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MICROSTRUCTURE-PROPERTY RELATIONSHIPS I N  DIRECTIONALLY SOLIDIFIED 

SINGLE CRYSTAL NICKEL-BASE SUPERALLOYS 

Rebecca A. MacKay and Michael  V .  Na tha l  
N a t i o n a l  Aeronaut ics  and Space A d m l n l s t r a t l o n  

Lewis Research Center 
Cleveland,  Ohio 44135 

ABSTRACT 

The purpose o f  t h i s  paper I s  t o  d iscuss  some o f  t h e  m i c r o s t r u c t u r a l  

f ea tu res  whlch I n f l u e n c e  t h e  creep p r o p e r t i e s  o f  d l r e c t l o n a l l y  s o l i d l f l e d  and 

s i n g l e  c r y s t a l  n icke l -base supera l l oys .  y '  p r e c l p l t a t e  s i z e  and morphology, 

y-yI l a t t i c e  mismatch, phase i n s t a b i l i t y ,  a l l o y  composi t ion,  and p rocess ing  

v a r i a t i o n s  w i l l  be among t h e  f a c t o r s  consldered.  Recent exper imenta l  r e s u l t s  

w i l l  be reviewed and r e l a t e d  t o  t h e  o p e r a t i v e  de format ion  mechanisms and t o  
N 
c N t h e  corresponding mechanical p r o p e r t i e s .  Spec ia l  emphasis w i l l  be p laced on 

w t h e  creep behav io r  o f  s i n g l e  c r y s t a l  supera l l oys  a t  h i g h  temperatures,  where 
m 
I 

d i r e c t i o n a l  y l  coarsen ing  i s  prominent, and a t  lower  temperatures,  where 

y l  coarsen ing  r a t e s  a r e  s i g n l f i c a n t l y  reduced. I t  can be seen t h a t  very  

s u b t l e  changes i n  m i c r o s t r u c t u r a l  f e a t u r e s  can have profound e f f e c t s  on t h e  

subsequent p r o p e r t l e s  o f  these m a t e r i a l s .  

INTRODUCTION 

A major  advance i n  t h e  Investment  c a s t i n g  o f  n icke l -base supera l l oys  

occur red  w i t h  t h e  i n t r o d u c t i o n  o f  d i r e c t i o n a l  s o l i d i f i c a t i o n  (I). It was 

g e n e r a l l y  recognized t h a t  t h e  f r a c t u r e  o f  p o l y c r y s t a l l i n e  m a t e r l a l s  a t  h i g h  

temperatures was i n i t i a t e d  a t  t ransve rse  g r a i n  boundar ies.  The columnar g r a l n  

s t r u c t u r e  produced by d i r e c t i o n a l  s o l i d i f i c a t i o n  reduced t h e  weakening 

i n f l u e n c e  o f  t ransve rse  g r a i n  boundar ies and p rov ided  improved r u p t u r e  

d u c t i l i t y ,  creep l i v e s ,  and thermal  f a t i g u e  r e s i s t a n c e  over  c o n v e n t i o n a l l y  

c a s t  supera l l oys  wqth an equiaxed g r a i n  s t r u c t u r e  (1,2). The development o f  

s i n g l e  c r y s t a l  supera l l oys  was t h e  nex t  l o g i c a l  s tep  a f t e r  t h e  p r o d u c t i o n  o f  



d l r e c t l o n a l l y  s o l i d i f i e d  (DS) columnar g ra ined  m a t e r i a l .  The e l i m i n a t i o n  o f  

a l l  o f  t h e  g r a i n  boundaries o f f e r e d  t h e  p o t e n t i a l  o f  ope ra t l ng  a t  s t i l l  h i ghe r  

temperatures.  

However, i t  was found exper imen ta l l y  t h a t  [001] -o r ien ted  s i n g l e  c r y s t a l s  

had o n l y  minor  improvements i n  p r o p e r t i e s  over  t h e  same a l l o y  i n  columnar 

g ra ined  fo rm (2-3). Thus, I t  became apparent t h a t  t h e  development o f  a l l o y s  

designed s p e c i f i c a l l y  f o r  s i n g l e  c r y s t a l  a p p l i c a t i o n s  would be necessary f o r  

improved performance over  DS m a t e r i a l s  (3-5). One major  a l l o y  m o d i f i c a t i o n  

was t h e  removal o f  t h e  g r a i n  boundary s t reng then ing  elements C ,  B, Zr, and H f ,  

which caused a s i g n i f i c a n t  i nc rease  I n  i n c l p i e n t  m e l t i n g  temperature.  This  

a l lowed h ighe r  heat  t r e a t i n g  temperatures t h a t  cou ld  more comple te ly  d i s s o l v e  

t h e  coarse, p r imary  y 1  present  i n  as-cas t  s t r u c t u r e s ,  so t h a t  t h e  y '  phase 

cou ld  then be r e - p r e c i p i t a t e d  as a f i n e  d l s p e r s l o n .  Subsequent research has 

i n v o l v e d  o the r  compos i t iona l  v a r i a t i o n s  I n  o rde r  t o  o b t a i n  f u r t h e r  

Improvements I n  meta l  temperature c a p a b i l i t y  (5-6). 

I t  I s  recognized t h a t  a number of mechanical and p h y s i c a l  p r o p e r t i e s  a re  

impor tan t  f o r  t u r b i n e  b lade a p p l i c a t i o n s ,  and a d l s c u s s i o n  o f  a l l  o f  these 

p r o p e r t i e s  I s  beyond t h e  scope o f  t h i s  paper. Thus, t h e  present  paper w i l l  

focus s p e c i f i c a l l y  on t h e  i n t e r r e l a t i o n  between m i c r o s t r u c t u r a l  f e a t u r e s  and 

creep p r o p e r t i e s  i n  s i n g l e  c r y s t a l  supera l l oys .  Th is  area has rece ived  a 

cons lde rab le  amount o f  a t t e n t i o n  r e c e n t l y .  I t  w i l l  be shown t h a t  some very  

s u b t l e  changes i n  m i c r o s t r u c t u r a l  f e a t u r e s  can have r a t h e r  p ro found e f f e c t s  on 

t h e  p r o p e r t i e s  o f  these m a t e r i a l s .  A l though many unanswered ques t ions  remain, 

a reasonably c o n s i s t e n t  p i c t u r e  o f  t h e  o p e r a t i v e  creep mechanisms has been 

developed, which can p r o v i d e  some g u i d e l i n e s  f o r  a l l o y  and process des ign.  

This  rev iew w i l l  be d i v i d e d  i n t o  two ca tegor ies  which represent  d i f f e r e n t  

de format ion  mechanisms: creep around 1000 "C, where d i r e c t i o n a l  y '  
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coarsening i s  prominent; and creep around 760 "C,  where such coarsenlng i s  

n e g l l g l b l e .  

SUPERALLOY MICROSTRUCTURE 

Nickel -base supera l l oys  d e r i v e  much o f  t h e i r  h i g h  temperature s t r e n g t h  

f rom a f i n e  d i s p e r s i o n  o f  t h e  yl p r e c i p i t a t e .  The t y p i c a l  as-heat t r e a t e d  

m i c r o s t r u c t u r e  o f  modern s i n g l e  c r y s t a l  supera l l oys  c o n s i s t s  o f  approx imate ly  

60 v o l  X o f  t h e  y '  p r e c i p i t a t e  d ispersed i n  a m a t r i x  o f  y. The y '  

p r e c i p i t a t e  i s  u s u a l l y  i n  t h e  fo rm o f  cubes o r  spheres a f t e r  heat  t rea tment ;  

examples o f  t y p i c a l  heat  t r e a t e d  m i c r o s t r u c t u r e s  a r e  shown i n  F i g .  1. 

The I n i t i a l  y '  s i z e  and shape i s  determined by t h e  d e t a i l s  o f  t h e  heat  

t rea tment  as w e l l  as by t h e  a l l o y  composi t ion.  A t y p i c a l  heat  t rea tmen t  

schedule c o n s i s t s  o f  a s o l u t i o n  t rea tment ,  a c o a t i n g  cyc le ,  and a f i n a l  age. 

The purpose o f  t h e  s o l u t i o n  t rea tmen t  ( t y p i c a l l y  1300 " C / 4  h r )  i s  t o  d i s s o l v e  

t h e  coarse as-cast  y '  s t r u c t u r e s  f o r  subsequent r e - p r e c i p i t a t i o n  as a f i n e  

d i s p e r s i o n .  The homogenizatlon o f  t h e  d e n d r i t i c  segregat ion  i s  perhaps o f  

equal importance, i n  o rde r  t o  avo id  heterogeneous y '  d i s t r i b u t i o n s .  The 

s i z e  o f  t h e  y '  p a r t i c l e s  i s  a l s o  s t r o n g l y  depe'ndent on t h e  c o o l i n g  r a t e  f rom 

t h e  s o l u t i o n  temperature (Q,8). 

p r o t e c t l v e  c o a t l n g  ( t y p l c a l l y  1000 " C / S  h r )  can a l s o  cause some y '  

coarsening.  Changes i n  t h e  parameters f o r  t h i s  c y c l e  have rece ived  renewed 

The h e a t i n g  c y c l e  f o r  a p p l i c a t i o n  o f  a 

i n t e r e s t  because t h i s  c o a t i n g  c y c l e  has been demonstrated (9-11) t o  have a 

s t r o n g  i n f l u e n c e  on p r o p e r t i e s .  The f i n a l  age ( t y p i c a l l y  870 "C/20 h r )  may 

cause some a d d i t i o n a l  coarsening.  Th is  age appears t o  have o r i g i n a t e d  w i t h  

t h e  use o f  p o l y c r y s t a l l i n e  supera l l oys ,  and t o  t h e  present  au thors ,  i t s  

e f f e c t s  on s i n g l e  c r y s t a l s  appears t o  be smal l .  

The shape o f  smal l  y '  p a r t i c l e s  i s  u s u a l l y  s p h e r i c a l ,  as a r e s u l t  o f  

t h e  m i n i m i z a t i o n  o f  su r face  energy. As t h e  p a r t i c l e s  coarsen, t h e i r  shape 

tends t o  change t o  a cubo ida l  morphology, which I s  due t o  t h e  e l a s t i c  
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coherency strains between y and yl, and to the elastic interaction between 

adjacent yl particles (u,u). At larger sizes, the particles can become 

semi-coherent in some alloys and assume a more irregular shape (€l,l4). 

semi-coherent yl particles are characterized by regular arrays of misfit 

dislocations at the y-yl interface. 

The following sections wlll consider the behavior of DS and single 

The 

crystal materials during creep testing at elevated and intermediate 

temperature regimes. The Initial as-heat treated structures will be shown to 

have considerable impact on creep properties. In these discusslons, frequent 

reference is made to several specific alloys. Table I lists the compositions 

of these alloys. 

CREEP AROUND 1000 " C  

Raft Formation 

Under an applied stress at elevated temperatures, the discrete y i  

particles link u p  to form what are commonly called y i  rafts. Depending on 

the crystallographic orlentation, the lattice and elastic modulus mismatch, 

and the sign of the applied stress, various rod or plate-like y i  

morphologies can develop during creep deformation. 

with an [OOl] orientation, y '  

axis and parallel t o  a compressive stress axls at elevated temperatures (15). 
This type of directional coarsening has now been observed In a number o f  OS 

and single crystal alloys ( ~ - ~ , ~ - ~ ) .  

In most modern superalloys 

plates form perpendicular to a tensile stress 

The microstructures in Fig. 2 illustrate the development of directional 

Similar coarsening from a cuboidal to a plate-like morphology during creep. 

raft development has been observed in both model (L3,D) and commercial (z ,E)  

alloys. It was found that directtonal coarsening begins rapidly during 

primary creep, as the y '  particles link up laterally without thickening. 

The raft thickness and interlamellar spacing remain constant throughout most 
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. o f  t h e  creep t e s t ,  and t h i s  i s  an i n d i c a t i o n  o f  t h e  s t a b i l i t y  o f  t h e  r a f t e d  

s t r u c t u r e  once i t  i s  formed. These y-y' l a m e l l a r  s t r u c t u r e s  were more 

f i ne l y -spaced  and more ex tens i ve  l a t e r a l l y  i n  comparison t o  t h e  y '  s t r i n g e r s  

observed p r e v i o u s l y  (21,22) i n  a l l o y s  w i t h  lower  y '  volume f r a c t i o n s .  

Pearson and co-workers (2,u) conducted t h e  f i r s t  s t u d i e s  on y '  

d i r e c t i o n a l  coarsen ing  i n  A l l o y  143, a modern supera l l oy  w i t h  a h i g h  y l  

volume f r a c t i o n .  

n o t  o n l y  because o f  i t s  h i g h  r e f r a c t o r y  meta l  l e v e l ,  b u t  a l s o  because o f  t h e  

y '  morphology which developed d u r i n g  subsequent creep t e s t i n g .  Th is  was 

demonstrated by comparing t h e  creep behav io r  o f  c r y s t a l s  g i v e n  two d i f f e r e n t  

Th is  a l l o y  had excep t iona l  creep p r o p e r t i e s  around 1038 " C ,  

heat  t rea tments :  1 )  a s o l u t i o n  t rea tment  and a i r  c o o l i n g  t o  room temperature;  

and 2) a s o l u t i o n  t rea tmen t  p l u s  a s imu la ted  c o a t i n g  c y c l e  o f  1080 "C f o r  4 h r ,  

and a f i n a l  age o f  870 "C f o r  16 h r .  Subsequent t e s t i n g  o f  these two specimens 

a t  1038 O C  i n d i c a t e d  t h a t  t h e  s o l u t i o n e d  o n l y  specimen had a creep l i f e  which 

was a t  l e a s t  f o u r  t imes g r e a t e r  t han  t h a t  o f  t h e  specimen g i v e n  a s imu la ted  

c o a t i n g  c y c l e  p l u s  age. The reason f o r  t h i s  d i f f e r e n c e  was a t t r i b u t e d  t o  t h e  

m i c r o s t r u c t u r a l  f e a t u r e s  which evolved d u r i n g  t e s t l n g .  The s o l u t i o n e d  o n l y  

m a t e r i a l  developed cont inuous,  f i n e  y-y' l amel lae ;  whereas t h e  specimen 

given the coating cycle had a much coarser and less well developed lamellar 

s t r u c t u r e  (u). 
s t r u c t u r e  has s u p e r i o r  e leva ted  temperature creep p r o p e r t i e s  i n  comparison t o  

t h e  same a l l o y  which does n o t  undergo d i r e c t i o n a l  coarsening t o  t h e  same 

e x t e n t .  

Th is  then  l e d  t o  t h e  conc lus ion  t h a t  a f i ne l y -spaced  r a f t e d  

The y-y' l ame l lae  a r e  b e l i e v e d  t o  s t reng then  t h e  m a t e r l a l  f o r  creep, 

because t h e  morphology o f  t h e  y '  phase e s s e n t i a l l y  e l i m i n a t e s  y '  p a r t i c l e  

by-pass ing (9,lO), which i s  t h e  creep mechanism no rma l l y  o p e r a t i v e  i n  

conven t iona l  n icke l -base supera l l oys  a t  e leva ted  temperatures and low  s t resses  

(23.24).  By p r e v e n t i n g  t h e  dominant creep mechanism f rom o c c u r r i n g  under 
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these t e s t i n g  c o n d i t i o n s ,  s i g n i f i c a n t  de format ion  can proceed o n l y  by t h e  m o r e  

s lugg ish  process o f  shear ing  o f  t h e  y '  phase. Evidence o f  y '  shear ing  has 

been observed i n  r a f t s  d u r i n g  creep i n  CMSX-2 (E) and i n  NASAIR 100 ( 2 0 ) .  I t  

has been f u r t h e r  p o s t u l a t e d  (!I,B,20) t h a t  t h i s  shear ing  mechanism i s  a l s o  

i n h i b i t e d  by t h e  densely-spaced networks o f  m i s f i t  d i s l o c a t i o n s  which develop 

a t  t h e  y-y'  i n t e r f a c e s .  A l though shear th rough t h e  y-yI i n t e r f a c e  i s  

cons idered t o  be t h e  r a t e  l i m i t i n g  s tep  i n  t h e  de format ion  process, s l i p  I n  

t h e  y and y l  phases a l s o  appears t o  be impor tan t .  

y '  S i z e  E f f e c t s  

MacKay and Eber t  (8,16,19) f u r t h e r  extended t h e  work o f  Pearson by making 

q u a n t i t a t i v e  measurements o f  t h e  r a f t  development i n  A l l o y  143 d u r i n g  creep a t  

va r ious  temperatures and s t r e s s  l e v e l s .  The development o f  r a f t i n g  was 

examined f o r  t h r e e  d i f f e r e n t  s t a r t i n g  m l c r o s t r u c t u r e s ;  F ig .  3 shows t h e  t h r e e  

mean y l  p a r t i c l e  s i zes  and t h e  range o f  p a r t i c l e - m a t r i x  coherency produced 

by o i l  quenching, f o r c e d  a i r  quenching, and a i r  quenching p l u s  ag ing  f o r  115 h r  

a t  982 "C. The o i l  quenched c r y s t a l s  i n  F i g .  3 (a )  d i r e c t i o n a l l y  coarsened a t  

a r a t e  which was a t  l e a s t  a f a c t o r  o f  t e n  f a s t e r  than e i t h e r  t h e  a i r  quenched 

o r  aged s i n g l e  c r y s t a l s  i n  F igs .  3 (b )  and ( c ) ,  r e s p e c t i v e l y .  The a l i g n e d  and 

c losely-spaced cubo ida l  p a r t i c l e s  i n  t h e  o i l  quenched c o n d i t i o n  appeared t o  

have hastened t h e  development o f  t h e  r a f t s ,  p a r t l y  because t h e  d i s t a n c e  f o r  

d i f f u s i o n  was reduced. I n  a d d i t i o n ,  m i s f i t  d i s l o c a t i o n s  a t  t h e  y-y' 

i n t e r f a c e s  can consume some o f  t h e  e l a s t i c  coherency s t r a i n s  p resent  i n  t h e  

i n i t i a l  c o n d i t i o n ,  thereby  reduc ing  t h e  d r i v i n g  f o r c e  f o r  r a f t i n g .  As  a 

r e s u l t ,  t h e  l a c k  o f  m i s f i t  d i s l o c a t i o n s  i n  t h e  o i l  quenched c o n d i t i o n  a l lowed 

t h e  f u l l  d r i v i n g  f o r c e  f o r  d i r e c t i o n a l  coarsening t o  be present  i n i t i a l l y ,  

thereby f o s t e r i n g  a r a p i d  r a f t i n g  r a t e .  
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The t h r e e  i n l t i a l  m i c r o s t r u c t u r e s  i n  F ig .  3 a l s o  had a s i g n i f i c a n t  e f f e c t  

on b o t h  t h e  creep p r o p e r t i e s  and t h e  subsequent r a f t  morphologies (s). 
shown i n  F i g .  4 ( a ) ,  t h e  creep l i f e  cou ld  be inc reased by a f a c t o r  o f  t h ree ,  by 

A s  

reduc ing  t h e  i n i t i a l  p a r t i c l e  s i z e  t o  0.15 pm th rough an o i l  quench. It was 

found t h a t  t h e  th i ckness  o f  t h e  r a f t s  which formed was equal t o  t h e  i n i t i a l  y '  

s i z e  p r i o r  t o  t e s t i n g .  Thus, t h e  011 quenched s i n g l e  c r y s t a l s ,  which had t h e  

f i n e s t  y '  s i ze ,  a l s o  had t h e  f i n e s t  y l  r a f t  t h i ckness ,  and consequent ly,  

t h e  l a r g e s t  number o f  y-y' i n t e r f a c e s  pe r  u n i t  volume. Since i t  i s  b e l i e v e d  

t h a t  t h e  i n t e r f a c e s  a r e  s t r o n g  b a r r i e r s  t o  d i s l o c a t i o n  mot ion  and y '  

shear ing, t hen  a l a r g e r  number o f  i n t e r f a c e s  should reduce creep de format ion  

and improve creep p r o p e r t i e s .  Comparison o f  t h e  f u l l y  developed lame l lae  i n  

F i g .  5 w i t h  t h e  corresponding creep curves i n  F ig .  4(a) shows t h a t  t h e  

p r o p e r t i e s  improved as t h e  r a f t  t h i ckness  decreased and t h e  number o f  y-y' 

i n t e r f a c e s  increased. 

However, Caron and Khan (u) have shown i n  s i n g l e  c r y s t a l s  o f  another 

n i cke l -base  supera l l oy ,  CMSX-2, t h a t  a t w o - f o l d  i nc rease  i n  creep l i f e  a t  

1050 O C  was a t t a i n e d  when t h e  i n i t i a l  y '  s i z e  was increased f rom 0.30 t o  

0.45 pm, as i l l u s t r a t e d  i n  F i g .  4(b). The 0.45 pm p a r t i c l e s  were a l i g n e d  a long  

cube d i r e c t i o n s  and were cubo ida l  i n  shape, whereas t h e  0.30 prn p a r t i c l e s  were  

more rounded i n  shape and randomly d i s t r i b u t e d .  The r a f t s  which developed 

f rom these two s t a r t i n g  c o n d i t i o n s  a r e  i l l u s t r a t e d  I n  F ig .  6. The t w o - f o l d  

improvement i n  creep l i f e  was a t t r i b u t e d  t o  t h e  s l i g h t l y  more r e g u l a r  y-yI 

l ame l lae  ( F i g .  6 ( b ) )  which were observed a f t e r  20 h r  o f  creep i n  t h e  c r y s t a l s  

hav ing  t h e  i n i t i a l l y  l a r g e r  y l  p a r t i c l e s .  It was p o s t u l a t e d  t h a t  d i s l o c a t i o n  

by-passing would be more d i f f i c u l t  i n  t h e  r a f t e d  s t r u c t u r e  hav ing  t h e  h ighe r  

degree o f  p e r f e c t i o n .  However, one p u z z l i n g  f e a t u r e  was t h a t  t h e  

m i c r o s t r u c t u r a l  d i f f e r e n c e s  between t h e  two y l  morphologies i n  F i g .  6 d i d  
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no t  p e r s i s t  throughout  t h e  creep curve, as i t  was no t  p o s s i b l e  t o  d i s t i n g u i s h  

between t h e  two r a f t e d  morphologies d u r i n g  t h e  l a t e r  stages o f  secondary creep 

(U). 

As demonstrated i n  F ig .  4, t h e  r e s u l t s  descr ibed f o r  t h e  CMSX-2 a l l o y  

(U) a r e  i n  d i r e c t  c o n t r a s t  t o  those repo r ted  f o r  A l l o y  143 (8) .  

i n  CMSX-2,  t h e  de t r imen t  o f  I n c r e a s i n g  t h e  r a f t  th ickness  was more than 

compensated f o r  by t h e  b e n e f i t s  o f  improv ing t h e  p e r f e c t i o n  o f  t h e  r a f t e d  

s t r u c t u r e .  I t  should be noted t h a t  t h e  increases i n  r a f t  p e r f e c t i o n  i n  CMSX-2 

were accomplished by an inc rease i n  y l  s i ze .  Secondly, on l y  s l i g h t  changes 

i n  r a f t  p e r f e c t i o n  appeared t o  have a l a r g e  e f f e c t  on creep l i f e  i n  t h i s  a l l o y  

S i m i l a r  s u b t l e  improvements i n  p e r f e c t i o n  o f  t h e  r a f t s  i n  A l l o y  143 can a l s o  

be seen i n  F i g .  5, although this was accomplished by a decrease In Initial y '  

s i ze .  Fu r the r  research i s  necessary i n  o rder  t o  c l a r i f y  t h e  i n f l u e n c e s  o f  y '  

s i z e  and t h e  r e l a t i v e  importance o f  y t  p l a t e  re f inement  versus r a f t  ' 

p e r f e c t i o n .  However, f o r  bo th  a l l o y s ,  t h e  optimum p r o p e r t i e s  were achieved 

w i t h  ah i n i t i a l  m i c r o s t r u c t u r e  c o n s i s t i n g  o f  a l i g n e d  and cubo ida l  The 

Apparent ly  

y ' .  

d i f f e r e n c e  i n  magnitude of t h e  l a t t i c e  mismatch between CMSX-2 and A l l o y  143 

i s  a l i k e l y  source f o r  t h e  d i f f e r e n t  creep response observed as a f u n c t i o n  o f  

i n i t i a l  y '  s i ze .  This  w i l l  be d iscussed i n  more d e t a i l  i n  t h e  nex t  s e c t i o n .  

L a t t i c e  Mismatch 

The s i g n  and magnitude o f  t h e  l a t t i c e  mismatch between t h e  y m a t r i x  and 

t h e  y '  

and creep res i s tance  o f  OS and s i n g l e  c r y s t a l  a l l o y s .  

mismatch d i s  g iven  by Eq. ( 1 ) ,  where a and a a r e  t h e  l a t t i c e  

parameters o f  t h e  two phases: 

p r e c i p i t a t e  i s  another  f a c t o r  which can i n f l u e n c e  t h e  m i c r o s t r u c t u r e  

The unconst ra ined 

Y Y '  
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The s i g n  o f  6 determines t h e  o r i e n t a t i o n  o f  t h e  r a f t e d  s t r u c t u r e  w i t h  respec t  

t o  t h e  a p p l i e d  s t r e s s  (18,25,26). A l though e l a s t i c  modulus mismatch has a l s o  

been shown t o  be impor tan t  (s,27), i t  has been demonstrated t h a t  supera l l oys  

w i t h  nega t i ve  and p o s i t i v e  va lues of l a t t i c e  mismatch fo rm r a f t s  pe rpend icu la r  

and p a r a l l e l ,  r e s p e c t i v e l y ,  t o  t h e  a p p l i e d  t e n s i l e  a x i s .  Apparent except ions  

t o  t h e  above r u l e  stem f rom us ing  room temperature mismatch measurements t o  

e x p l a i n  t h e  o r i e n t a t i o n  o f  t h e  r a f t s .  F igu re  7 i l l u s t r a t e s  t h e  e f f e c t  o f  

e leva ted  temperature l a t t i c e  mismatch on y '  r a f t  o r i e n t a t i o n .  I t  can be seen 

t h a t  t h e  s i g n  o f  t h e  mismatch can change f rom p o s i t i v e  t o  nega t i ve  as 

temperature i s  inc reased (25,281. 

L a t t i c e  mismatch can a l s o  i n f l u e n c e  t h e  r a t e  o f  d i r e c t i o n a l  coarsen ing  by 

p r o v i d i n g  p a r t  o f  t h e  d r i v i n g  f o r c e  f o r  t h a t  process. Nathal  e t  a l .  (25) have 

shown t h a t  a l l o y s  w i t h  h ighe r  magnitudes o f  mismatch develop y '  r a f t s  a t  a 

f a s t e r  r a t e  d u r j n g  creep.  However, even a l l o y s  w i t h  lower  l e v e l s  o f  l a t t l c e  

mismatch (about  -0.2 pe rcen t )  had formed t h e  r a f t e d  s t r u c t u r e  w i t h i n  t h e  f i r s t  

20 percent  o f  t h e i r  creep l i v e s  a t  low s t r e s s  l e v e l s .  Therefore,  t h e  r a t e  o f  

r a f t  f o rma t ion  does n o t  appear t o  be t h e  major  i n f l u e n c e  on creep p r o p e r t i e s  

under these t e s t i n g  c o n d i t i o n s .  Perhaps t h e  major  i n f l u e n c e  of l a t t i c e  

mlsmatch on hqgh temperature  creep behavior  i s  through t h e  s t r e n g t h  of t h e  

y-y' i n t e r f a c e .  Higher  magnitudes o f  d would r e s u l t  i n  a f i n e r  m i s f i t  

d i s l o c a t i o n  spacing a t  t h e  i n t e r f a c e ,  thus  p r o v i d i n g  a s t ronger  b a r r i e r  t o  

d i s l o c a t i o n  f l o w  and reduc ing  creep de format ion .  An a d d i t i o n a l  b a r r i e r  t o  

y '  shear ing  may be p rov ided  by t h e  segregat ion  o f  r e f r a c t o r y  elements t o  t h e  

y-y'  i n t e r f a c e  (10 ,29 ,30 ) .  Such segregat ion  would be most prominent  f o r  

a l l o y s  w i t h  h i g h  magnitudes o f  l a t t i c e  mismatch and w i t h  h i g h  concen t ra t i ons  

o f  r e f r a c t o r y  elements. Note t h a t  h i g h  magnitudes o f  l a t t i c e  mismatch a re  

considered t o  be d e s i r a b l e  f o r  creep res i s tance .  Th is  i s  i n  c o n t r a s t  t o  
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previous beliefs (31-33) in which zero mismatch was considered optimal; 

however, in a recent re-examination of published data, little experimental 

support for this concept was established (25). 

Another effect of mismatch I s  through the initial y t  particle 

morphology. Alloys with higher magnitudes of lattice mismatch undergo the 

transitions from spherical t o  cubic to irregular morphologies at smaller 

particle slzes during aglng or upon quenching from the homogenlzatlon 

temperature. Thus, at a given y '  particle size, different alloys can have 

different y '  morphologies as a result of different magnitudes of mismatch; 

this is shown In Fig. 1 for alloys given a typical commercial heat treatment, 

producing a y '  size of about 0.25 pm. In addition, cubic y '  particles tend 

to be strongly aligned on [OOl] directions, whereas spherical particles are 

more randomly dlstrlbuted. In turn, the initial y '  morphology influences the 

raft morphology which develops subsequently during creep. A structure , 

consisting of aligned, cuboidal y '  partlcles promotes a relatively perfect 

rafted structure, whereas the more randomly distributed spherical particles 

produce more irregular lamellae. 

This correlation between lattice mismatch, initial y '  morphology, and 

the subsequent raft morphology can explain some of the apparent discrepancies 

between the studies on CMSX-2 by Khan (11) and on Alloy 143 by MacKay ( 8 ) .  

The mismatch of the Alloy 143 at 982 "C was measured to be -0.82 percent, by 

high temperature X-ray diffraction (25). Because of its high mismatch, this 

alloy exhibited aligned and cubic y '  particles even in the oil quenched 

material with y '  partlcles of 0.15 pm size. All coarser y '  structures 

examined by MacKay showed evidence o f  a semi-coherent interface, with the 

corresponding loss of the sharp cubic y t  shape. The mismatch o f  CMSX-2 at 

1050 "C was determined to be -0.3 percent, according to TEM observations of 
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. t h e  d i s l o c a t i o n  spacings i n  C M S X - 2  aged a t  1050 "C and quenched t o  room 

temperature (18). With  t h i s  lower  mismatch value, C M S X - 2  r e q u i r e d  a l a r g e r  y '  

s i z e  o f  0.45 pm i n  o rde r  t o  assume a cubo ida l  y '  morphology. Thus, t h e  

d i f f e r e n t  t rends  i n  r a f t  p e r f e c t i o n  as a f u n c t i o n  o f  p a r t i c l e  s i z e  can now be 

seen t o  have a r i s e n  f rom these two a l l o y s  be ing  i n  d i f f e r e n t  stages o f  y '  

shape development as a r e s u l t  o f  d i f f e r e n t  mismatch values. 

I f  i t  were p o s s i b l e  t o  quench a h i g h  mismatch a l l o y  ( i . e . ,  A l l o y  143) 

more r a p i d l y  t o  fo rm y '  spheres, i t  would be i n f o r m a t i v e  t o  see i f  t h e  random 

d i s t r i b u t i o n  o f  t h e  i n i t i a l  spheres would develop i n t o  imper fec t  r a f t s  which 

degrade t h e  creep p r o p e r t i e s ,  i n  s p i t e  o f  t h e  i nc rease  i n  t h e  number o f  

i n t e r f a c e s .  For now, i t  can be concluded t h a t  bo th  r a f t  p e r f e c t i o n  and an 

i nc rease  i n  t h e  number o f  i n t e r f a c e s  may be I n f l u e n t i a l .  A d d i t i o n a l  s tud ies  

a r e  warranted i n  o rde r  t o  e f f e c t i v e l y  desc r ibe  t h e  apparent d i f f e r e n c e s  between 

h i g h  and low  mismatch a l l o y s .  I t  i s  a l s o  c l e a r  t h a t  d i f f e r e n t  a l l o y s  hav.e 

y-y'  

optimum creep p r o p e r t i e s  a t  s i g n i f i c a n t l y  d i f f e r e n t  i n i t i a l  p a r t i c l e  s i zes .  

Th is  i s  an impor tan t  obse rva t i on  t o  remember when, f o r  example, a l l o y s  a r e  

compared t o  see supposed compos i t iona l  e f f e c t s .  

A l l o y i n g  E f f e c t s  

I t  I s  d i f f i c u l t  t o  make g e n e r a l i z a t i o n s  about a p a r t i c u l a r  element because 

o f  t h e  s e n s i t i v i t y  o f  p r o p e r t i e s  t o  m i c r o s t r u c t u r a l  f e a t u r e s  and t e s t i n g  

c o n d i t i o n s ,  as has been d iscussed above. Temperature, a p p l i e d  s t ress ,  c r y s t a l  

o r i e n t a t i o n ,  and heat  t rea tmen t  must a l l  be taken i n t o  account when a l l o y  

m o d i f i c a t i o n s  a r e  s tud ied .  Furthermore, an a l l o y i n g  element f r e q u e n t l y  e f f e c t s  

seve ra l  m i c r o s t r u c t u r a l  f e a t u r e s  s imu l taneous ly ,  and i t s  r o l e s  car! be changed 

by t h e  presence o r  absence o f  o t h e r  elements i n  t h e  a l l o y .  For example, t h e  

removal o f  g r a i n  boundary s t reng then ing  elements has a l lowed s i g n i f i c a n t  

o p p o r t u n i t i e s  f o r  a l l o y  m o d i f i c a t i o n .  Wi th  t h e  r e d u c t i o n  i n  carbon, those 
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refractory metals which were formerly tied up in carbides are now free to 

partition between the y and y '  phases, thereby increasing the solid 

solution content in both the matrix and the precipitate. Undoubtably, these 

compositional changes have altered lattice mismatch, y '  volume fraction, 

diffusion rates, antiphase boundary and stacking fault energies, and numerous 

other propertles. 

One of the first elements examined specifically in single crystals was Co, 

because It was considered a strategic element with its availability uncertain 

in the early 1980's (34). An initial study ( 5 )  indicated that the removal o f  

Co In single crystal M A R 4 2 4 7  increased the creep life. 

Nathal and Ebert (35-36) investigated similar alloys in more detail and 

concluded that the major influence of Co was through the lattice mismatch. In 

alloys with 3 ut x Ta and 10 ut X W, a reduction in Co level Increased 

lattice mismatch, thus providing Increased creep strength for the reasons 

described previously. Cobalt did not appear to affect mismatch as strongly in 

alloys with Ta removed (a). 

In a subsequent study, 

Removal of Co also resulted in precipitation of the W-rich precipitates a 

and p in NASAIR 100 (35). The small quantities of a and p did not appear 

to harm creep properties, since NASAIR 100 was stronger than the 5 percent Co 

alloy without p .  Again, this effect of Co is not general, since the MXON 

series o f  alloys, which have 6 wt % Ta and 8 ut x W, showed the reverse 

trend; 1.e.. an Increased tendency for p phase formation with an increase 

Co content (37 ) .  Although Khan et al. suggested that this p precipitation 

may degrade creep properties slightly (37), the influence of Co on mismatch 

the MXON alloys should also be considered. In any case, both Nathal (1,20) 

and Khan (37) concluded that microporosity appeared to be a more significant 

defect than the small quantities of p phase in the materials studied. 

n 

n 
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Although there is some incentive for minimizing the use of the strategic 

metal Ta, several modern alloys contain from 3 to 12 wt X Ta (!5,6,37). 

Tantalum is considered to be beneficial for environmental resistance and 

castability (3) .  Tantalum also strongly improved creep properties in MAR-H247 

type alloys by increasing lattice mismatch, y '  volume fraction, and solid 

solution hardening of y '  (35,36,38). However, its relative effectiveness 

compared to other refractory elements is unclear (I,%,%). In Alloy 143, Ta 

additions were not as effective as Ho in improving creep strength (39). 

The effect of Mo content has been extensively examined in Alloy 143 

single crystals. HacKay and Ebert (a) have shown that the creep life was 
decreased by a factor of three when the Mo content was increased from 13.9 to 

14.6 wt X .  The 13.9 wt X Mo alloy contained very few third phase (NiMo 6 )  

precipitates, which indicated that this composition was close to saturation o f  

the matrix; whereas significant quantities of the acicular d phase 

precipitated during creep in the 14.6 wt X Mo-containing alloy. 

dramatic decrease in life for a small change in Ho content was attributed to 

the d needles, around which envelopes of y '  formed. This third phase 

caused discontinuities in the y-y' lamellae, such that mobile dislocations 

could then circumvent the  y-y' i n t e r f a c e s ,  thereby reducing the  

effectiveness of the rafted mjcrostructure. 

The rather 

Alloys with an undersaturated y matrix also exhibited degraded 

properties with respect to a similar but saturated alloy. 

Alloy 143 compositions, the creep properties were reduced from 400 to 30 hr 

when the Mo content was decreased from 14.3 to 12.8 ut W (39). This result 

was associated with the 12.8 wt x alloy having an undersaturated matrix. 

Aigeltinger and Kersker (29) have suggested that a strong ordering tendency 

occurs between Ni and Mo, such that solute segregation to y-y' interfaces 

In a series of 
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and t o  mob i le  d i s l o c a t i o n s  would i nc rease  t h e  creep res i s tance  o f  an a l l o y .  

These e f f e c t s  would be most prominent  a t  o r  near s a t u r a t i o n .  Other r e f r a c t o r y  

elements cou ld  produce s i m i l a r  e f f e c t s  on creep behav io r  as d i d  Mo. Since 

b o t h  undersa tura ted  (39)  and supersa tura ted  ( E l )  a l l o y s  had reduced p r o p e r t i e s ,  

i t  can be seen t h a t  a narrow compos i t iona l  range e x i s t s  w i t h i n  which t h e  

mechanjcal p r o p e r t i e s  a re  op t im ized.  

Rhenium appears t o  be becoming I n c r e a s i n g l y  impor tan t  as an a l l o y i n g  

element I n  s i n g l e  c r y s t a l  supera l l oys .  Rhenium p a r t i t i o n s  s t r o n g l y  t o  and 

s t rengthens t h e  y phase, and a d d i t i o n s  o f  t h i s  element on t h e  order  o f  2 t o  

6 ut % s i g n i f i c a n t l y  reduce unst ressed y l  coarsening ra tes ,  apparen t l y  

because o f  i t s  slow d i f f u s i o n  away f rom t h e  y-y'  i n t e r f a c e s  (40). Th is  i s  

an i n d i c a t i o n  o f  s t r u c t u r a l  s t a b i l l t y ,  which i s  p robab ly  r e f l e c t e d  i n  improved 

creep p r o p e r t i e s  as w e l l .  

Creep An lso t ropy  

The r e s u l t s  descr lbed i n  t h e  prev ious  sec t i ons  have ma in l y  i n v o l v e d  

p r o p e r t i e s  o f  [ 001 ] -o r i en ted  c r y s t a l s .  A l though [ O O l ]  i s  t h e  p r e f e r r e d  growth 

d i r e c t i o n  and thus  i s  t h e  e a s i e s t  t o  produce, advanced process ing  techniques 

enable o t h e r  o r i e n t a t i o n s  t o  be considered f o r  a p p l i c a t i o n .  As  shown i n  

F i g .  8 ( a ) ,  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  d i d  n o t  have a s i g n i f i c a n t  i n f l u e n c e  

on t h e  creep r u p t u r e  l i v e s  o f  MAR-M200 ( 4 l )  and MAR4247 (42)  s i n g l e  c r y s t a l s  

a t  temperatures around 980 "C. Th is  was t h e  r e s u l t  o f  severa l  s l i p  systems 

becoming o p e r a t i v e  a t  e leva ted  temperatures (u). 
I n  c o n t r a s t ,  some modern a l l o y s  such as A l l o y  143 (10) and SC 7-14-6 (43)  

e x h i b i t e d  creep p r o p e r t i e s  which were h i g h l y  a n i s o t r o p i c  a t  e leva ted  

temperatures. Th is  behav io r  i s  i l l u s t r a t e d  f o r  A l l o y  143 I n  F l g .  8 (b ) ;  

Pearson and co-workers (10) a t t r i b u t e d  t h i s  an i so t ropy  t o  t h e  d i f f e r e n t  y '  

p r e c i p i t a t e  morphologies which developed d u r i n g  creep t e s t i n g .  

c r y s t a l s  w i t h  a [ 1 1 2 ] - o r i e n t a t i o n  developed p l a t e s  i n c l i n e d  35' t o  t h e  a p p l i e d  

For example, 
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s t r e s s  a x i s ,  rod  morphologies developed p a r a l l e l  t o  t h e  a p p l i e d  s t r e s s  I n  

[ I l O J - o r i e n t e d  c r y s t a l s ,  and t h r e e  i n t e r c o n n e c t i n g  p l a t e s  developed on cube 

p lanes  i n  t h e  [ i l l ] - o r i e n t e d  c r y s t a l s .  

However, t h e  c r y s t a l s  g i ven  a s imu la ted  c o a t i n g  c y c l e  i n  Ref. 10 

presumably d i d  n o t  comple te ly  r a f t  d u r i n g  creep, and y e t  these c r y s t a l s  s t i l l  

e x h i b i t e d  a n i s o t r o p i c  creep p r o p e r t i e s .  Th is  suggests t h a t  o t h e r  e f f e c t s  may 

be c o n t r i b u t i n g  t o  creep an iso t ropy  besides y l  morphology. Shah (44) has 

shown t h a t  s i n g l e  phase N i 3 A 1  i s  a l s o  h i g h l y  a n i s o t r o p i c ,  and c l e a r l y  t h i s  

e f f e c t  i s  n o t  due t o  p r e c i p i t a t e  shape. Re f rac to ry  elements such as T i ,  Nb, 

and Ta p a r t i t i o n  p r e f e r e n t i a l l y  t o  y '  and may c o n t r i b u t e  t o  creep 

s t reng then ing  and an iso t ropy  by changing t h e  magnitude o f  APB energ ies  on 

{ill} and { O O l }  p lanes (30). Thus, i t  seems p o s s i b l e  t h a t  t h e  composi t ions 

o f  t h e  y and y '  phases a r e  a l s o  impor tan t  i n  de termin lng  t h e  a n i s o t r o p y  of 

supera l l oys .  

C R E E P  AROUND 760 "C 

A t  760 "C, t h e  d i f f u s i o n  r a t e s  a re  t o o  slow f o r  y '  r a f t i n g  t o  occur t o  

any s i g n i f i c a n t  e x t e n t .  However, many o f  t h e  same f a c t o r s  i n f l u e n c e  t h e  creep 

p r o p e r t i e s  a t  760 "C, a l though i n  d i f f e r e n t  ways f rom t h e  behav io r  a t  

t e m p e r a t u r e s  around 1000 O C .  The i n f l u e n c e  o f  y '  s i z e ,  alloy c o m p o s i t i o n ,  

and c r y s t a l  o r i e n t a t i o n  w i l l  be d iscussed below. 

y l  Size  E f f e c t s  

The e f f e c t  o f  y '  p r e c i p i t a t e  s i z e  and shape on creep i n  t h e  CMSX-2 a l l o y  

was i n v e s t i g a t e d  a t  760 " C  by Khan and co-workers (n,B). Two d i f f e r e n t  heat  

t rea tments  were employed: one promoted a m i c r o s t r u c t u r e  w i t h  i r r e g u l a r l y  shaped 

and d i s t r i b u t e d  y '  p a r t i c l e s  hav ing  mean s i zes  rang ing  from 0.25 t o  0.35 pm; 

and t h e  second prov ided a l i gned ,  cubo ida l  p a r t i c l e s  hav ing  a mean s i z e  o f  about 

0.45 pm. The s i n g l e  c r y s t a l s  w i t h  t h e  l a r g e r ,  cubo ida l  p r e c i p i t a t e s  developed 
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a homogeneous de format ion  s t r u c t u r e  d u r i n g  pr imary  creep and low s teady -s ta te  

creep r a t e s .  

experienced heterogeneous de format ion  d u r i n g  t h e  pr imary  creep stage, a l a r g e  

amount o f  p r imary  creep s t r a i n ,  and a creep l i f e  which was about h a l f  t h a t  o f  

t h e  cubo ida l  m a t e r i a l .  

The m i c r o s t r u c t u r e  w i t h  t h e  i r r e g u l a r l y - s h a p e d  p a r t i c l e s  

Khan (37.45) conf l rmed and extended t h i s  work i n  s tud ies  on o t h e r  

exper imenta l  a l l o y s .  For example, when t h e  y '  s i z e  was reduced f rom 0.36 t o  

0.20 pm, t h e  MXON a l l o y  e x h i b i t e d  a heterogeneous de format ion  s t r u c t u r e  a t  t h e  

beg inn ing  o f  p r imary  creep, i n  which t h e  y '  p a r t i c l e s  were sheared by 

a/3<112> s u p e r l a t t i c e  p a r t i a l  d i s l o c a t i o n s .  Th is  t ype  o f  shear ing  mechanism 

i s  c h a r a c t e r i z e d  by i n t r i n s i c / e x t r i n s l c  s t a c k i n g  f a u l t s  t h a t  extend over  many 

p r e c i p i t a t e s ,  s i m i l a r  t o  t h a t  i n  F i g .  9 ( a ) .  As seen i n  F i g .  10, t h i s  l ead  t o  

a cons ide rab le  e x t e n t  o f  p r imary  creep b e f o r e  t h e  s t r u c t u r e  was un l fo r rn ly  

s t r a i n  hardened, which i s  necessary f o r  t h e  t r a n s i t i o n  i n t o  s teady -s ta te  creep. 

On t h e  o the r  hand, t h e  m a t e r i a l  c o n t a i n i n g  t h e  l a r g e r  y '  e x h i b i t e d  Orowan 

l o o p i n g  around t h e  y '  p a r t i c l e s  by a/2<110> d i s l o c a t i o n s ,  such as t h a t  seen 

i n  F i g .  9 ( b ) .  Th i s  de format ion  was much more homogeneous, as shown i n  

F i g .  9 ( c ) .  

t h e  y-y' i n t e r f a c e s  promoted e f f i c i e n t  s t r a i n  hardening and l i m i t e d  t h e  

e x t e n t  o f  p r imary  creep.  

y '  

f a u l t s  were con f ined  t o  i n d i v i d u a l  p a r t i c l e s .  

The homogeneous, dense networks o f  d i s l o c a t i o n s  which formed a t  

A t  t h e  end o f  p r imary  creep, shear lng  o f  i n d i v i d u a l  

p r e c i p i t a t e s  d i d  occur by {111)<112> s l i p ,  a l though t h e  s t a c k i n g  

Thus, i t  can be seen t h a t  t h e  s p e c i f i c  de format ion  mechanism, e i t h e r  

p a r t i c l e  shear ing  o r  loop ing ,  i n f l u e n c e s  t h e  e x t e n t  o f  p r imary  creep, and i n  

many a l l o y s  t h e  amount o f  p r imary  creep d i r e c t l y  a f f e c t s  t h e  minimum creep 

r a t e s  and r u p t u r e  l i v e s  (u,37,42,p5-47). The MXON a l l o y  (45)  i s  an except ion  

t o  t h i s  t r e n d ,  s i n c e  a re f inement  i n  y t  s i z e  caused a change i n  t h e  pr imary  

creep mechanism and i n  t h e  amount o f  p r imary  creep s t r a i n ,  and y e t  d i d  n o t  
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' a f f ec t  t h e  s teady-s ta te  creep r a t e  and r u p t u r e  l i f e .  Th is  may be r e l a t e d  t o  

t h e  f a c t  t h a t  b o t h  t h e  f i n e  and coarse p a r t i c l e s  were cubo ida l  i n  t h i s  a l l o y .  

A l l o y i n g  E f f e c t s  

The i n f l u e n c e  o f  a l l o y i n g  a d d i t i o n s  has no t  been e x t e n s i v e l y  s tud ied  

d u r i n g  i n te rmed ia te  temperature creep. Khan and co-workers (37,45) 

i n v e s t i g a t e d  t h e  e f f e c t s  o f  Co i n  t h e  MXON a l o y  base d u r i n g  creep a t  760 "C. 

When t h e  Co conten t  was r a i s e d  f rom 5 t o  7.5 w t  X, t h e  e x t e n t  o f  p r imary  

creep became q u i t e  l a rge ,  as i l l u s t r a t e d  i n  F ig .  11. Both t h e  5 and 7.5 Co 

MXON vers ions  had cubo ida l  y '  o f  approx imate ly  t h e  same s i ze .  Again, t h e  

ex tens i ve  pr imary  creep s t r a i n  i n  t h e  MXON-7.5 Co a l l o y  was a t t r i b u t e d  t o  the  

was heterogeneous na tu re  o f  t h e  pr imary  creep de format ion  behavior ,  which 

cha rac te r i zed  by y '  shear ing by {111)<112> s l i p  over long d is tances  

Leverant  and co-workers (48) have suggested t h a t  elements such as Co, Mo, and 

' 

. Cr lower  t h e  s t a c k i n g  f a u l t  energy o f  t h e  m a t r i x ,  which f a c i l i t a t e s  t..e 

fo rma t ion  o f  <112>-type d i s l o c a t i o n s  requ i red  f o r  y '  shear ing.  Therefore,  

Khan suggests t h a t  t h e  l ower ing  o f  t h e  SFE i s  p r i m a r i l y  respons ib le  f o r  t h e  

l a r g e  amount o f  p r imary  creep s t r a i n  observed when t h e  Co con ten t  i s  increased 

(37). 
However, an a l t e r n a t i v e  exp lana t ion  f o r  t h e  i n f l u e n c e  o f  Co on t h e  p r l m a r y  

creep behavior  o f  MXON a l l o y s  appears t o  be e q u a l l y  p l a u s i b l e .  

A n s e l l  (28) have shown, a l though i n  h ighe r  s t r a i n  r a t e  t e s t s ,  t h a t  low m i s f i t  

a l l o y s  have a tendency t o  deform by y '  

h i g h  m i s f i t  a l l o y s  tend t o  e x h i b i t  p a r t i c l e  by-passing mechanisms. 

i n c r e a s i n g  t h e  Co conten t  i n  NASAIR 100 d e r i v a t i v e s  has been shown t o  decrease 

t h e  magnitude o f  t h e  l a t t i c e  mismatch (25,35). 

decrease i n  t h e  magnitude o f  mismatch accompanies t h e  i nc rease  i n  Co l e v e l  i n  

t h e  MXON a l l o y  se r ies ,  which i n  t u r n  may be a t  l e a s t  p a r t i a l l y  respons ib le  f o r  

Grose and 

p a r t i c l e  shear ing mechanisms, whereas 

Secondly, 

Thus, i t  i s  p o s s i b l e  t h a t  a 
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t h e  change i n  de format ion  mechanism f rom Orowan l o o p i n g  t o  y '  shear ing.  Th is  

exp lana t ion  i s  a l s o  supported by t h e  work o f  Dongl lang e t  a l .  ( 4 7 ) ,  who s tud ied  

pr imary  creep i n  DS a l l o y s .  

accumulated h i g h  amounts o f  p r imary  creep s t r a i n  and showed evidence o f  

de format ion  by p a r t  c l e  shear ing,  whereas h i g h  mismatch a l l o y s  e x h i b i t e d  t h e  

p a r t i c l e  by-passing mode o f  de format ion  and low  ex ten ts  o f  p r imary  creep. 

They found t h a t  a l l o y s  w i t h  low mismatch 

Creep An iso t ropy  

The creep r u p t u r e  p r o p e r t i e s  o f  MAR4200 (41,49) and MAR4247 (42.46) 

s i n g l e  c r y s t a l s  were found t o  have a s t rong  dependence on o r i e n t a t i o n  a t  

temperatures around 760 " C .  Pr imary creep occur red  by s l i p  on t h e  {111}<112> 

s l i p  systems (46.49). Second-stage creep began o n l y  a f t e r  s u f f i c i e n t  s t r a i n  

hardening occurred f rom t h e  i n t e r a c t i o n  o f  two o r  more i n t e r s e c t i n g  {111}<112> 

s l i p  systems ( 4 9 ) .  

l i f e  i s  presented i n  F i g .  12 f o r  MAR-M200 and MAR4247 s i n g l e  c r y s t a l s  i n ' t h i s  

temperature regime. MacKay and Maier  (45) found t h a t  t h e  r u p t u r e  l i v e s  were 

g r e a t l y  i n f l uenced  by t h e  l a t t i c e  r o t a t i o n s  r e q u i r e d  t o  produce i n t e r s e c t i n g  

s l i p .  C r y s t a l s  which r e q u i r e d  l a r g e  r o t a t i o n s  t o  become o r i e n t e d  f o r  

i n t e r s e c t i n g  s l i p  e x h i b i t e d  t h e  s h o r t e s t  creep l i v e s ,  because these c r y s t a l s  

exper ienced l a r g e  pr imary  creep s t r a i n s  and e i t h e r  1 )  f a i l e d  d u r i n g  pr imary  

creep, o r  2 )  underwent h i g h  t r u e  s t r e s s  l e v e l s  a t  t h e  onset  o f  s teady -s ta te  

creep. Again, t h e  r e l a t i o n s h i p  between pr imary  creep s t r a i n ,  s teady -s ta te  

creep r a t e ,  and r u p t u r e  l i f e  i s  ev iden t .  

A summary p l o t  o f  t h e  i n f l u e n c e  o f  o r i e n t a t i o n  on creep 

A t  760 "C,  t h e  CMSX-2 a l l o y  (50) e x h i b i t e d  lower  creep s t reng ths  as t h e  

o r i e n t a t i o n s  o f  t h e  c r y s t a l s  dev ia ted  up t o  15" f rom t h e  [ O O l ] .  However, t h i s  

a n i s o t r o p y  was much l e s s  pronounced than  t h a t  e x h i b i t e d  by MAR4200 and 

MAR-M247. The reasons f o r  t h i s  behav io r  a r e  n o t  c l e a r  a t  t h i s  t ime,  a l though 

t h e  present  au thors  would l i k e  t o  suggest a few p o s s i b i l i t i e s .  F i r s t ,  t h e  

composi t ions of t h e  y l  and y phases may i n f l u e n c e  an iso t ropy ,  as was 
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discussed earlier. Secondly, it has been shown (47.51) that decreas 

amounts of primary creep strain can result from lowering the applied 

levels. Since the amount of strain accumulated during primary creep 

integrally related to creep life anisotropy (46), then it seems poss 

ng 

stress 

l S  

ble that 

higher applied stresses could enhance creep anisotropy in CMSX-2. Flnally, 

Khan (11,37,45) has shown that y l  particle size and shape influence the 

extent of primary creep through the presence or absence of {111}<112> slip 

early in the primary creep stage, and this effect may also influence the 

degree of anisotropy. 

CONCLUDING REMARKS 

The improved strength of DS and single crystal superalloys is one of the 

major reasons for their successful introduction i n  gas turbine engines. 

Certalnly, high creep strength must be balanced with other properties, such as 

thermomechanical fatigue, oxidation, and corrosion resistance, in order to 

achieve optimal performance. In addition, the complexity of an actual turbine 

blade cannot always be modeled in simple laboratory tests. Nevertheless, 

knowledge of the behavior of these materials durtng such controlled conditions 

can aid in the understanding of their response to complex stress and 

temperature c y c l e s .  

The elevated temperature creep behavior of modern superalloys indlcates 

significant departures from past design philosophies. In earlier work, high 

mismatch was belleved to enhance overaging processes where particle by-passing 

mechanisms became easier as the particles grew. 

have been particularly detrimental, since a continuous rafted structure could 

not be maintained in alloys with low y l  volume fractions, or i n  all grains 

of a polycrystalline material. In contrast, the directional coarsening i n  

This particle growth would 
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modern high volume fraction alloys actually suppresses by-passing mechanisms. 

Consequently, it has been found that some of the strongest and most stable 

single crystal alloys are those with a large negative mismatch. 

It is becoming apparent that each alloy has a narrow cornposition and 

microstructural range for optimum creep properties. Additionally, the optimum 

microstructure and composition for creep around 1000 OC may not be the same as 

that for creep at 760 OC. 

a homogeneous distribution of cuboidal y '  particles is necessary for high 

Although further work i s  necessary, it appears that 

creep strength. However, the optimum y '  size is a function of lattice 

mismatch and possibly other factors. In terms of alloy design, a refractory 

metal content close to the saturation limit of the y and y '  phases appears 

to be optimum. However, an element such as Co, which at first glance would not 

be expected to have a significant effect, can be quite influential. It must be 

kept in mind, however, that differences in observed properties between alloys 

may be the result of non-optimized microstructures, rather than from any real 

compositional effects. In the future, control of the interrelationships 

between composition, crystal orientation, microstructure, and processing o f  

single crystals can allow significant increases in turbine blade performance. 
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TABLE I .  - NOMINAL COMPOSITIONS OF DS AND SINGLE 
CRYSTAL ALLOYS (WEIGHT PERCENT) 

A l l o y  A1 

MAR-M200a 5.0 
MAR-MZ47a 5.5 
NASAIR 100 5.7 
A l l o y  143 5.8 
SC 7-14-6 6.6 
CMSX-Zb 5.6 
MXON 6.1 

Ta T i  Cr Mo Co W Nb N I  

- - -  2.0 9.0 - - - -  10.0 12.0 1.0 b j l .  
3.0 1.2 8.5 0.7 10.0 10.0 - - -  
2.8 1.5 9.2 1.0 - - - -  10.2 - - -  
6.2 - - -  --- 14.3 - ._ _ _ _ _  _ _ _  
_ - -  _ -_  _ _ _  13.5 - - - -  5.9 - - -  
5.8 0.9 8.0 0.6 4.6 7.9 - - -  
6.0 - - 8.0 2.0 5.0 8.0 - - -  
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Figure 1. - Typical heat treated microstructures of SUperallOy single crystals showing (a) spherical and (b) cubic 
Y ’ particles. From reference 7. 
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Figure 2. - Microstructures illustrating the development of directional Y’coarsening in NASAIR 100 during high 
temperature creep. The initial cubicY’particles in Figure l ( b )  merge laterally to form rafts perpendicular to the 
stress axis. 
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Figure 3. - TheY’pryipitate and dislocation structure in Alloy 143 single crystals after solution treatment plus 
(a) oil quenching,Y, size=O. 15prn, (b) air quenching, Y’size=0.33pm, and (c) air quenching plus aging at 
982 O C l l l 5  hours,Y size.0.44 pm. From reference 8. 



0.44pm 0 . 3 3 p m  o . i s p m ]  

TIME l h r )  

Figure 4. - Influence of initial y' size on the creep 
curves of (a) Alloy 143 a t  982 '(3234 MPa (ref. 8) 
and (b) CMSX-2 at 1050 OC1120 MPa (ref. 11). 



Figure 5. - Lamellar structures wh ich  developed in Alloy 143 after 50 hours  of creep testing at 982 OC/234 MPa i n  
t h e  (a) oil quenched, (b) a i r  quenched, and (c l  aged conditions. From reference 8. 



Figure 6. - Lamellar structures wh ich  developed i n  CMSX-2 
single crystals after 20 hours  of creep testing at 1050 OCI 
120 MPa having i n i t i a l  7' sizes of (a) 0.30 pm and ( b )  0.45 
pm. From reference 11. 
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Figure 7. - Inf luence of elevated temperature lattice mis- 
match on  y raf t  orientation. 
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Figure 8. - High temperature creep lives of single 
crystals of various orientations. (a) Mar-M247 
(ref. 42) and Mar-M200 (ref. 4) at 982 OC/207 
MPa and (b) Alloy 143 (ref. 10) at 1038 OC/207 
MPa. 



Figure 9. - Typical deformation structures observed du r ing  
pr imary creep at 760 OC. (a )Y ’  particle shearing by intr; insic/ 
extrinsic stacking faults. (b) Orowan looping around 
particles. (c) Homogeneous dislocation distr ibut ion associated 
w i th  the  looping process. From references 11 and 37. 



Figure 9. - Concluded. 
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Figure 10. - Influence of y' particle 
size on  pr imary creep of MXON at 
760 OC/750 MPa. From refer- 
ence 37. 
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Figure 11. - Influence of Co level 
on  pr imary creep behavior of 
MXON single crystals at 760 OC/ 
750 MPa. From reference 37. 
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Figure 12. - Suggested regimes of creep rup ture  lives for Mar-M247 
and Mar-M200 single crystals at about 760 OC. From reference 46. 
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