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SUMMARY 

Seven a l l o y i n g  elements: A l ,  Cr, T i ,  Nb, Ta, Mo, and W were added bt two 
l eve l s  o f  concentration t o  produce a se r ies  o f  exper!mental n ickel-base super- 
a l l o y s .  F i f t y  a l l oys ,  represent jng a  f r a c t l o n  o f  a  Z7 f a c t o r i a l  design, uere 
cast ,  tested, and analyzed. Each a1 l o y ' s  microstructure was cha rac te r i  zed by 
phase ex t rac t ions ,  x-ray d i f f r a c t i o n ,  metal lography and energy dispersive x-ray 
spectroscopy. Regression ana lys ls  was used t o  deterrnlne the  e f f e c t  o f  a l l o y i n g  
element content on m i c r o s t r ~ c t u r e  and s t ress - rup tu re  l i f e .  

INTRODUCTION 

The requirement i s r  h lgher  operat ing temperatures t o  prodcce increased 
e f f i c i e n c y  I n  advanced gas tu rb ines  has lead t o  the  development o f  complex 
nickel-base superal loys.  Nickel-base supera l loys a re  b a s i c a l l y  a l i o y s  o f  Nl 
w i t h  Cr and A1 t h a t  a l so  conta in  a  few percent o f  some o f  t he  elements TI ,  Nb, 
Ta, Mo, M, and Co as w e l l  as smal ler  amounts o f  C, 8, Zr, and Hf. I n  gas t u r -  
b ine engines these materfal; a re  subjected t o  h l gh  stresses a t  h i gh  tempera- 
tu res .  Tnerefore, rn i c rcs t rcc tu ra l  and morphological  f a c t o r s  t h a t  a f f e c t  
s t ress- rupture l i f e  a re  important.  

The uork t o  be aescribed was p a r t  o f  a  study t o  ob ta i n  a  b e t t e r  under- 
standjng o f  the  c i f e c t s  o f  t j p i c a l  a l l o y i n g  elements i n  nickel-base superal loys 
on c y c l i c  oxidation and ho t  cor ros ion.  F i f t y  a l l o y s ,  represent ing a  s t a t i s t l -  
c a l  l y  designed experiment, were prepared f o r  t e s t i n g .  Concentrations o f  Cr, 
A 1 ,  T i ,  Nb, I'a, Mo, and # !!! the:e e?!cy: ve:c ; y ; t z r ~ t : c i i l : ,  ;'iii-:id kkween 
two f i x e d  lebe ls .  

The f i r s t  p o r t i o n  o f  the study invo lved the  evaluation o f  c y c l i c  ox l da t i on  
res is tance a t  1373 and 1423 K ( r e f .  1 ) .  Resul ts o f  these t e s t s  showed t h a t  
alumlnurn played the  l a rges t  r o l e  I n  a f f e c t i n s  ox lda t ion .  While boron was found 
t o  be very det r imenta l  t o  o . ( ida l ior  res is tance  by a l l ow ing  the  formatlor! o f  
n i c k e l  oxide ra the r  than p r o t e c t l v s  alumina scales. The r e f r a c t o r y  metal  e f -  
fec ts  were no t  so c l ea r  cu t  bu t  the  optlmum ox ida t i on  r e s i s t a n t  a l l o y  was pre-  
d i c t ed  by l i n e a r  r e g r e s s l a  t o  be h lgh  A1 (-13 a t .  X ) ,  low Cr (10 a t .  X),  low 1 3  
( 2  a t .  X), low Nb ( 1  a t .  X j ,  and h igh Mu, W, and Ta ( 3  a t .  X) each. 

Hot-corrosion t e s t i n g  d f  t he  a l l o y s  i s  repor ted f n  reference 2. Test ing 
was canducted us16g a Mach 0.3 flame w i t h  0.5 ppmw sodlum a t  a  temperature o f  
1173 K .  Results showed the  best  co r ros ion  res is tance  was achicved when the  C r  
content was greater  than 1 4  a t .  X .  However, some lower Cr-content a l l o y s  
exh ib l ted  reasonable res is tance  provlded t h a t  the  A1 and T l  ccntents uere 1,ss 
than 5 a t .  X each. The c r t ec t s  o f  Nb, Ta, Mo, and W content  on the  hot -  
cor ros ion res j r t ance  v a r j e i  aependlng on the  A1 and T i  content.  A t  low A1 



l e v e l s  these elements appeared t c  be b e n e f i c i a l  bu t  as t h e  A1 content  Increase; 
t h e i r  e f f e c t  becomes de t r imenta l .  These h r e  p re l im inary  r e s u l t s  and a more 
complete s t a t t s t i c a l  ana lys is  w411 be t h e  sub jec t  of a  f u t u r e  pub l i ca t i on .  

:he purpose o f  t h i s  study was t o  m i c r o s t r u c t u r a l l y  charac te r i ze  t he  a l l o y s  
t o  ob ta i n  an i n i t l a l  assessment o f  t h e  a l l o y s '  mechanical behavior.  

APFROACH 

Experimental Design 

Sevec a l l o y i n g  elements were va r ied  a t  two l e v e l s  spanning a po r t i o r f  o f  
concent ra t ions found I n  corrmercial n ickel-base supera l loys ( t a b l e  I ) .  The 
e l e m n t s ,  C r  and A l ,  were osed t o  e s t a b l i s h  the  corner po in t s  o f  t h e  exper i -  
mental design. Thei r  composit ion l e v e l s  were chosen f rom a p l o t  o f  atomic 
percent A1 versus atomic percent Cr f o r  several  comnercial a l l o y s  ( f i g .  1 ) .  
High and low l e v e l s  were chosen t o  p lace two corner p o i n t s  i n s i d e  and two cor -  
ner po in t s  ou ts lde  o f  the  band formed by comnercial a l l o y s .  For A l ,  t he  com- 
pos i t i ons  se lected were 13 and 5 a t .  %, and f o r  C r ,  18 and 10 a t .  %. High and 
?ow :evels chosen f o r  the  o ther  elements were 6 and 2 a t .  X f o r  T i  and 3 and 
1 a t .  X f o r  Nb, Ta, no, and W .  Other elements commonly found I n  supera l loys 
wkre intended t o  r e  he ld  a t  f l x e d  concent ra t lons o f :  10 Co, 0.5 C, 0.05 0 ,  
arid 0.06 Zr, a l l  I n  atomic percent.  

A f u l l  z7 experimental design would cons is t  o f  128 a l l o y s  as shown i n  
t a b l e  ?I. A quar te r  r e p l i c a t e  o f  t h e  design was se lected t o  l i m i t  t he  number 
o f  t e s t s .  The 32 a l l o y s  intended t o  form the  quar ter  r e p l i c a t e  experiment a re  
shown I n  t a b l e  11. An a d d i t i o n a l  18 a l l o y s  were added t o  the  design i n  the 
h lgh  A l ,  low Cr reg ion  t o  prov ide more d e t a i l  i n  t he  reg ion  o f  composit ions 
nearest  those o f  advanced cast  supera l loys.  These a d d i t i o n a l  a l l o y s  a l so  
increased the  degrees o f  freedom f o r  e r r o r  estimates making i t  eas ie r  t o  judge 
the  significance o f  the  e f f e c t s  o f  t he  elements determined by regress ion 
ana lys is .  

A1 l o y  Preparat ion 

The 50 a l l o y s  chosen from the  experimental deslgn were vacuum Induc t i on  
cast  a t  1 7 5 5  Y I n t o  an jnvestment frame cas t l ng  cons i s t i ng  o f :  12 ox i da t i on  
coupons, 8 l e n s j l e / s t r e s s  rup tu re  samples, and 4 hot -cor ros ion-burner- r ig  bars. 
Chemistry o f  each a l l o y  was determined by spectrographic ana lys is  and i s  tabu- 
l a t e d  !? t a b l e  111. I t  should be noted t h a t  th ree  o f  t he  a l l oys ,  7, 36, and 
37, had h l gh  boron content.  A l l  t e s t s  were performed w i t h  the a l l a y s  i n  the  
as-cast cond i t i on .  Stress r up tu re  l i f e  was measured a t  1023 K/6OO MPa and 
1273 K/100 HPa i n  a i r  on dup l i ca te  samples f rom each a l l o y .  

?HASE ANALYSIS AND MICROSTRUCTURE 

Two phase ex t r ac t i ons  were performed on each o f  t he  a l l o y s .  The f i r s t ,  
the carb ide ex t r ac t i on ,  s e l e c t i v e l y  al lowed the c o l l e c t i o n  o f  carbides, bor ides 
and t o p o l o g l c a l l y  close-packed (TCP) phases, wh l l e  the  second, t h e  gamma prime 
ex t r ac t i on ,  al lowed the  c o l l e c t i o n  o f  gamna prime. De ta i led  procedures f o r  



these e x t r a c t i o n  techniques can be found I n  t h e  l i t e r a t u r e  ( r e f s .  3 t o  6).  
Phases c o l l e c t e d  f rom each e x t r a c t l o n  were I d e n t i f i e d  by x-ray d i f f r a c t i o n  
us ing the  Debye-Scherrer method ( r e f .  7 ) .  A computer program was used t o  c a l -  
c u l a t e  p r e c i s e  l a t t i c e  parameters f o r  t h e  phases identified. 

Heta l l og raph ic  and energy d l s p e r s l v e  x-ra; a n a l y s l s  were used t o  I d e n t i f y  
the morphalogy and elemental  compos l t lon  o f  t h e  phases found by t h e  prev ious 

I .  phase e x t r a c t i o n  techniques.  
I 
.I 

ii 
REGRESSION ANALYSIS 

1 

- ! The e f f e c t s  o f  compos l t ion  on n ~ l c r o s t r u c t u r e  were modelled w i t h  the  a i d  
o f  regress ion a n a l y s i s .  Data were processed by standard s t a t i s t i c a l  tech- 
niques, i n c l u d i n g  stepwlse regression ( r e f .  8) t o  f i t  t h e  model: 

where w i s  the  es t imatsd weight  percentage o f  the  phase, C I s  t h e  atomic 
percentage o f  t h e  element i, and t h e  B ' s  a r e  t h e  numerical  c o e f f i c i e n t s  t o  
be determined by reg ress ion  a n a l y s i s .  Only those a l l o y s  which contz lned some 
o f  the p a r t i c u l a r  phase were used i n  deve lop ing the  reg ress ion  equat ion.  

The e f f e c t s  o f  composi t ion on s t r e s s - r u p t u r e  l i f e  were a l s o  modelled w i t h  
the a i d  o f  regress lo^ a n a l y s i s .  Data were processed by a  computer program t o  
f i t the  model : 

where t i s  t h e  t lme  t o  rupture ,  C i s  the  atomic percentage o f  t h e  element 
1, C I[ the average C f o r  a l l  t i e  a l l o y s ,  and t h e  B ' s  a r e  t h e  numerical  
c o e f l l c l e n t s  t o  be d e t e r h n e d  by reg ress ion  a n a l y s i s .  The f l r s t  s u m a t i o n  
inc ludes t h e  concent ra t ions o f  Co, Z r ,  C ,  and B as w e l l  as those o f  t h e  s e v m  
elements i f i t e n t i o n a l l y  va r ied .  However, f o r  t h e  i n t e r a c t i o n  terms i n  t h e  
second summation, o n l y  the seven elements j n t e n t i o n a l l y  v a r i e d  a r e  considered.  
I n  the i n t e r a c t i o n  terms the  concen t ra t i ons  o f  the  elements have been coded by 
s u b t r a c t i n g  t h e  average value.  Th is  minimizes t h e  c o r r e l a t i o n  between the  
i n t e r a c t i o n  terms and the  terms f o r  t h e  two i n d i v i d u a l  elements o f  which they 
c o n s i s t  ( r e f .  8 ) .  

The l o g a r i t h m  o f  tr used as the dependent v a r i a b l e  r a t h e r  than tr. I t  
i s  expected t h a t  the  e r r o r  w i l l  be some f r a c t i o n  o f  tr and increase w i t h  i n -  
c reas ing tr, r a t h e r  than remaln constant .  Therefore  by us ing  l o g  tr t h e  
data  w i t h  l a r g e  tr w i l l  no t  dominate the  model. 

Several a l l o y s  w i t h  h i g h  A1 and T i  had zero l j v e s .  I n  reg ress ion  a n a l y s i s  
the a c t u a l  fo rm o f  the dependent v a r i a b l e  used was l o g ( t r  + 0.01). This was 
done t o  ass ign some f i n i t e  !If? t o  the  t e s t  so t h a t  l o g ( t r )  cou ld  be used. 
The cho ice of  0.01 as the constant  I n  l o g ( t r  + 0.01) i s  p u r e l y  a r b i t r a r y .  
Making the constant  s t i l l  c l o s e r  t o  zero, 0.001 d i d  n o t  change the terms pres--  
ent  i n  the model, t h e  s ign  o f  any c o e f f i c i e n t s ,  o r  the  goodness o f  f i t  t o  any 



l a rge  degree. The f i t  us lng l o g ( t r  + 0.01), u h i l e  poor, was considerably 
b e t t e r  than t h a t  obtained us ing simply tr as the  dependent va r iab le .  

Stress r up tu re  data were a l s o  f i t t e d  t o  a simple model o f  equat ion (2) 
u i t h  the  i n t e r a c t i o n  terms l e f t  out :  

where t he  terms a re  discussed above f o r  equat ion ( 2 ) .  

RESULTS 

Typica l  m ic ros t ruc tu res  o f  four  a l loys ,  one a t  each o f  the  f ou r  corner 
po in t s  I n  t he  experimental design ( f i g .  I ) ,  a re  i l l u s t r a t e d  by o p t i c a l  micro- 
graphs i n  f i g u r e  2. Resul ts show t h a t  l a r g e  v a r i a t i o n s  o f  m i c ros t r uc tu re  were 
obtained f o r  the  composit ion l e v e l s  chosen. 

A sumnary o f  t he  ~ h a s e s  i d e n t i f i e d  i n  t h e  carb ide e x t r a c t i o n  resldues by 
x-ray d i f f r a c t i o n ,  i s  g iven i n  t a b l e  I V .  The presence o f  f i v e  phases (Laves, 
eta, sigma, tungsten and bor lde)  va r ied  w i t h  elemental content and a re  shown 
f o r  each a l l o y  i n  t a b l e  V.  A l l  a l l o y s  contained y, y '  and MC carbides, 
t he re fo re  these phases are no t  shown. The approximate concentrat ions o f  the  
phases a re  i nd i ca ted  by t he  s i ze  o f  t he  phase symbol. The th ree  s izes o f  sym- 
bo ls  i n d i c a t e  from smal les t  t o  la rges t ,  0 t o  10 a t .  X ,  10 t o  20 a t .  X, and 20 
t o  30 a t .  X. These rough est imates were obtalned by sub t r cc t l ng  2 wt X f rom 
the  carb ide e x t r a c t i o n  res ldue t o  account f o r  carbides. Then the  remaining 
amount was propor t ioned t o  the  d i f f r a c t e d  x-ray i n t e n s i t y  f o r  each minor 
phases. Energy d ispers ive  x-ray ana lys is  r e s u l t s  prov ided elemental composi- 
t i o n  o f  phases i n  s i t u .  These r e s u l t s  along w i t h  the  x-ray d i f f r a c t i o n  r e s u l t s  
were used t o  i d e n t i f y  the  phases i n  t he  m i c ros t r uc tu re  o f  each a l l o y .  The mor- 
phology o f  the  phases a re  shown i n  represen ta t i ve  scanning e l ec t r on  micrographs 
i n  f i g u r e  3. 

Laves, e ta  and sigma phases were each found i n  several  a l l o ys ,  w i t h  Laves 
being most common. The Laves phase i d e n t i f i e d  was t he  HgZn2 hexagonal C14 type  
which occurs i n  nickel-base a l l o y s  ( re fs .  9 t o  12). Coe f f i c i en t s ,  ca lcu la ted  
by regress jon analbs is  us lng equat ion ( I ) ,  f o r  t he  Laves phase a re  shown i n  
t a b l e  V I .  The c o e f f i c i e n t s  show Nb, Ta, W, T i ,  and A1 as promoting t he  forma- 
t i o n  o f  t he  Laves phase. I n  s l t u  energy d i spe rs i ve  x-ray spectroscopy showed 
the  Laves phase t o  con ta in  Nb, Ta, Ho, W, N1, Co, and Cr. The elements Nb and 
Ta con t r i bu te  d i r e c t l y  t o  the  format ion o f  the  Laves phase, thus r esu l - t l ng  i n  
t h e i r  p o s i t i v e  con t r i bu t i on .  The elements A1 and T i  have a lesser  i n d l r e c t  
e f f e c t .  A1 and T i  appear t o  e f f e c t i v e l y  t i e  up N i  by format ion o f  the  y '  
phase, leav ing  the ma t r i x  more concentrated i n  the  elements having low so lu-  
b l l i t l e s  i n  y ' ,  some o f  which con t r i bu te  t o  Laves Fo rm t i on .  

The c o e f f i c i e n t s  of equat ion ( 1 )  f o r  the  amount o f  e t a  phase i n  t he  a l l o y s  
are a l s o  shown i n  t ab l e  V I .  The coe f f l c l en t s  show T I  and Ho have a p o s i t i v e  
c o n t r i b d t i o n  i n  forming the  e ta  phase w h i l e  Cr and A1 have a negat ive con t r i bu -  
t i o n .  I n  s i t u  energy d ispers ive  x-ray specbrascopy showed t he  e ta  phase t o  be 
comprised o f  N1, Co, and T i .  The elements T i  and Mo a re  both ~ r e d i c t e d  t o  s i g -  
n i f i c a n t l y  con t r i bu te  t o  the  amount o f  e ta  phase. The e f f e c t  o f  T i  i s  expected 



s ince Ni3Ti  i s  t he  p ro to type  o f  t he  e t a  phase. The competing e f f e c t  o f  A1 i s  
understood as s t a b i l i z i n g  t h e  Ni3Al  base y '  phase a t  t he  expense o f  the  e t a  
phase. The negat lve and p o s i t i v e  con t r i bu t i ons  o f  C r  and Ho, respec t i ve ly ,  t o  
t he  format lon o f  t he  e t a  phase a re  no t  understood and no exp lanat ion i s  
o f fered.  

The e f f e c t s  o f  the  elements on t h e  amount of sigma phase I n  t he  a l l o y s  
cannot be explained by the  simple model o f  t he  form used f o r  Laves and eta .  
A l l  o f  the  elements except A1 a re  r e j ec ted  as having low p r o b a b i l i t i e s  o f  s i g -  
n i f i cance .  When a l l  t he  elements a re  kep t  i n  the  equat ion on ly  Mo and W are  
p red ic ted  t o  con t r i bu te  t o  t he  format ion of sigma. The value o f  R~ adjusted 
f o r  t he  number o f  degrees o f  freedom i s  on l y  30 percent.  Energy d i spe rs i ve  
x-ray spectroscopy could  no t  be used t o  determine t h e  elemental content  af the  
be l ieved  sigma phase shown i n  f i g u r e  3(e)  due t o  i t s  smal l  s ize.  

The weight percent y '  ex t rac ted  from each a l l o y  i s  shown I n  t a b l e  VII. 
Using equat ion ( I ) ,  regress ion ana lys is  o f  a l l o y s  con ta in ing  on ly  y, y ' ,  and 
HC carbides y i e l d s  the  c o e f f i c i e n t s  shown i n  t a b l e  VIII. These c o e f f i c i e n t s  
a re  used t o  c a l c u l a t e  p red ic ted  values o f  weight percent  y ' ,  f o r  a l l  50 
a l l o y s .  The dev ia t ions  f rom pred ic ted  values, !.e., p red ic ted  minus ac tua l  
ex t rac ted  values, a re  shown i n  parenthesis f o r  each a l l o y  i n  t a b l e  VII. For 
a l l o y s  con ta in ing  on ly  y, y ' ,  and MC carbides the  percent  d i f f e r e n c e  betdeen 
ac tua l  and p red ic ted  weight percent y averaged l ess  than 10 percent o f  the  
t o t a l .  However, f o r  a l l o y s  t h a t  contained TCP phases, the  average d i f f e rence  
was 109 percent  and i n  the  m a j o r i t y  o f  a l l o y s  the  p red ic ted  weight percent y '  
was g rea te r  than the  ac tua l  amount ext racted.  These l a rge  p o s i t i v e  dev ia t ions  
f rom pred ic ted  values were due t o  the  presence o f  TCP phases and the  large-  
blocky morphology o f  the  y ' ,  bo th  o f  which i n h i b i t e d  the  complete e x t r a c t i o n  
o f  y ' .  

Examination o f  t a b l e  V I I I  shows t h a t  the  elements: A l ,  Nb, and Ta have a 
p o s i t i v e  e f f e c t  on t he  weight percent  y '  i n  the  a l l o y s .  These r e s u l t s  a re  
cons is ten t  w j t h  t he  o thers '  f i nd l ngs  t h a t  A l ,  Nb, and Ta p a r t i t i o n  t o  y '  
( r e f .  13). However, regress ion ana lys is  shcws t he  elements, Ta and Nb, a re  
tw ice  as po ten t  as A1 per a t .  X i n  inc reas ing  the  weight percent y ' .  The 
greater  potency o f  Ta and Nb I n  inc reas ing  t he  weight percent y '  i s  be l ieved  
:o be associated w i t h  t h e i r  g rea te r  atomic weights r e l a t i v e  t o  A l ,  thus i n -  
c reas ing the dens i t y  o f  y ' .  Energy d i spe rs i ve  x-ray spectroscopy ana lys is  
showed t he  prescnce o f  N i ,  C r ,  Nb, Ta, A l ,  and T i  I n  y ' .  Why T i  i s  no t  s lg -  
~ r f i c a n t  i n  the  regress ion ana lys is  i s  no t  understood. T i tan ium I s  a l s o  known 
t o  p ~ r t l t i o n  t o  y '  ( r e f .  13) ,  t he re fo re  a  s i g n i f i c a n t  p o s i t i v e  c o e f f i c i e n t  was 
expected . 

G a m  prime l a t t l c e  parameters a re  shown i n  t a b l e  I X  f o r  each a l l o y .  Re- 
s u l t s  o f  regress ion ana lys is  on the  y l a t t i c e  parameters using equat ion (1 )  
a re  shown i n  t a b l e  VIII. Again as i n  t a b l e  I X  t he  values i n  the parenthesis 
a re  t he  dev ia t ions  from the  p red ic ted  values whdch were ca lcu la ted  from the  
c o e f f i c i e n t s  o f  t a b l e  VIII. 

The e f f e c t  o f  each element on the  l a t t i c e  parameter o f  y can be under- 
stood by the element's percent d i f f e r e n c e  i n  atomic diameter from n i c k e l  versus 
the percent d i f f e rence  i n  atomic diameter f rom n l c k e l  f o r  the  element i t  sub- 
s t i t u t e s  f o r  i n  y ' .  Aluminum has r +6 percent d i f f e r e n c e  i n  atomic diameter 
from N1 ( r e f .  13).  T i tan ium and Ta s u b s t i t u t e  f o r  A1 I n  y 1  and have d i f -  
ferences o f  +9 and 18 percent i n  atomic diameter f rom Ni,  respec t i ve ly .  This 



cou ld  e x p l a i n  T i  and T a t s  p o s i t i v e  e f f e c t  i n  I n c r e a s i n g  y '  l a t t i c e  parameter .  
Chromium can s u b s t i t u t e  f o r  N i  i n  y '  and has a  +3 pe rcen t  d i f f e r e n c e  i n  
atomic d iameter  f rom N i ,  hence I t  a l s o  has a  p o s l t l v e  e f f e c t  on t h e  l a t t i c e  
para i i~e ter  o f  y o .  The n e g a t i v e  c o e f f i c i e n t  f o r  A1 i s  due t o  I t  b e i n g  t h e  e l e -  
mer t w l t h  t h e  lowest  percentage Inc rease  i n  atomic d iameter  f rom K i  t h a t  pa r -  
t l : i ons  t o  y ' .  

St ress  r u p t u r e  l i f e  and pe rcen t  e l o n g a t i o n  f o r  each a l l o y  a r e  shown i n  
t a b l e  X f a r  1023 K/6OO MPa and t a b l e  X I  f o r  1273 K/100 MPa. The c o e f f i c i e n t s  
o f  t h e  s i g n i f i c a n t  tet-ms i n  t h e  models f o r  1023 K/600 MPa and 1273 K/100 MPa 
s t r e s s  r u p t u r e  t e s t s  a r e  shown i n  t a b l e  X I 1  t o g e t h e r  w i t h  t h e  va lues  o f  RZ, 
~ 2  a d j u s t e d  f o r  t h e  number o f  degrees of freedom, and t h e  s tandard  d e v i a t i o n  
o f  t h e  dependent v a r i a b l e  around t h e  r e g r e s s i o n  l i n e .  These equat ions  a r e  
l eng thy  and d i f f i c u l t  t o  r e l a t e  t o  t h e  d a t a  shown I n  t a b l e s  X and X I ,  p r i m a r i l y  
because o f  t h e  i n t e r a c t i v e  e f f e c t s  o f  t h e  e lements.  However, s imp le  models 
( t a b l e  X I I I )  w i t h o u t  i n t e r a c t i o n  terms y i e l d  poor f i t s ,  w i t h  R 2  o f  60 t o  
65 pe rcen t ,  and a c t u a l l y  p r e d i c t e d  o p p o s i t e  e f f e c t s  o f  a  few elements f rom 
those p r e d i c t e d  by t h e  f u l l  mcdel. P l o t s  o f  predicted versus observed values 
o f  l o g  t, f r o m  t h e  models a r e  shown i n  f i g u r e s  4  and 5 f o r  t h e  1023 K/6OO MPa 
and 1273 K/100 MPa t e s t ,  r e s p e c t i v e l y .  

DISCUSSION 

The m i c r o s t r u c t u r e s  v a r i e d  s l g n l f i c a n t l y  over t h e  range o f  C r  and A1 con- 
c e n t r a t i o n s  se lec ted .  T h l r t y - s i x  o f  t h e  a l l o y s  con ta ined  t o p o l o g 4 c a l l y - c l o s e -  
packed (TCP) phases. The occurrence o f  t h e  TCP phases can be r e l a t e d  t o  t h e  
atomic pe rcen t  o f  N i  + Co con ta ined  I n  each a l l o y  ( r e f .  14) .  The N i  + Co 
l e v e l  f o r  31 o f  t h e  36 a l l o y s  c o n t a t n i n g  TCP phases ( t a b l e  111) was 7ess than 
70 atomic pe rcen t .  The remain ing  f t v e  a l l o y s  had h i g h  l e v e l s  o f  T i  and formed 
t h e  e t a  phase N i 3 T I .  

Four o f  t h e  14 a l l o y s  t h a t  d i d  n o t  c o n t a i n  TCP phases, a l l o y s  10, 36, 37, 
and 38, had N i  + Co l e v e l s  l e s s  than 70 atomic pe rcen t .  The absence o f  TCP 
phases i n  these a l l o y s  can be exp la ined .  A l l o y s  10 and 38 had l ow  l e v e l s  o f  
Nb, Ta, W, an3 Mo, t h e r e f o r e  the  c o n c e n t r a t j o n  o f  elements t h a t  f o r m  TCP phases 
d i d  n o t  s a t u r a t e  i n  t h e  m a t r i x .  A l l o y s  36 and 37 had h i g h  boron con tamina t i on  
which caused t h e  formlat ion o f  bo r i des ,  (CrMoW)362, removinq elements f r o m  
t h e  m a t r i x  which fo rm TCP phases. 

Regression a n a l y s i s  o f  t he  s t r e s s  r u p t u r e  d a t a  showed t h a t  even w l t h  t h e  
I n t e r a c t i o n  terms i n c l ~ d e d  i n  t h e  model, t h e  degree o f  f i t  i s  n o t  h igh ,  espec- 
i a l l y  f ~ r  t h e  1023 K/600 MPa t e s t s .  I t  i s  d i f f i c u l t  t o  express t h e  l C f e  o f  t h e  
1023 K/680 MPa t e s t  as a  f u n c t i o n  o f  compos i t ion ,  s i r tce i n  some reg ions  o f  com- 
;os i t i on  l i f e  I s  zero and independent o f  compos i t ion .  Fur thermore,  t h e  models 
a r e  n o t  v a l i d  f o r  compos i t ions  o u t s i d e  t h e  range of t h e  p resen t  exper iment .  
For i ns tance ,  t h e  model f o r  1023 K/600 MPa s t r e s s - r u p t u r e  l i f e  p r e d i c t s  t h a t  I f  
a l l  t h e  A1 were removed f rom t h e  a l l o y  r e p r e s e n t i n g  t h e  average compos i t ion ,  
l i f e  would i nc rease  by a  f a c t o r  o f  about t h r e e .  The i n t e r a c t i o n  terns would 
a l l  be zero  s i n c e  t h e  c o n c e n t r a t i o n  o f  t h e  second element would equal  i t s  aver -  
age, and s l n c e  EA1 i s  nega t i ve ,  l e s s  A1 would mean a  more p o s i t i v e  l o g  t,. 

I t  i s  b e l i e v e d  t h a t  t h e  i n f l u e n c e  o f  c a s t i n g  inhomogene i t ies  c o n t r i b u t e d  
t o  t h e  poor f i t  w i t h  s t r e s s - r u p t u r e  l i f e .  Th i s  cou ld  e s p e c i a l l y  be t h e  case 



f o r  the a l l o y s  I n  t h l s  experiment because o f  t h e l r  h lgh  a l l o y  content .  Ev i -  
dence o f  Inhomogeneit les was seen I n  a  few of the  high-tungsten-content a l l o y s  
which exh lb l t ed  a  tungsten phase ( f i g .  3 (b ) )  be l ieved  t o  be due t o  i n s u f f i c l e n t  
me l t lng .  Inhomogenelt les most l i k e l y  ex ts ted  I n  o ther  a l l o y s  bu t  I t  was beyond 
the  scope o f  t h l s  experiment t o  Inc lude  t h i s  f a c t o r .  

I f  we r e s t r i c t  our con r l de ra t l on  t o  t he  composlt lon range o f  the  exper l -  
ment we can ob ta l n  some undt. r s tand lng  of t he  e f f ec t s  t he  l n d l v l d u a l  elements 
have on s t ress - rup tu re  1  l f e .  Conslder changes from the  average composlt lon. 
General ly, f o r  both t e s t s  the  c o e f f l c l e n t s  o f  the  l n d l v l d u a l  element terms and 
those o f  the  l n t e r a c t l o n  terms a re  negat lve.  Thfs can be understood by the  
r e a l i z a t i o n  t h a t  the  average composition I s  so h i g h l y  a l l oyed  t h a t  inc reas lng  
the concent ra t lon o f  almost any o f  the  a l l o y i n g  elements w l l l  decrease l i f e  
unless, as expressed by t h?  negat lve coef f l c l e n t s  o f  the  I n t e r a c t i o n  terms, 
the concent ra t lon o f  some o f  the  o ther  a l l o y l n g  elements a re  reduced. Thls 
r e s u l t  imp l ies  t h a t  the  occurrence o f  TCP phases reduces s t ress - rup tu re  l i f e .  

I t  may be seen t h a t  I n  the  models f o r  both t es t s ,  A1 has on ly  a  small 
negat ive d l r e c t  e f f e c t ,  and because o f  I t s  negat lve Interactions w l t h  TI ,  Nb, 
Ta and Mo, s t ress - rup tu re  l l f e  should increase w l t h  inc reas ing  A 1  i f  the  o ther  
elements a re  decreased. This may be seen c l e a r l y  i n  the  data f o r  the 
1273 K/100 MPa t e s t  ( t a b l e  X I ) .  The best  a l l o y s  appear I n  the  reg lon  o f  the 
h igh  A l ,  low TI ,  low Ta and low Nb. The except ion t o  t h l s  gene ra l i za t i on  I s  
a l l o y  37, which has h lgh  A l ,  low T i ,  low Ta, bu t  h lgh Nb. Thls r e s u l t  I s  due 
t o  an acc l den ta l l y  h lgh  boron concent ra t lon I n  A l l o y  37 whlch l s  q u i t e  bene f i -  
c i a l  as r e f l e c t e d  by the  p 9 s i t l v e  c o e f f i c i e n t  I n  the model ( t a b l e  X I I ) .  For 
the 1023 K/600 HPa t e s t  i t  I s  no t  so c l e a r  where the best  a l l o y s  l i e .  Several 
a l l o y s  i n  the h igh  A l ,  low TI ,  and low C r  reg ion o f  t a b l e  X have reasonable 
l i v e s .  Again A l l oy  37 stands out  w i t h  a  very long l l f e ,  bu t  overal :  I n  t h i s  
data set  the  p r o b a b i l i t y  o f  s i gn i f i cance  o f  the boron e f f e c t  was low and the 
term was re jec ted .  

I n  analyz ing both the s t r ess - rup tu re  and ox l da t l on  data, an optlmum a l l o y  
I s  p red i  ted by regress ion ana lys is  a t  h l gh  A1 (13 a t .  X), low Cr (10 a t .  X) ,  
low T I  ( 2  a t .  X), low Nb (1 a t .  X), and h i gh  Mo, W, and Ta ( 3  a t .  X )  each. 
A l t h o u ~ h  boron was no t  i n t e n t i o n a l l y  va r ied  i t  was l n t e r e s t l n g  t o  note I t s  
apparent p o s l t l v e  e f f e c t  on s t ress - rup tu re  l l f e  wh i l e  d r a s t i c a l l y  reduclng 
ox i da t i on  res ls tance.  

Pre l lmlnary  ana lys is  o f  the hot -cor ros ion data showed t h a t  h igh  Cr and low 
A1 contents Increased cor ros ion  res ls tance.  This i s  I n  d l r e c t  c o n f l i c t  w l t h  
the  r e s u l t s  o f  s t ress - rup tu re  l l f e  and ox l da t l on  res ls tance  whlch were o p t l -  
mized a t  low Cr and h igh  A1 contents.  A complete s t a t l s t l c a l  ana lys ts  o f  
s t ress - rup tu re  i l f e ,  z y c l l c  ox ldat lon,  and hot-corro: :n res ls tance  w l l l  be 
the subject  o f  a  f u t u r e  p u t l i c a t l o n .  



SUMMARY 

The e f f e c t s  o f  seven a l l o y l n g  elements on microstructure and s t ress -  
rup tu re  l l f e  o f  n lckel-base supera l loys were s tud ied us ing a  statistically 
deslgned experiment. F l f t y  a l l o y s ,  represent ing a  p a r t i a l  f r a c t l o n  o f  a  27 
f a c t o r i a l  deslgn, were produced and examined. Regression equatlons were ca lcu-  
l a t e d  t o  shwi t h e  e f f e c t  o f  each element on; presence o f  mlnor phases, u e l g h t  
percent y, y '  l a t t l c e  parameter and s t ress  rup tu re  l l f e .  Regresslon ana l ys l r  
r e s u l t s  showed t ha t :  

(1)  Laves phase was promoted by Nb, Ta, T I  and A l .  

(2)  Eta phase was promoted by Mo and T I .  d 

(3)  Welght percent y '  lncreased w l t h  lnc reas lng  A l ,  Ta, and Nb. 

(4)  The y '  l a t t l c e  parameter lncreased w i t h  lnc reas lng  TI, Ta, and C r ;  
and decreased w l t h  lnc reas lng  A l .  

(5)  Stress rup tu re  p rope r t i es  decreased w l t h  lnc reas lng  concent ra t ion o f  
A l ,  Cr, TI,  Nb, Ta, Mo, and W f o r  the composlt lon range s,udled. 

( 6 )  An a l l o y  w l t h  optlmum s t ress - rup tu re  and c y c l i c  ox l da t l on  res is tance  
7s p red ic ted  a t  h lgh  A1 (13 a t .  X) ,  low Cr (10 a t .  X ) ,  low T I  ( 2  a t .  X ) ,  low 
Nb ( 1  a t .  X),  and h lgh  Mo, W, and Ta ( 3  a t .  X )  each. 
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orirG!ranL PC,E .a 
OF POOR QUALITY 

TABLE I, - HIGH AND LOW 

LEVELS OF ELEMENTS 

INTENTIONALLY 
VARIED 

Balance N i  w i th  1 0  Co, 
0 .1  C ,  0 .01 B and 
0 . 1  Zr. 

- 
Element 

C r 
A 1 
T i  
T a  
Nb 
W 
Mo 

Atomic perc  it 

High 

1 8  
1 3  
6 
3 
3 
3 
3 

Low 

1 0  
5 
2 
1 
1 
1 
1 



ORIGINAL PACE 1.:' 

OF POOR QUALlT r 



L - L L i l _ l - i - - l I 1  J 
aAllOys containing tovolqfcally-close-plcttd phases. 

TABLE I" - SUMMARY OF PIIASES IDENTIFIED BY X-RAY DIFFRACTION 

~ t r u c t u r e ~ ~ a t t i c e  parameter(s), nm l ~ y p e  I Elemental contenta  1 
- - - - - - -- - / Bor ide  1 Tetragonal MjBp Cr, Mo, W I I ; Carbide / FZCF-centered-cubic I a = 0.437-0.446 I MC I Ti ,  Ta, Nb 

IAB2 i Cr, Ni, Co, Ta, 
Nb, Mo, W 

' i t a  1 Hexagonal 

j LII~S j Hexagonal 

a = 0.51 
c = 5.83 

a = 0.3586-0.3604 
Y I  

a = 0.478 
c = 0.78 

a E 1 m n t a l  content  determined by EDXS. 

Ordered 
face-cer!ered-cubic 

Stgma 

l Tungsten 

A3B 

AjB 

Ni, T i  

Nt, Al, T i  

Tetragonal 

Body-ce:?tered-cublc 

a = 0.89 
c = 0.46 

a = 0.314 
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TMLE V. - )WYS IK~IFIEO IN ELCW ULOV 81 X-UV n ~ m r c t ~ o *  IS r x n r r r l a  rrslDus 

I 5 at. I 11 I 11 at. I ill I 

bPhases present f n  alloy. (1 - L a m .  w eta.. - s4p.r. 8 Borld, w . Tungsten) 
Phase 1-1 sfze rcpnsmts amount of phew fn 4 g h t  prrcmt. 0 ie 10; 1, 10 t0'20; 
L.  20 t o  30: L. 



TABLE V I .  - COEFFICIENTS OF SIGNIFICANT TERMS 

IN EQUATION (1) FOR THE LAVES AND ETA PHASES 

Term 

:? 
T i  
Nb 
Ta 
Mo 
W 
C r  

Eta Laves 

Coe f f i c i en t  

13.2 
-1 -39 

2.12 

2.13 

-1.19 

Coe f f i c i en t  

-28.7 
1.20 
1.58 
4.71 
4.09 

2.10 

T - ra t i o  

2.9 
-3.1 
3.0 

2.1 

-5.1 

T- ra t io  

-5.7 
5.9 
3.6 
4.9 
4.3 

2.6 

I R~ = 87.4 
R~ a d j  = 77.4 
s = 2.4 
v = 10-5 = 5 

~2 = 71.5 
R~ a d j  = 66.2 
s = 4.2 
v = 33-6 = 27 
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%&la In f l r s U n l s  m p d l c W  .la utwl u m t s  ea t r rW.  



TABLE V I I I .  - COEFFICIENls OF SIGNIFICANT 

TERMS I N  EQUATION (1) FOR WEIGHT PERCENT 

GAMMA PRIME EXTRACTED AND M A  PRIME 

LATTICE PARAMETERS 

Term 

:? 
T i  
Nb 
Ta 
Mo 
W 
C r  

Weight percent, 
7 ' i n  a l l oy  

Coeff icient 

-2.7 
3.65 ----- 
6.65 
7.26 ----- ----- 

---a- 

La t t i ce  parameter of 
y '  i n  alloy, nm 

T-rat io 

-0.5 
10.0 ---- 
3.6 
3.8 ---- ---- 

---- 

Coeff ic ient  

0.3582 - .0000635 
.o000928 --------- 
.0003950 --------- 

--------- 
.0000769 

R2 = 89.9 

= 87.4 Rad j 
s = 5.2 
v = 1 6 - 4 = 1 2  

T-rat io 

1268 
-4.7 
2.5 ------ 
5.4 ------ ------ 
5.5 

R~ = 94.0 

R : ~ ~  = 91.8 

s = 0.00018 
V =  1 6 - 5 = 1 1  
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45 . S r n ( J )  
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47 .%%(J) 

49 .%99(-10) 42 .W(-?) 
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TABLE X I I .  - CMFFICIEWTS OF SIGWIFICAWT TEWllS FOR THE FULL 
MODEL OW STRESS RUPTURE DATA 

Term 

7 
Ti 
Nb 
Tb 
no 
Y 
Cr 
Co 
Zr 
8 
C 
A ~ T $  
AlWb 
AlTa 
~ 1 %  
AIY 
A l C r  
TiNb 
TiTa 
Ti& 
TiW 
TjCr 
NbTa 

NbN 
NbCr 
f* 
TaY 
TaCr 

MoCr 
WCr 

Mean 
caposition 

C f ,  a t  X ------ 
10.1, 
3.568 
1 .703 
1.634 
1.599 
1.799 

11.325 
9.478 

.058 

.I25 

.352 ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ --.--- ------ ------ ------ ------ 

1023 Kl600 UPa . 
Coefficient 

6.64 
-0.0565 
-.SO20 
-.5771 
-.5514 ------- 
-.297 
-.I625 ------- ------- ------- ------- 
-.OM3 
-.0877 
-.I599 
-.0599 ------- 
-.0276 
-.2866 
-.3898 ------- ------- ----.-- ----.-- ------- ------- ------- ------- ------- ------- ------- 
-.oh2 
-.0708 

R~ = 77.6 

1273 K/100 MPa 

Cocfflclmt T-rrtlo T-ratio 

9.59 
-2.39 
4 - 9 2  
-4.81 
-4.53 ----- 
-2.21 
-5.12 ----- ----- ----- ----- 
-4.15 
-3.12 
-5.47 
-2.19 ----- 
-4.05 
-4.1 1 
-5.75 ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- 
-2.26 
-2.21 

4.7357 
-0.0199 
-.2C57 
-.I996 
-.2908 
-.0912 
-.a823 
-.0954 ------- 

-5.863 
. W 7  ------- 

-.0350 

= 73.2 

14.94 
-2.98 

-16.21 
-5.75 
-6.90 
-2.71 
-2.45 

-10.13 ------ 
-2.28 
3.03 ------ 

-8.80 
-.0409 
-.0695 
-.0333 
-.0219 
-.0158 ------- 
-.@I7 ------- 
-.0394 
-.0167 
-.I157 ------- ------- ------- 
.------ ------- 
-.0445 
-.I793 ------- ------- 

-4.40 
-8.11 
-4.09 
-2.86 
-8.77 ------ 
-4.45 ------ 
-2.07 
3.26 

-2.19 ------ 
----..- ------ ------ ------ 
-3.56 
-3.44 ------ ------ 

R2 = 89.8 
R:, 87.2 
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TABLE X I I I .  - COEFFICIENTS OF SIGNIFICANT 

TERMS FOR THE SIMPLE MODEL ON 

STRESS RUPTURE DATA 

Term 

:? 
T i  
Nb 
Ta 
Mo 
W 
C r  
co 
Z r  
B 
C 

1023 K/600 MPa 

Coe f f i c i en t  

-0.4053 
.2058 - -- - - - - - 
.2942 
.3224 -------- -. 2424 -------- - - - - - - - - 

-11.671 -------- -------- 

1273 K/100 MPa 

T - ra t i o  

-0.85 
9.72 ----- 
2.75 
3.07 ----- 

-2.60 ----- ----- 
-2.46 ----- ----- 

Coe f f i c i en t  

2.4557 
-0.0231 -. 2426 
-.I815 ------- ------- ------- - .0595 ------- 

12.426 
.6742 ------- 

R~ = 64.9 

R2 = 61.8 
ad j  

T - r a t i o  

7.32 
-2.04 
-8.50 
-3.05 ----- ----- ----- 
-3.90 ----- 
4.03 
3.51 ----- 

R2 = 60.2 

2 Radj = 57.7 
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Figure 1. - Atomic percent chromium versus aluminum for several armmerclal 
nickel-base superalloys. Experimental design spans a range of concentra- 
tions based on corner points at high and law levels of 18 and 10 percent 
chromium and U and 5 perrent aluminum. 
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obta~nwl. All alloy$ tested rn as-cast condrt~on. 
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Figure 4 - Plot of pred~cted versus obs~r::.' values of 
log (tr + 0.01) for stress rupture tests at 1623 K160000a. 

Flyure 5. - Plot of predicted versus observed values of 
log (1,) for stress rupture tests at 1273 Kl600 MPa. 
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