r  at the gas sur face  than at the meta l  
sur face  s i m i l a r  to obse rva t ions  in the NiCrA1Y sys -  
tem .2 

Thin,  s t r ipped oxides were also examined  by t r a n s -  
mi s s ion  e lec t ron  mic roscopy  af ter  oxidation t imes  up 
to 20 min.  The g ra in  s ize  as de t e rmined  by TEM of 
thin oxides and by SEM of the g ranu la r  ox ide -me ta l  
in te r faces  was obse rved  to i n c r e a s e  to ~2 ~t as shown 
in Fig.  6. Theor i e s  of g ra in  growth pred ic t  parabol ic  
k ine t ics  based on sur face  energy  cons ide ra t ions  of the 
grain  boundary:  D = (k o exp - Q / R T )  �9 t n (Ref. 9) where 
D is the average  g ra in  d i ame te r ,  Q is the ac t iva t ion  
energy  for g ra in  boundary  diffusion,  and n = 0.5 for 
pure  m a t e r i a l s .  (In s i n t e r i ng  A1203 powder compacts ,  
n was found to be only 0.33 due to the r e s t r a i n i n ~  ef- 
fect of pores  on boundary  motion. 1~ The t ime-exponen t s ,  
n, found in Fig.  6 were 1.0 for in i t ia l  oxidation (TEM) 
followed by 0.2 for longer tes t  t imes .  No explanat ion 
for the re la t ive ly  low growth r a t e s  is apparen t  f rom 
this  study. It is  i n t e r e s t i ng  to note that the cyclic and 
i s o t h e r m a l  data for Ni-42A1, as well  as the l imi ted  
data for i so the rma l  NiCrA1 and NiCrA1Y appear  to lie 
within the sca t t e r  of the same  curve.  

Oxide buckl ing and spa l l ing  have been shown to occur  
due to l a t e ra l  A1203 growth and r e su l t a n t  c ompre s s ive  
s t r e s s e s  in sca les  formed on FeCrA1 at 1200~ 
This  l a t e r a l  growth was assoc ia ted  with an equiaxed 
oxide gra in  s t ruc tu r e .  The cause of l a t e ra l  growth 
was said to be the r e su l t  of nea r ly  equal oxygen g ra in  
boundary  and a luminum bulk diffusion r a t e s .  Oxide 
growth thus occu r r ed  within the body of the sca le .  On 
the other  hand, the addit ion of 0.82 wt pct y t t r i um 
caused the fo rmat ion  of co lumnar  oxide g ra ins .  These  
grew at the ox ide -me ta l  in ter face ,  p r e sumab ly  because  
of a reduct ion of a luminum diffusion with r e spec t  to 
oxygen diffusion.  The me c ha n i sm  by which y t t r i um p r e -  
vented a luminum diffusion in the oxide is not known. 
Wrinkled,  spa l l - p r one  equiaxed A120~ sca les  were also 
observed  on NiCrA1 and CoCrA1, while adheren t  co lum- 
na r  AleO3 sca les  fo rmed  on NiCrA1 and CoCrA1 with 
0.1 wt pct y t t r i um addi t ions .  2 
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(a) 

(b) 

(c) 
Fig. 5--Changes in oxide morphology at the oxide-metal inter- 
face of Ni-42A1 oxidized at 1100oC in 1 h cycles. (a) Initial 
"lacey" network, 1 h; magnification 2400 times, (b) porous 
areas over voids, 20 h; magnification 1500 times, (c) grain 
structure in contact with metal, 500 h; magnification 8100 
times. 
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In this study the oxide lace s t ruc tu re  in Figs .  l(b), 
l(c),  3(a), 3(b), and 5(a) suggests  p re fe ren t i a I  gra in  
boundary  diffusion of at l eas t  one species �9 The colum- 
nar  growth at the ox ide -me ta l  in te r face  is cons is tent  
with an inward diffusion of oxygen growth mechan i sm.  
The lack of c ompr e s s i ve  buckl ing  of A12Oa sca les  on 
NiA1 is apparen t ly  assoc ia ted  with the co lumnar  oxide 
s t r u c t u r e ,  as is  the case for MCrA1Y alloys�9 It is 
s igni f icant  that this co lumnar  growth me c ha n i sm  was 
inheren t  to the oxidation of pure  NiA1, without the addi- 
t ion of y t t r ium�9  The s i m i l a r  gra in  s izes  of the sca les  
on NiA1, NiCrA1, and NiCrA1Y (Fig. 6) suggest  that 
g ra in  boundary  oxygen diffusion ra tes  were a lso  s i m i -  
l a r .  This  r e in fo rce s  the c la im that co lumnar  A12Oa 
g ra ins  were  the r e su l t  of a reduc t ion  in a luminum dif-  
fusion rates. l~ It is not c lear  why a luminum diffusion 
r a t e s  for sca les  on NiA1 should be lower than those 
for sca les  on NiCrAL 

B. Kinet ics  of Oxide and Void Growth. Oxide thick- 
ness  and void growth a re  plotted in Fig.  7. Oxide thick- 
n e s s  was m e a s u r e d  us ing SEM by inc l in ing  the speci -  
men surface  70 deg f rom the hor izonta l  plane.  The 
f r a c t u r e  edge of the oxide was a s sumed  to be perpen-  
d icu la r  to the spec imen  sur face  in the calcula t ion of 
oxide th ickness .  (The f rac t iona l  e r r o r  int roduced if 
the oxide deviated a de g f r om perpend icu la r i ty  is equal  
to tan c~ tan 20 deg. For  e s t ima ted  deviat ions  of cv = 15 
deg, the th ickness  e r r o r  was only 10 pct.) Oxide- thick-  
ness  de t e rmined  f rom meta l lographic  c r o s s - s e c t i o n s  
agreed  with the SEM data.  The cyclic and i s o t h e r m a l  
oxide th ickness  in i t ia l ly  both show a l inear  re la t ionsh ip  
on a log x- log  t plot,  with t ime-exponen t s  of 0.40 and 
0.39, r e spec t ive ly .  These  a re  sl ightly,  but measu rab ly  
below the c l a s s i c  parabol ic  exponent of 0.5. (As a com- 
par i son ,  log- log  leas t  square  fi ts  for NiCrA1 and 
NiCrA1Y i s o t h e r m a l  oxide th ickness  data taken f rom 
Ref. 2 produced a t ime exponent of 0.35�9 Af ter  ~200 
h, oxide growth for cycled spec imens  has become 
dominated by the spal l ing  p rocess ,  and the average  
oxide th ickness  has reached  a ma x i mum of ~3.5 /x. 
Longer  i s o t h e r m a l  tes ts  would have accentua ted  the 
di f ference between i s o t h e r m a l  and cyclic  oxide thick- 
nes s .  However,  even at 200 h, d i rec t  compar i son  was 
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(b) ESTIMATED VOID VOLUME. 
Fig. T--Oxide and void growth for Ni-42Al at 1100oC. 

complicated by the format ion  of NiA1204 in the i so-  
t he rma l  test .  

The volume of individual  voids was es t ima ted  by 
m e a s u r i n g  the i r  l a t e r a l  d imens ions  and approx imat ing  
them to s imple  geomet r ic  sol ids .  The average  void 
volume shown in Fig.  7(b) exhibited t ime exponents of 
0.81 and 0.90 for cyclic and i s o t h e r m a l  tes t s ,  r e -  
spect ively .  At 500 h a max imum of ~400 p3 was 
reached  for cycl ic  tes t ing.  The breakoff f rom l inea r  
behavior  is  s i m i l a r  to the oxide growth curve,  occur -  
r ing  in the v ic in i ty  of 200 h. At this t ime the spal l ing  
p roces s  has exposed enough ma tu re  voids to oxidation 
that the average  void volume was reduced.  

C. Mass Balance Between Oxide and Voids.  Studies 
of A1203 format ion  on MCrA1 al loys ~'~'11 have d i scussed  
the fo rmat ion  of Ki rkenda l l  voids in the meta l  as a r e -  
sul t  of se lec t ive  diffusion of a luminum to fo rm the 
sca le .  Suspect ing a s i m i l a r  phenomenon here ,  an at-  
tempt  was made to compare  the number  of moles  of 
a luminum diffused to produce the voids,  My,  with the 
number  of moles  of a luminum reac ted  to fo rm the 
oxide, Mox , where:  

M v = 5�9 x 10 -14 m o l e / c m  3 X f v - ~  

Mox = 7.8 • 10 -~ m o l e / c m  3 • 

f v  void f requency,  n o . / c m  2 
V avg void vol, u 3 

avg oxide th ickness ,  

Mox could be calculated f rom ~ di rec t ly ,  while the void 
f requency,  f v ,  also had to be measu red  in o rder  to cal-  
culate M v. The r e su l t s  a r e  shown in Fig.  8. The iso-  
t h e r m a l  k ine t ics  of M v para l l ed  those of Mox quite 
well,  with t ime-exponen t s  of 0.35 and 0.39, r e s p e c -  
t ively.  However,  the i so the rma l  curves  were s igni f i -  
cantly offset f rom each other such that the moles of 
A l / c m  2 r e su l t ing  f rom voids were only about 1/2 of the 
quant i ty  needed to grow the oxide. This  impl ies  that 

o ther  m e c h a n i s m s  bes ides  vacancy coa lescence  were 
a lso  opera t ive  in accommodat ing  excess  A1 vacanc ies .  
Another  explanat ion for the d i sc repancy  between MAI 
and Mox might be that meta l  r e c e s s i o n  due to oxidation 
has effect ively reduced  the void depth by r emov ing  the 
upper  layer  of the void. 

The cyclic  M,) curve shows a very  large  depar tu re  
f rom the i s o t h e r m a l  case,  ind ica t ing  that cycl ing 
(spalling) has dec reased  the propens i ty  for voids 
to form.  A plateau in cyclic  M v is expected, jus t  as 
a p la teau in cycl ic  Mox has occur red ,  because  spa l l ing  
exposes the voids to oxidation. However,  the excess  
depa r tu re  of M v at long t imes  suggests  that void for-  
mat ion  has become a second o rder  effect in the ac-  
commodat ion  of A1 vacanc ies .  At 1500 h the moles  of 
A t / c m  2 needed to fo rm the voids was only about one- 
tenth of that needed to form the oxide�9 

The cause-e f fec t  r e la t ionsh ip  of ox ides - to -vo ids  
was proven  d i rec t ly  by a vacuum annea l ing  exper i -  
ment.  A spec imen  run  at 1150~ for 20 h at 5 • 10 "~ 
T o r r  exhibited no void format ion ,  whereas  spec imens  
oxidized under  s i m i l a r  condit ions in 1 a tm a i r  p ro-  
duced ve ry  evident  void s t r u c t u r e s .  Indeed, the void 
phenomenon was so s t rong  that long t ime i so the rma l  
spec imens  had more  than half the su r face  a r e a  occu- 
pied by voids.  

Metal lographic  c r o s s - s e c t i o n s  showed no voids at 
d i s tances  well  beneath the ox ide -me ta l  in te r face .  
This  indicates  that in te r face  void fo rmat ion  in NiA1 is 
not complete ly  analogous to c l a s s i c a l  K i rkenda l l  
poros i ty .  Oxidat ion- induced c rys ta l lograph ic  voids 
have also been observed  in pure  a luminum but only at 
g ra in  boundar ies  and at the A1203-metal interface.13 
Thus,  it appears  that high energy su r faces  a re  a p r e -  
r equ i s i t e  for  the nuclea t ion  of in te r face  voids,  while 
other fac tors ,  such as a high vacancy concent ra t ion ,  
may be suff ic ient  for the fo rmat ion  of i n t e rna l  poros i ty  
which is un i formly  d is t r ibuted .  

II. Spall ing Model 

A. Model Assumpt ions  and Curve F a m i l i e s .  The 
g r a v i m e t r i c  and oxide th ickness  data will be d i scussed  
in this sect ion in r e l a t ion  to a ma themat i ca l  model  of 
the i t e ra t ive  p r oc e s s  of oxide growth and spal la t ion.  
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Fig. 8--Comparison of amount of aluminum reacted for oxide 
and void formation. (1100~ oxidation of Ni-42A1). 
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While  the to ta l  oxide s c a l e  is  in i t i a l ly  of un i fo rm th ick-  
nes s ,  r e p e a t e d  cyc l ing  wi l l  p roduce  a c o m p o s i t e  of 
many oxide s e g m e n t s  having d i f fe ren t  t h i c k n e s s e s .  

The mos t  g e n e r a l  case  of cyc l ic  ox ida t ion  can be 
v i s u a l i z e d  as  having n e a r l y  p a r a b o l i c  oxide growth,  a 
r andom p r o b a b i l i t y  that  a given oxide  s egmen t  wi l l  spa l l  
a t  any given cyc le ,  a r a n d o m l y  v a r y i n g  a r e a  s p a l l  f r a c -  
t ion,  and a r a n d o m l y  v a r y i n g  th i ckness  spa l l  f r ac t ion .  
Since th is  r e p r e s e n t s  an inf ini ty  of p o s s i b l e  spa l l i ng  
sequences ,  the fo l lowing a s s u m p t i o n s  were  made :  1) 
a l l  spa l l i ng  o c c u r s  at  the o x i d e - m e t a l  i n t e r f ace ,  2) a 
cons tant  a r e a  f r ac t i on  of each  oxide segmen t ,  ks ,  
s p a l l s  off du r ing  each  coo l ing  c y c l e ,  and 3) each  oxide  
segmen t  g rows  p a r a b o l i c a l l y  with t ime .  

Much b a s i s  for  the f i r s t  a s s u m p t i o n  can be found in 
the SEM s tud ies  of Sect ion I, a l though l imi t ed  spa l l i ng  
within the oxide  th i ckness  has  a l so  been  o b s e r v e d  for  
Ni42A1 in th is  s tudy.  No a p r i o r i  b a s i s  ex i s t ed  for  the 
second  a s s u m p t i o n  of a cons tant  spa l l  f r ac t i on  but  i t  
does  al low s imp l i f i c a t i on  of the m a t h e m a t i c s .  And 
th i rd ly ,  p a r a b o l i c  oxida t ion  has  been  o b s e r v e d  for  
Ni-50A1,1~ al though da ta  for  Ni -42AI  p r e s e n t e d  in 
Sect ion I sugges t s  a t i m e - e x p o n e n t  c l o s e r  to 0.40 
r a t h e r  than 0.50. The  va l id i ty  of these  a s s u m p t i o n s  
wi l l  be d i s c u s s e d  l a t e r ;  a t  th is  point  they appea r  
r e a s o n a b l e  fo r  a f i r s t  a p p r o x i m a t i o n  of a model .  A de -  
t a i l ed  d e s c r i p t i o n  of the  i dea l i z ed  p r o c e s s  and a de -  
r i va t ion  of the mode l  equat ions  a r e  p r e s e n t e d  in the 
Appendix .  The  r e s u l t i n g  equat ions  a r e :  

Ox n = 4-kp/,t(1 - ks)n[Cnn + k s ~ (1 - k s ) ~ - m  nV-nZ--~] 
m = 2  

[1] 
n 

M e  n = f M e 4 - k p A t . k s  ~ 4-i-(1 + ( n -  i)ks)(1 - ks)  i -~ 
i :1  

[2] 
(AW/A)  : - [3] 

where  Ox n is  the amount  of oxygen weight  gain in the 
in tac t  oxide,  and M e  n is  the cumula t ive  amount  of 
m e t a l  los t  in spa l l ed  oxide ,  both a f t e r  n cyc l e s .  The  
p a r a b o l i c  s c a l i n g  cons tant  (kp), the cycle  t ime  (At), 
the s p a l l  cons tan t  (ks), and the m e t a l - t o - o x y g e n  r a t i o  
( fMe) a r e  the inputs  needed  to gene ra t e  mode l  A W / A  
( spec i f i c  weight  change) cu rve s .  

F i g u r e s  9 and 10 show f a m i l i e s  of cu rves  gene ra t ed  
by  the equat ions  u s i n g f M  e = 1.125 for  A1203. The  A W / A  
cu rves  in F ig .  9 for  t yp i ca l  va lues  of kp, At,  and k s 
show that  a m a x i m u m  o c c u r s  fol lowed by nega t ive  
weight  changes  which become  l i n e a r  with t i m e .  The ef-  
fect  of i n c r e a s i n g  k s is  to d e c r e a s e  the number  of cy-  
c les ,  no, needed  to cause  a nega t ive  weight  change as  
wel l  as  i n c r e a s e  the r a t e  of weight  loss  a f t e r  no. In-  
c r e a s i n g  k p a t  (Fig .  9(b)) a l so  cause s  m o r e  s e v e r e  
weight l o s s  at  long t i m e s ,  but does  not change n o or  
riM, the n u m b e r  of cyc l e s  to r e a c h  the m a x i m u m  A W / A .  
The oxygen gain cu rves  in F ig .  10 show an in i t i a l  
l i nea r  l og - log  s lope  of 0.50 for  k s = O, d e c r e a s i n g  with 
i n c r e a s i n g  k s .  Pla t eau  va lues  of the oxygen gain a r e  
a l s o  m o r e  qu ick ly  a p p r o a c h e d  for  l a r g e r  k s .  I n c r e a s -  
ing k p A t  does  not change the in i t i a l  s lope  or  the t ime  
at  which the p la teau  is r eached ,  but does  i n c r e a s e  the 
en t i r e  curve .  And, f ina l ly ,  the amount  of m e t a l  los t  
i n c r e a s e s  with both k s and kpAt .  

Since Eqs.  [1] and [2] did  not have c losed  fo rm 
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so lu t ions ,  A W f A  cu rves  had to be obta ined by ac tua l  
compu te r  ca lcu la t ions  of the s u m m a t i o n s .  However ,  
the a p p e a r a n c e  of r e g u l a r  f e a t u r e s  in the A W / A  and 
oxygen gain cu rves  sugges t ed  that  the c u r v e s  could be 
p a r t i a l l y  c o n s t r u c t e d  by a few d e s c r i p t i v e  p a r a m e t e r s  
which in turn  might  be s i m p l e  funct ions of the input 
p a r a m e t e r s ,  kp, k s,  At, a n d f M  e. F r o m  s e r i e s  of com-  
pu te r  runs ,  s i m p l e  t r ends  in some  d e s c r i p t i v e  p a r a m e -  
t e r s  were  found which y ie lded  a p p r o x i m a t e  r e l a t i o n -  
sh ips  with the input p a r a m e t e r s .  T h e s e  r e l a t i o n s  a r e  
l i s t ed  in Tab le  I. 

The d e s c r i p t i v e  p a r a m e t e r s  we re  s i m p l e  funct ions  
of kpAt  for  a l l  va lues  of kp and At. T h e i r  v a r i a t i o n s  
with k s were  not as  s t r a i g h t f o r w a r d  for  l a r g e  va lues  
of k s . However ,  r e a s o n a b l e  e x p e r i m e n t a l  va lues  of 
k s were  usua l ly  -<0.1; thus,  the r e l a t i o n s  in Tab le  I 
we re  usefu l  h e r e .  The va r i a t i ons  of the  d e s c r i p t i v e  
p a r a m e t e r s  with f M e  were  the l e a s t  we l l  behaved  and 
were  only l i s t ed  as  g e n e r a l  t r e nds .  V a r i a t i o n s  in 
m e t a l  l o s s ,  M e  n , did not show any c h a r a c t e r i s t i c s  
a m e n a b l e  to d e s c r i p t i v e  p a r a m e t e r  a n a l y s i s .  

B. C o m p a r i s o n  of Oxidat ion  Data  with Mode l  
P r e d i c t i o n s .  A c o m p a r i s o n  of ac tua l  Ni-42A1, l l00~  
we igh t -change  da ta  with some  s p a l l  mode l  c u r v e s  is  
shown in F ig .  11. As  A120~ was the p r i m a r y  oxide 
fo rme d ,  fivle was f ixed at 1.125. Since n o i s  then a 
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funct ion of k s alone,  k s values  could be calcula ted 
f rom Table  I. S imi la r ly ,  kp was chosen to produce 
r easonab le  ag reemen t  with ( A W / A ) m a  x . If  ideal  ex- 
p e r i m e n t a l  curves  were  obtained,  lep could s imply  be 
calculated f rom ( A W / A ) m a  x and h s. In the case of 
spec imen  A, however,  some compromise  was made be-  
tween what appears  to be a p r e m a t u r e  max imum and 
the r e s t  of the curve.  Also, if the expe r imen ta l  curves  
were  ideal ,  n o could be predic ted  f rom n m and give an 
ear ly  indica t ion  as to how long tes t ing  must  continue to 
produce a complete g r a v i m e t r i c  curve.  For  more  se -  
ve re  tes t  condit ions where a l i nea r  loss ra te  is reached,  
lep can be calcula ted f rom the exp res s ion  for the t e r -  
mina l  s lope.  However,  such condit ions can often 
change the oxide formed,  thus k s ,  lep, a n d f M  e would 
be a l t e red  and the model  p red ic t ions  would no longer  
apply. 

Since oxide th ickness  is a d i rec t  m e a s u r e m e n t  of 
oxygen gained, the th ickness  data f rom Fig.  7 was con- 
ve r ted  into m g / c m  2 of oxygen in AlzO3, us ing  PA1203 
= 3.98 g m / c m  3. This  provided another  compar i son  be-  
tween tes t  data and a model  curve,  this t ime for oxy- 
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gen gain alone in Fig.  12. Here lep was es t ima ted  f rom 
the plateau in oxygen gained, and k s was es t ima ted  
f rom the t ime at which the knee in the log- log curve 
was reached  (at slope = 0.1). The model  curve shown 
with k s = 0.0133 fits well  with the expe r imen ta l  data.  

The a g r e e m e n t  between calculated and expe r imen ta l  
cu rves  is encourag ing  and conf i rms  p rope r  t rends  of 
the model,  but does not n e c e s s a r i l y  prove the a s sump-  
t ions made in the model.  In o rder  to provide a more  
c r i t i c a l  evaluat ion,  k s and lep were m e a s u r e d  d i rec t ly  
and independent ly .  Pa rabo l i c  plots of weight change 
for  both iso t he r ma l  g r a v i m e t r i c  data and for  con- 
ver ted  i s o t h e r m a l  oxide th ickness  data yielded lep 
= 0.0027 and 0.0030 mg2/(cm 4" h), r e spec t ive ly .  The 
a r e a  spal l  f rac t ion  was m e a s u r e d  d i rec t ly  by low 
magnif ica t ion optical  mic roscopy  us ing po la r ized  
light. Since the A1203 oxide was opt ical ly  act ive  and 
the meta l l i c  sur face  was not, d i f fe rent ia t ion  of the in-  
tact  oxide f rom the a reas  where spa l l ing  to b a r e  meta l  
occu r r ed  was s t ra igh t forward .  The val idi ty  of this 
p rocedure  was checked by SEM m e a s u r e m e n t s ,  where 
charging effects of the nonconduct ive oxide allowed 
d i f fe ren t ia t ion  f rom the conductive ba re  me ta l  a r e a s .  
Average  values  of k s were obtained by examin ing  an 
a r e a  of ~0.25 cm 2 on each spec imen .  

The values  of lep and k s de te rmined  by these  d i rec t  
m e a s u r e m e n t s  a r e  compared  to spal l  m o d e l p r e d i c t i o n s  
in Table  II. The equation r e l a t ing  tep to ( A W / A ) m a  x 
(Table I) predic ted  values  of lep very  close to the m e a s -  
ured values  of/e~. However,  the value calcula ted f rom 
the re la t ionsh ip  of kp to the pla teau in oxygen gained 
was about twice the o thers .  The actual  va lues  of k s 
var i ed  widely over  the f i r s t  100 h of cyclic  t e s t ing  
f rom 0.0040 to 0.1950 and did not exhibit  a s imple  
t r end  with t ime.  Thus the a s sumpt ion  of a constant  
f rac t ion  of oxide spa l l ing  every  cycle is i nco r r ec t .  
The values  calcula ted f rom n o of the weight change 
curves  did fal l  within the observed  range  but  were well  
below the average  observed  f rac t ion  of 0.041. Even the 
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Table I. Descriptive Parameters of Spall Model Curves 

Variat ion with kp, At, k s (fme = 1.125) 

AW/A versus n curve 

Cycles to negat ive  AW/A n o = 1 .77  - 0. 4 cycles 

nM = 0 . 3 5 ( ~ ) - 0 . 0  cycles 
\ k s  / 

n M / n  o = 0 . 3 0  

(AW/A)MA X = 0 . 3 9 / j k p  At (1 s  

~ s 

T .S .  = -0 .89  f rne~-pp At k s m g / c m 2 / c y e l e  

Oxygen weight  gain v e r s u s  N curve  

x k s ~ 

~ycle~ ~o o~,~en ~la~ea~ ~0.1 ~ 2 / - - ~ / c y c l e s  
(when h ig - log  s iope ~ 0 .1)  \ s / 

Cycles to AW/A maximum 

Ratio  nM/n ~ 

Maximum AW/A 

Terminal AW/A slope 

(n >> n o) 

k s range 

0 - 0 . 4 0 0  

0 - 0 . 4 0 0  

0 -- 0 .400  

0 - -0 .  100 

0 - - 0 . 1 0 0  

O. OO1-O. iOO 

0. OO1-O. 100 

Variat ion with free (ks < 0.1) 

fme range 

n o cc I/s all 

n m cc i / fM e 1 - 5 

nM/n ~ ~ 0.3 i -  tO 

~ w / ~  x ~ 1 - lO 

T.S .  cc fMe all 

l a rge  k s d e t e r m i n e d  f rom n~z f rom the oxide th ickness  
curve  was only 1/3 the m e a s u r e d  value. 

Some degree  of r a t iona l i za t ion  can be made by con- 
s ide r ing  the fact that the spec imens  were  not weighed 
and examined  every  hour.  L imi ted  tes t s  showed that 
weighing every  cycle caused a r a t e  of weight change of 
-0 .44  m g / c m  ~ per  hundred h compared  to a ra te  of 
- 0 . 1 2  m g / c m  2 per  hundred h when weighed over  60 h 
i n t e rva l s .  This  i nc rea sed  spa l l ing  could be due to 
the addi t ional  45~ cooling obtained upon t r a n s f e r  f rom 
the furnace  cooling chamber  to actual  room condit ions,  
longer  dwell  t imes  under  high humidi ty condi t ions,  or  
s imply  more  f requent  handl ing of the spec imens .  For  
example ,  the effect of i nc r ea sed  cooling on oxide spa l l -  
ing of Ni -base  al loys was found to be s ignif icant .  15 The 
d i f ference  in  weight loss co r re spond ing  to cooling to 
65~ compared  to cooling to 20~ was on the o rder  of 
0.25 m g / c m  e af ter  195 one hour cycles  at  l l00~ Also,  
t ens i l e  t e s t ing  A1203 f i l amen t s  z6 has shown that slow 
c rack  growth occurs  in a water  env i ronment  as a s t r e s s  
co r ro s ion  phenomenon.  Indeed, a 5-day i so the rma l  
exposure  of the oxidized Ni-42A1 spec imens  to 80~ 
sa tu ra ted  a i r  caused oxide spa l l ing  of 0.12 m g / c m  2. 
Whether  humidi ty ,  excess  cooling, or  other  fac tors  

I ~ A C T U A L  DATA, CONVERTED FROM AVG. OXIDE 
THICKNESS MEASUREMENTS (FIG. 7) 

. . . .  SPALL MODEL FIT USING k s = 0. 0133, 
I k kp = 0. 00577 

r-- 
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CYCLES, n 

F i g .  1 2 - - C o m p a r i s o n  o f  o x y g e n  p i c k u p  w i t h  s p a l l  m o d e l  c u r v e .  
N i - 4 2 A 1 ,  l l 0 0 ~  1 h c y c l e s .  

were respondib le ,  the values  of k s m e a s u r e d  optical ly 
a re  l ikely to be higher than the ac tua l  ones,  un less  ex- 
tended cooling to room t e m p e r a t u r e  would be used 
each tes t  cycle.  

The di f ference in the va lues  of k s calcula ted f rom 
the g r a v i m e t r i c  curve  (from n o) with that ca lcula ted  
f rom the oxide th ickness  curve (from no.l) is more  dif- 
f icult  to explain.  The expe r imen ta l  e r r o r  in the gravi -  
m e t r i c  curve  was ins ignif icant ,  so that l i t t le  e r r o r  in 
the calcula ted value of k s could be ra t iona l ized .  The re  
was more  sca t t e r  in the oxide th ickness  curve,  but not 
enough to change k s by an o rde r  of magni tude,  To ef- 
fect this ,  no.l would have to be i nc r e a se d  f rom its 150 h 
to 1500 h, which is c lea r ly  unreasonab le  f rom Fig.  12. 
It is a lso diff icult  to postula te  how the oxide th ickness  
could p r e m a t u r e l y  level  off without s imul taneous ly  
causing the g r a v i m e t r i c  curve  to dec rea se  more  
rapidly than it did. 

C. Dependence of k s on Oxide Th ickness .  Re tu rn ing  
to the obse rva t ion  that k s var i e s  with t ime,  some im-  
por tant  d i f fe rences  between i s o t h e r m a l  and cyclic k s 

values  a re  shown in Fig.  13. ( I so thermal  k s is the 

Table II. Comparison of Measured kp and k s with Values 
Calculated From Spall Model Relations 

(Ni-42AI, 1100~ fMe = 1.125) 

kp, 
Method of  determinat ion mg2/cm 4 " h ks 

(A) Direct measurement 
Thermobalance isothermal gravlmetric curve 

Converted isothermal oxide thickness 

Polarized light micrographs, 1-hour cycles, 

fig. 13 (between 1 and 1500 hours) 

(B) Inferred from spall model (1-hour cycles) 

GravimetTic curve, Fig.  ll(a) 

Gravimetric curve, Fig. 11(b) 

Oxide thickness curve, Fig. 12 

0. 0027 
�9 0030 

0. 0030 
�9 0026 
�9 0068 

0. 0040-0.  1950 
(0.041 avg) 

O. 0012 
�9 0016 
�9 0133 
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Fig. 13--Changes in exper imental ly  measured  spall p a r a m e t e r ,  
with oxidation time for Ni-42A1 at l l00~ 

spal led a r e a  f r ac t ion  m e a s u r e d  af ter  one cycle.)  As 
ment ioned previous ly ,  the one-hour  cycle tes ts  showed 
cons ide rab le  sca t t e r  in k s . Defini te  upward t rends  did 
not exist  for the en t i re  curve.  However,  the i s o t h e r m a l  
k s i nc rea sed  cont inual ly  with a t ime-exponen t  1.0, even 
reaching  k s = 0.70 for a 100-h tes t .  Accord ing  to the 
model the t e r m i n a l  weight loss r a t e  v a r i e s  as 

m g / ( c m  2. h) (Table I). Thus,  if k s ~ A t  in -  
c r eases ,  the sever i ty  of the test  a lso i nc r ea se s .  In 
order  to check if k s ~ A t  could i n c r e a s e  with At, tes ts  
were  run  using 20 and 50 h cycles .  The weight change 
data  for these  long cycle tes ts  is compared  to the one-  
hour data in Fig. 14. A cons ide rab le  i n c r e a s e  in spa l l -  
ing has occu r r ed  jus t  by lengthening the tes t  cycle. 
On the bas i s  of the spal l  model,  both the 20 and 50 h 
cycle data predic t  k s = 0.1225, near ly  two o rde r s  of 
magni tude g r ea t e r  than the 1 h cycle value of 0.0016. 
For  an equal amount  of tes t  t ime the 20 h cycle tes t  
was the mos t  severe .  

The va r i a t ion  of k s with cycle f requency  and oxida- 
t ion t ime compl ica tes  the ana lys i s  in t e r m s  of a s i m -  
plif ied phenomenologica l  spa l l  model .  A complete  
theore t i ca l  model  should be able to p red ic t  va r i a t ions  
i n  k s a P r i o r i ,  such as by cons idera t ion  of mechanica l  
p rope r t i e s  and s t r e s s  d i s t r ibu t ions  in the oxide. 
F igu re  15 shows that k s for  i s o t h e r m a l  tes t s  va r ied  as 
(oxide th ickness) ,  2 sugges t ing  that th icker  oxides were 
more  highly s t r e s s e d .  The cyclic  k s data exhibited a 
cons ide rab le  degree  of sca t t e r ,  but seemed  to follow 
the i s o t h e r m a l  data more  c losely  he re  than when 
plotted as a function of t ime  (Fig. 13). The impl ica t ion  
is that b s is  a s t rong  function of oxide th ickness  for 
the f i r s t  few cycles ,  which degenera tes  somewhat  with 
cont inued cycling.  Thus the s t r e s s  model  for  spa l l ing  
of a continuous oxide sheet  should pred ic t  a high de- 
gree  of th ickness  dependence,  whereas  the model for 
spa l l ing  of a topographical ly  complex oxide composed 
of many segments  should be less  th ickness  dependent.  

A d i scuss ion  of oxide s t r e s s  models  does show an 
oxide in t e r fac ia l  shear  s t r e s s  dependence on x / L ,  

where L is the length of an oxide plate,Z7 The ob- 
se rved  i n c r e a s e  in k s with oxide th ickness  would sup-  
port  such a model .  However,  the obse rva t ion  that the 
la rge  in tac t  oxide pla tes  ( large L) in i s o t h e r m a l  tes t s  
spa l led  more  than the sma l l  segments  of the same  
th ickness  in cycl ic  tes ts  (Fig. 15) does not agree  with 
such a s t r e s s  model.  Pe rhaps  the seve re  void condi-  
t ion for the i s o t h e r m a l  tes ts  r e q u i r e s  a cons idera t ion  
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of bending s t r e s s  as well as shear  s t r e s s  to s u c c e s s -  
fully predic t  t r ends  in k s . 

SUMMARY OF RESULTS 

Ni-42 at. pct A1 spec imens  were  oxidized at 1100~ 
in cyclic  and i s o t h e r m a l  t e s t s .  The morphology of the 
Al~O3 sca le  and meta l  sur face  was studied by SEM. 
An a t tempt  to desc r ibe  the cyclic  oxidation behavior  
by a parabo l ic  growth and constant  spal l  f rac t ion  
model  was made.  The following r e su l t s  were  obtained: 
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1) Oxide spa l l ing  occu r r ed  p r i m a r i l y  at the oxide- 
meta l  in te r face  in an i n t e r g r a n u l a r  mode. 

2) Crys ta l lograph ic  Ki rkenda l l  voids o c c u r r e d  as a 
r e su l t  of oxidation. The total  void volume k ine t ics  fol-  
lowed those of oxide growth for i s o t h e r m a l  tes ts ,  but 
fel l  i nc r ea s ing ly  behind for  l o n g - t e r m  c y c l i c  t es t s .  

3) A spal l  model  was developed in the fo rm of a 
summat ion  s e r i e s .  While no closed fo rm of the s e r i e s  
was found, good approx imat ions  of c r i t i ca l  points  on 
the g r a v i m e t r i c  curve could be made as a funct ion of 
kp and k s .  Model curves  were  found to fit  monotonic 
g r a v i m e t r i c  curves  r easonab ly  well.  However,  exper i -  
menta l ly  de t e rmined  va lues  of k s were  typical ly  higher 
than those obtained f rom fi t t ing model  curves  to the 
data. 

4) The f r ac t iona l  a r e a  of spal led  oxide va r i ed  widely 
in cycl ic  tes t s  but i nc reased  with (oxide th ickness)  2 for 
i s o t h e r m a l  t e s t s .  

CONCLUDING REMARKS 

The in t e r f ac i a l  spa l l ing  mode of Ni-42A1 was typical  
for a l loys  having no r a r e - e a r t h  addit ions where  the 
ox ide -me ta l  bond is weak re la t ive  to the oxide i tself .  
However,  the l l00~ oxidation r e s i s t a n c e  of Ni-42A1 
coupons was reasonab ly  good in 1 h cycle tes ts .  On 
the other  hand MCrA1 al loys without oxygen-ac t ive  
meta l  addi t ions show more  rapid  de t e r io ra t ion  in cyclic  
cycl ic  oxidat ion (1 m g / c m  ~ loss in 20 h at l l00~ 2 Be-  
cause these  MCrA1 al loys have a lower level  of a lumi -  
num ( e . g . ,  12 at. pct), A1203 format ion  and spa l l ing  
might cause suff ic ient  deplet ion at the sur face  to a l -  
low sp ine l  and monoxides to form.  The d r a m a t i c  i m-  
p rovemen t s  caused by y t t r i um addit ions may not oc- 
cur  for a l loys where the a luminum level  is high enough 
to sus t a in  A1203 fo rmat ion  af ter  repeated  spal l ing.  The 
ro le  of oxide pegging caused by r a r e  ear th  addit ions,  
which was prec luded  by the use of pure  Ni-42A1, would 
also be d imin i shed  for high a luminum al loys .  The void 
p rob l em seemed  to be se l f -hea l ing  by repeated  cycl ing 
so that the c rea t ion  of vacancy s inks  due to y t t r i um 
addi t ions  would a lso  appear  to be u n n e c e s s a r y  for void 
e l imina t ion .  The co lumnar  growth of the sca le  at the 
ox ide -me ta l  in te r face  was cons i s ten t  with an oxygen 
g ra in  boundary  diffusion oxidation mechan i sm.  It is 
noteworthy that this  co lumnar  Al~O3 growth has p re -  
viously been a s soc ia t ed  only with adheren t  s ca l e s  
formed on MCrA1Y al loys .  

The use of any ma themat i ca l  spa l l  model  to fit cyclic 
oxidation behavior  mus t  be approached with caution. 
Other  models  (continuous oxide spa l l ing  or  a s tep-  
p roces s  constant  f rac t iona l  th ickness  spall)  wil l  also 
fit  the data with reasonab le  values  of kp and k s . A good 
data fit may be useful  for p red ic t ions  but does not 
n e c e s s a r i l y  indicate  the deta i led spa l l ing  m e c h a n i s m s .  
The a t tempt  in this work to co r r e l a t e  model  va lues  
with expe r imen ta l ly  observed va lues  of the spa l led  
a r e a  f rac t ion  was frought with d i f f icul t ies .  Pe r ha ps  
the most  impor tan t  outcome is  point ing out that the 
expe r imen ta l  de t e rmina t ions  of k s will  r equ i r e  a ve ry  
closely cont ro l led  p rocedure  in which the m e a s u r e -  
ment is an in tegra l  pa r t  of the ac tua l  oxidation tes t .  
The s tochas t ic  p roces s ,  where k s is al lowed to vary  
randomly  f rom one oxide segment  to another ,  was not 
t rea ted .  However,  the observed  t r ends  in d i r ec t  me a s -  

u r e m e n t s  of spa l led  a r e a  f rac t ions  do suggest  that 
th icker  oxide pla tes  have l a rge r  k s values .  While no 
per fec t  r e la t ionsh ip  was observed,  any r e s t r i c t i o n s  
placed on a t ru ly  random spal l  p robab i l i ty  will  be of 
use in s impl i fy ing  future  models .  

In view of the oxide th ickness  dependence of k s here ,  
the fo rmula t ion  and tes t ing  of s t r e s s  models  to pred ic t  
such a r e l a t ionsh ip  could prove to be a f ru i t fu l  a r e a  of 
study. Any insight  into the fa i lu re  m e c h a n i s m s  ( in te r -  
fac ia l  shear ,  bending) would be s ignif icant .  However,  
the u l t imate  task of incorpora t ing  such m e c h a n i s m s  
into a model  which p r e s u m e s  a t r ans i t i on  f rom a uni-  
f o rm oxide sheet  to s egmen t s  of var ious  a r e a s  and 
th icknesses  will  not be t r iv ia l .  

APPENDIX 

The basic assumptions of the spalling model de- 
veloped here are 1) growth of each oxide segment oc- 
curs parabo l i ca l ly  for the dura t ion  of the heat ing cycle,  
and 2) a constant  f rac t ion  of al l  oxide segments  p r e s e n t  
spa l l s  off at the ox ide -me ta l  in te r face  a f t e r  each cool- 
ing cycle.  The compet ing p r o c e s s e s  of oxide growth 
and spa l la t ion  a re  i l l u s t r a t ed  schemat ica l ly  for the 
f i r s t  three  cycles in Fig.  16. In this f igure  the f r ac -  
t ion spal led  per  cycle is 1/2 for the sake of c lar i ty .  
O m n  and Srn j  r e f e r  to the specif ic  oxide segments  and 
their  spal led  coun te rpa r t s  and a re  the "bu i ld ing  
b l o c k s "  for the de r iva t ion  of the i t e ra t ion  equation.  It 
should be pointed out that f rom a ma themat i ca l  s tand-  
point it is equivalent  to have spal l ing  occur  at mul t iple  
locat ions within a given segment  of specif ic  th ickness .  
F igu re  16 shows al l  the spa l l ing  o c c u r r i n g  at one loca-  
t ion for the sake of c lar i ty .  

Fol lowing is  a l i s t  of def ini t ions used in the de r iva -  
t ion: 

m cycle n u m b e r  at which oxide segment  s t a r t ed  
growth, 

j cycle number  at which oxide segment  spal led  
off, 

n total  number  of cycles passed,  

1 st CYCLE 
OXYGEN GA I NED 
(INTACT OXl DE ~ ATOTAL - -  "1 

SEGMENTS) i~" AI 1 

[ 1 , 

METAL LOST 
(SPALLED OXI DE 
SEGMENTS) 

O11 I l 
$11 

I"- A12 --~ 2 n(l CYCLE 
~ A22 

, . . . . .  , . . . .   Z_-2TZ_ 

A13 3 rd CYCLE 
I"--'H A23 

A33 ~ A33 

I "~ l - - - - rc- -1 lair3 I--'Lzrc---~ 
L_ _l L~.33 _1 L_ _ _, LP 33 

Fig. 16--Schematic of spalling model. 
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O m n  

A m n  
X m n  
Ox  n 

S m j  

A m j  
X m j  
fMe 

M e  n 

A W / A  
~p 
ks 
At  

o x y g e n  w e i g h t  g a i n  of i n t a c t  s e g m e n t  m ,  n ( m g /  
cm2),  

f r a c t i o n a l  a r e a  of i n t a c t  s e g m e n t  re,n, 
" t h i c k n e s s "  of i n t a c t  s e g m e n t  m,  n ( m g / c m 2 ) ,  
t o t a l  o x y g e n  w e i g h t  of i n t a c t  s e g m e n t s  a f t e r  n 
c y c l e s  ( m g / c m Z ) ,  
w e i g h t  of m e t a l  in  s p a l l e d  o x i d e  s e g m e n t  m ,  j 
(mg~cm2) ,  
f r a c t i o n a l  a r e a  of s p a l l e d  s e g m e n t  m ,  j 
" t h i c k n e s s "  of s p a l l e d  s e g m e n t  m,  j ( m g / c m 2 ) ,  
r a t i o  of  m e t a l - t o - o x y g e n  in ox ide  (1 .125 fo r  
A1203), 

t o t a l  w e i g h t  of m e t a l  l o s t  a f t e r  n c y c l e s  ( m g /  
cm2),  
s p e c i f i c  w e i g h t  c h a n g e  ( m g / c m 2 ) ,  
p a r a b o l i c  o x i d a t i o n  c o n s t a n t  ( m g Z / ( c m  4. h)) ,  
s p a l l  f r a c t i o n  c o n s t a n t ,  and  
h e a t i n g  c y c l e  t i m e  (h).  

S u m m i n g  a l l  t h e  o x y g e n  g a i n s  in  s e g m e n t s  w h i c h  
h a v e  no t  s p a l l e d  g i v e s  t he  t o t a l  o x y g e n  g a i n e d  a t  n 
c y c l e s :  

n 

Ox n = ~ O m n  [A1] 
rt/=l 

w h e r e  O m n  = X m n A m n .  F o r  m e t a l  l o s s ,  t he  s p a l l e d  
w e i g h t  f o r  t he  n - t h  c y c l e  (j = n) m u s t  b e  s u m m e d ,  

J 
m ~ l S m j ,  a s  w e l l  a s  f o r  a l l  p r e v i o u s  c y c l e s  (j < n) ,  i n  

o r d e r  to  y i e l d  the  t o t a l  s p a l l e d  w e i gh t :  

n J 
M e n  = ~ Y~ Srnj [A2] 

j =1 TVl =1 

w h e r e  

S m j  = f M e  " X m j A m j .  [A3] 

F i n a l l y ,  

( A W / A ) n  = Oxn - M e  n. [A4] 

F r o m  F i g .  16, t h e  p r o g r e s s i o n  of o x i d e  s e g m e n t  a r e a s  
m ,  n f o l l o w s  a p o w e r  law,  w h e r e  (1 - ks) i s  r e p r e s e n -  
t a t i v e  of  t h e  u n s p a l l e d  s e g m e n t  a r e a ,  w h i l e  k s r e p r e -  
s e n t s  t he  s p a l l e d  f r a c t i o n .  

T h e  f r a c t i o n a l  a r e a  of t he  m ,  n - t h  s e g m e n t  i s  g i v e n b y  

A l n  = (1 - ks )n ;  m = 1 [A5] 

A m n  = (1 - ks) n -  (m -x) ks; m >- 2. 

T h e  t h i c k n e s s e s  g r o w  p a r a b o l i c a l l y  w i t h  t he  r e s i d e n c e  
t i m e  of At t i m e s  t he  n u m b e r  of g r o w t h  c y c l e s :  

X m n  = kp~/-~t  �9 ~;n - rn + 1. [A6] 

F r o m  a k n o w l e d g e  of Arn n a n d  X m n  , Ox  n c a n  b e  c a l c u -  
l a t e d  f r o m  Eq .  [A1]: 

n 
Ox n = 4kp  A t ( 1 -  ks)n[4~n + ks m~__2(l_ks) 1 - m ~ ] .  

[A7] 

T h e  a m o u n t  of a l u m i n u m  s p a l l e d  fo r  a s p a l l e d  s e g m e n t  
m ,  j i s  g i v e n  by:  

Saj = / M e  k~pAt ' ~f-J k s ( 1 -  ks)J-1; ,n = 1 

Smj = fMe~-kp At  �9 ~/j - m +--lks(1 - k s ) J - m ;  [A8] 

m > - 2. 

n j 
By s u m m i n g  Y~ ~ S m j  f o r  t he  f i r s t  f o u r  c y c l e s ,  a 

j :1 ~vn=l 

s i n g l e  s u m m a t i o n  s e r i e s  b e c o m e s  e v i d e n t  f r o m  the  
d o u b l e  s u m ,  a n d  the  a m o u n t  of a l u m i n u m  s p a l l e d  i s  
g i v e n  by:  

n 

M e n  = f M e  " ~ /kpAl  ' k s ~ / - i - ( 1  + ( n -  i )ks)  
i : 1  

• ( 1 -  ks) i -~ .  [A9] 

W h i l e  i t  i s  c o n c i s e  to  r e p r e s e n t  Ox n a n d  M e  n b y  
c o n v o l u t i o n - s u m m a t i o n  s e r i e s ,  no  c l o s e d  f o r m  s o l u -  
t i o n  w a s  found  to e x i s t .  A t t e m p t s  a t  a n  a p p r o x i m a t e  
s o l u t i o n  by  i n t e g r a t i o n  w e r e  a l s o  u n s u c c e s s f u l .  A n  
a b b r e v i a t e d  f o r m  of t he  Ox n s e r i e s  was  found ,  w h i c h  
s i m p l i f i e d  h a n d  c a l c u l a t i o n  s o m e w h a t :  

n (1 - k s ) m  ( c o n v e r g e n t  f o r  k s < 1). 

[A10] 

S i n c e  t he  s e r i e s  i s  c o n v e r g e n t  a s  n ~ ~ ,  t h e r e  i s  a n  
a s y m p t o t i c  v a l u e  of Ox n w h i c h  i s  r e f e r r e d  to in  t he  r e -  
p o r t  a s  t e r m i n a l  o x y g e n  g a i n .  
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