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FACTORS WHICH INFLUENCE DIRFCTIONAL COARSENING OF Y ' DURING 

CREEP IN  NICKEL-BASE SUPERALLOY SINGLE CRYSTALS 

Rebecca A. MacKay 
Nat iona l  Aeronautics and Space Admin is t ra t ion  

Lewis Research Center 
Cleveland, Ohio 44135 U.S.A. 

and 

Lynn J. Ebert  
Case Western Reserve U n i v e r s i t y  

Department of Meta l lurgy and Ma te r i a l s  Science 
Cleveland, Ohio 44106 U.S.A. 

Changes i n  the morphology o f  the p r e c i p i t a t e  were examined as a 
f unc t i on  o f  t ime dur inq creep a t  982 '~  i n  [001] or iented s i ng le  c r ys ta l s  
o f  a Ni-A1-MsTa superal loy. I n  t h i s  a l loy ,  which has a la rge  neqat ive 
m i s f i t  o f  -0.80 pct., the y '  p a r t i c l e s  l i n k  together dur ing creep t o  form 
p la te le ts ,  o r  r a f t s ,  which are al igned w i t h  t h e i r  broad faces perpendicular 
t o  the appl ied t e n s i l e  axis. The e f fec ts  o f  i n i t i a l  microst ructure and 

h 
Q, a1 l o y  composition on r a f t  development and creep p roper t ies  were inves t i -  
C 
'4 gated s p e c i f i c a l l y  i n  t h i s  study. The r e s u l t s  show t h a t  d i r e c t i o n a l  
I 

w coarsening of Y '  begins dur ing primary creep and continues t o  develop we l l  
a f t e r  the  onset o f  second-stage creep. The thickness o f  t he  r a f t s ,  how- 
ever, remains constant up through the onset o f  t e r t i a r y  creep; t h i s  i s  a 
c l ea r  i nd i ca t i on  o f  the  s t a b i l i t y  o f  the f inely-spaced r / y '  lamel lar  struc- 
ture.  Furthermore, the  thickness o f  the  r a f t s  which formed was equal t o  
the  i n i t i a l  s ize which'was present p r i o r  t o  tes t inq .  I t  was found t h a t  
the s ing le  c r ys ta l s  w i t h  t he  f i n e s t  s i ze  exh ib i ted  the  lonqest creep 
l i ves ,  because the resu l t an t  r a f t e d  s t ruc tu re  had a la rger  number o f  y l Y 1  
in ter faces per u n i t  volume of mater ia l ,  which provided add i t i ona l  b a r r i e r s  
t o  d is loca t ion  motion. I t  was a lso shown t h a t  reducing the Mo content by 
on ly  0.73 w t .  pct. increased the creep l i f e  by a f ac to r  o f  three, because 
the  p rec i p i t a t i on  o f  a t h i r d  phase was el iminated. 



In t roduc t ion  

Changes i n  the  morphology of t he  y '  p r e c i p i t a t e  have been observed i n  
nickel-base superal loys which were subjected t o  externa l  stresses a t  ele- 
vated temperatures (1-3). Coarsening of the Y '  p a r t i c l e s  reduced t he  creep 
res is tance i n  these p o l y c r y s t a l l i n e  mate r ia l t ,  because the  overaged micro- 
s t r uc tu re  allowed deformation t o  occur by par ' t ic le by-passing (1,3). How- 
ever, recent studies (4,s) on nickel-base superal loy s i ng l e  c r y s t a l s  w i t h  a 
large negat ive mismatch i n  l a t t i c e  parameter, where a (y )  > a(Y1), have 
demonstrated t h a t  d i r ec t i ona l  coarsening o f  y '  s i g n i f i c a n t l y  improved h igh 
temperature creep proper t ies  i n  the  [001] o r ien ta t ion .  The f i n e  and con- 
t inuous y '  p la te le ts ,  o r  r a f t s ,  which formed were bel ieved t o  improve the 
creep resistance o f  t h i s  mate r ia l  by prov id ing e f f e c t i v e  b a r r i e r s  t o  d is lo -  
ca t ion  c l imb around y l .  The suppression o f  t h i s  creep deformation mecha- 
nism would fo rce  the d is loca t ions  t o  shear the  y '  r a f t s ,  which, i n  turn,  
would be retarded i n  t h i s  microst ructure by the dense networks o f  m i s f i t  
d i s loca t ions  formed a t  the y l Y '  interfaces. 

The purpose o f  the  present study i s  t o  examine the  k i n e t i c s  of the 
format ion  and subsequent development of d i r ec t i ona l  coarsening o f  ' i n  
nickel-base superal loy s i ng l e  c r ys ta l s  dur ing creep a t  982 '~  and 234 
MPa. The inf luences o f  the  i n i t i a l  microst ructure and s l i g h t  composit ional 
va r ia t ions  on the r a f t  development and creep proper t ies  were inves t  igated 
spec i f  i c a l  ly .  

D r .  C. S. Kor tov ich o f  TRW, Inc .  provided the  s i n g l e  c r y s t a l  raater ia l .  
Dr. D. D. Pearson o f  the  Uni ted Technologies Research Center p a r t i c i p a t e d  i n  
many valuable discussions. 

Mater i  a1 s and Experimental Procedures 

Single c r ys ta l s  w i t h  two s l i g h t l y  d i f f e r e n t  compositions were cast  i n  
the  [001] d i rect ion;  these compositions are given i n  Table I. The 1.25 cm 
diameter s i ng l e  c r y s t a l  bars were heat t reated above t h e  y '  solvus i n  an 
argon atmosphere a t  1313'~ f o r  100 hours t o  produce chemical homogeneity. 
The bars then were forced a i r  quenched t o  ambient temperature. Specimens 
w i t h  a 0.48 cm gage diameter and a 1.90 cm gage lenqth were machined from 
the heat t reated bars. 

Table I. Compositions o f  Single Crysta l  A l loys  (wt. pct . )  

Elements 

A1 l o y  Designation - A 1 Mo - T a - N i - 
Al loy  1 
A l l oy  2 

5.80 14.63 6.24 balance 
6.05 13.90 5.85 balance 

Three d i f f e r e n t  y 1  s izes were produced i n  the s i ng le  c r y s t a l s  p r i o r  t o  
creep t e s t i n g  by: (a)  forced a i r  quenching from ghe homogenization tmpera- 
ture; (b )  forced a i r  quenching p lus aqinq a t  982 C f o r  115 hours; and ( c )  
o i  1 quenching from the homogenization temperature. The specimens i n  ( c )  
a c t u a l l y  were re-so lu t ion ized above the y 1  solvus i n  the  f u l l y  homogenized, 
machined bar form and then were quenched i n t o  o i  1. Thus, these l a t t e r  
specimens were given a more severe quench, not  on ly  because o f  the  
quenching medium, but  because o f  the  smaller sect ion s i ze  as wel l .  

Single c r ys ta l  specimens having o r ien ta t ions  w i t h i n  10' o f  the [001] 
then were creep tested i n  tension under constant load a t  982 zOc and 
234 MPa. Upon completion o f  tes t ing ,  specimens were sectioned p a r a l l e l  t o  



the a w l  ied stress a x i s  and examined by means of scanning electron micros- 
copy ( S E M )  . A line i n t e r c e p t  technique was used on t h e  SEN photos of 
tested s;ecimens in order to obtain measurements of raft lenqxh, y t  raft 
thickness, and in ter  lame1 l a p  spacjnq. 

Resu 1 ts and Discussion 

v ' S h a ~ e  Chanoes in Basel i n e  Materi a?  

The forced a i r  quenched s i n g l e  c r y s t a l s  had a conventional superal loy 
microstructure, p r i o r  to testing, whlch consisted o f  y '  cubes i n  L 
matrix. An exam~le o f  t h i s  microstructure i s  shown in Figure la. Misfit 
dislocations which formed during the  quench from t h e  homogenization temper- 
ature may be seen at the y l y '  interfaces. T h i s  microstructure was consid- 
ered to be the basel ine condition. The rnisratch in l a t t i c e  parameter in 
t h i s  alloy was measured t o  be -0.80 percent (6). 

Figure 1. The Y '  p r e c i p i t a t e  and dislocation structure is shown in sinqle 
crystals after heat treating and ( a )  forced air quenching, ( b )  aqing at 
982'~ for 115 hours, and ( c )  oil quenchinq. 

A typical creep curve at 982'~ and 234 W a  i s  depicted i n  Figure 2 
fo r  the a i r  quenched s i nq 1 e crystal s. The correspond i nq microstructures o f  
the specimens which were i n t e r r r u p t e d  at v a r i o u s  times durinq creep also 
are shown in fiqure 2. These rnicroqraphs i 1 lustrate t h e  development o f  
directional coarseninq of  y '  from a cuboida l  to a plate-like morphology, 
which i s  oriented perpendicular :J the applied stress a x i s .  The acicular 
phase present in these microqra~hs is the N i M o  s ~ h a ~ e  which arecipitates 
durinq creep testing because of a supersaturation of molybdenum in Alloy 
1. Ar shown in Fiqure 2, the particles started t o  link toqether early 
during primary creep. The y V a f t s  continued to develop well into steady- 
s t a t e  creep, as i s  indicated b y  t h e i r  increased lateral extension. After 
about 50 hours of creep t e s t i n g ,  the r a f t s  extended completely across 
the microqraph from one side  to t h e  other and were about as fully developed 
as possible. The r a f t  thickness appeared to remain constant throuqhout 
most of the creep test; however in the failed c o n d i t i o n ,  the larnellae were 
considerably coarse:. 

In order to quantify t h i s  chanqinq morpholoyy dur inq creep, the mean 
raft dimensions were measure6 and were plotted as a function of time in 
Figure  3 .  Each data point i n  t h i s  fiqure represents between 150 and 250 
measured r '  particles or r a f t s  in each specimen. The t imes  t o  the  onset o f  
steady-state creep, t , and to the anset of tertiary creep, tt, also 
are i n d i c a t e d  i n  t h e  Tiqure for comparison to the creeo curve i n  Figure 2. 
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Figure 2. A typical creep curve i s  illustrated at 9 8 7 " ~  and 234 R a  w i t h  
correspondinq m i c r o -  r a ~ h s  which show the devel o ~ m e n t  o f  directional coars- 
ening o f  y '  d u r i n g  creep. 
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Figure 3. The mean dimensions o f  the  y '  r a f t s  are plotted as a funct ion of 
time durinq creep a t  9 8 2 ' ~  and 234 ma. 

As shown in Figure 3, the mean raft lenqth increases linearly w i t h  
time from zero up t o  almost 50 hours o f  creep testinq. A t  t h i s  point, t h e  
crystal i s  we71 into steady-state creep, and the values of the raft lenqths 
reach a p l a t e a u  and remain constant thereafter. T h i s  plateau appears t o  
correspond to the point when the  microstructure c o n s i s t s  of continuous, 
in te rconnected  " amel 1 a@. However, an average intercept length o f  o n l y  
1.0 urn was measured throuqhout the plateau region, due to irregularities i n  
the lamellae. Since the r '   articles cont inued t a  directionally coarsen 
o w i n g '  secondary creep, i t  appears that the formation o f  t he  r '  r a f t s  i s  
not  related directly to the  onset  of second-stage creen. Apparently, 
ruff ic ient  S t r a i n  hardening f o r  the t r a n s i t i o n  into steady-state creep i s  
attained prior to the onset o f  the plateau i n  mean r a f t  lenqth. The mean 
r a f t  lenqth i n  the f a i l e d  specimen was measured as having a sliqhtly hiqher 
va lve  than tha t  of the  plateau. However, t h i s  observat ion appears to be at 
least partially t h e  result of  the considerably thickened pietes in the  
failed condition, which would allow a longer intercept l enqth  to be mea- 



sured. As a r e s u l t ,  the l i n e  f o r  the plateau i n  F igure 3 was not  drawn t o  
connect the data po in t  a t  120 hours. 

I n  cont rast  t o  the r a f t  length, the mean r a f t  th ickness remained 
constant, a t  0.33 ~ m ,  from the  s t a r t  o f  the t e s t  up throuqh t he  onset o f  
t e r t i a r y  creep, as i s  i l l u s t r a t e d  i n  Figure 3. However, s i nq l e  c r ys ta l s  i n  
the f a i l e d  condi t ion have undergone a substant ia l  increase i n  t he  t o t a l  
amount o f  s t r a i n  dur ing t e r t i a r y  creep, and the  r ? f t s  i n  t he  f a i l e d  condi- 
t i o n  have coarsened considerably. As may be noted i n  F igure  3, t h i s  
increase i n  thickness was ra ther  abrupt, because the specimen in te r rup ted  
a t  100 hours, which was a f t e r  the onset o f  t e r t i a r y  creep, showed no 
increase i n  r a f t  thickness. The in te r lame l la r  spacing, or  thickness o f  t he  
y  phase, also i s  p l o t t ed  as a funct ion o f  t ime i n  F igure 3, and these data 
d isp lay  the same behavior as the  r a f t  thickness data. The behavior o f  the  
y 1  r a f t  thickness and i n t e r l ame l l a r  spacing dur ing creep i s  a c l ea r  indica- 
t i o n  o f  the stabi1, i ty o f  the  finely-spaced r a f t e d  s t ructure.  Th is  i s  a lso 
an important d i f fe rence  from the  observations i n  other a l l oys  i n  which 
agglomeration o f  y 1  i n t o  s t r inger-1  i k e  conf igurat ions proceeded slowly 
dur ing creep (7), and the i n t e r p a r t i c l e  spacing increased as t he  y 1  coars- 
ened under s t ress (1,3). However, the d i r ec t i ona l  coarseninq behavior ex- 
h i b i t e d  by the present Ni-Al-Mo-Ta a l l o y  appears s i m i l a r  t o  t h a t  observed 
i n  a more conventional s inq le  c r y s t a l  superal loy, NASAIR 100 (8) .  

E f fec t  o f  I n i t i a l  Microst ructure 

S ign i f i can t l y  d i f f e r e n t  microstructures were produced i n  the  s ing le  
c r ys ta l s  o f  A1 l o y  1 p r i o r  t o  creep tes t ing .  The baseline, a i r  quenched 
microstructure i n  F igure l a  has beenodescri bed previously.  The microstruc- 
t u re  a f t e r  115 hours o f  aging a t  982 C i s  shown i n  F igure l b ;  i t  consists 
o f  y '  p a r t i c l e s  which had coarsened from the  basel ine s ize of 0.33 t o  a 
s i ze  of 0.44 ~ m .  I n  addi t ion,  three-dimensional hexagonal arrays o f  mis f  i t 
d is loca t ions  were present i n  the y l y l  i n te r faces  i n  the  aged s t ructure.  
O i l  quenching re f ined  the Y '  s i ze  t o  0.15 ~ m ,  and reduced t he  i n t e r p a r t i c l e  
spacing, as i s  ind icated i n  F igure l c .  I n  addi t ion,  the  cuboids ap- 
peared t o  be more al igned alonq cube d i rect ions;  and m i s f i t  d is locat ions 
were absent. 

These three i n i t i a l  microstructures had a s ign i f i can t  e f f e c t  on the 
subsequent creep p roper t ies  a t  982 '~  and 234 Wa, as shown by the creep 
curves i n  Figure 4. The aged specimen had a creep 1 i f e  which was equal t o  
about h a l f  o f  the 1 i f e  o f  the basel ine soecimen. O i l  quenching increased 

I AGED AIR Q OIL Q 1 

TIME. hr 

Figure 4. Creep curves a t  982 '~  and 234 MPa are i l l u s t r a t e d  f o r  s inq le  
c r ys ta l s  i n  the aged, a i r  q~enched, and o i l  quenched condi t ions.  



the l i f e  from the  basel ine o f  120 t o  189 hours, and reduced the  steady- 
s t a te  creep r a t e  by a  f a c t o r  o f  two. These microstructure-property re la -  
t i ons  f o r  the present a l l o y  are analogous t o  those i n  other studies which 
showed t h a t  coarse y ' ,  caused by overaging, degraded the  creep p roper t ies  
i n  po l yc r ys ta l l  i ne  mater ia ls  (3,9). However, the increase i n  creep 1 i f e  
achieved as a  r e s u l t  o f  a  more rap id  quench from the homogenization temper- 
ature was not  dnt ic ipated. 

The mean r a f t  dimensions f o r  the aged and o i l  quenched specimens have 
been p l o t t ed  as a  func t ion  o f  t ime dur ing creep i n  Figures 5a and b, re- 
spect ively.  The values of ts and tt are ind icated i n  these f i gu res  f o r  
comparison t o  t he  creep curve o f  each respect ive specimen. Superimposed on 
these data are the r a f t  dimensions f o r  the basel ine s i ng le  c r ys ta l s  from 
Figure 3. The k i n e t i c s  f o r  r a f t i n g  were estimated by the  p o s i t i v e  slope o f  
the mean r a f t  length versus t ime data displayed i n  Figures 5a and b. As 
shown i n  Figure 5a, the  r a f t  length versus t ime data f o r  the  aged specimens 
were o f f se t  bu t  p a r a l l e l  t o  t h a t  f o r  the basel ine mater ia l .  So although 
the y '  had coarsened t o  0.44 ~m and had extensive m i s f i t  d i s l oca t i on  net- 
works, the k i n e t i c s  fo r  r a f t i n g  dur ing creep i n  the aged s i ng le  c r ys ta l s  
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F igure 5. The mean r a f t  dimensions are p l o t t ed  as a  funct ion o f  t ime 
dur ing creep for  the (a)  aged and (b)  o i l  quenched c rys ta ls .  The open 
symbols represent the  r a f t  dimensions fo r  the  a i r  quenched c rys ta ls ,  shown 
prev ious ly  i n  F igure 3. 



were equal t o  t h a t  f o r  the basel ine material. f he plateau, whieh occurred 
when t h e  r a f t s  were ful ly developed, began i n  the aged c r y s t a l s  after the 
onset of t e r t i a r y  creep. The r '  r a f t s  were coarser i n  the aged specimens, 
because the initial y '  s l t e  was larger. 

The mean raft dimensions of thc o i l  quenched c r y s t a l s  are i l l u s t r a t e d  
in Fiqure 5b. The r a f t i n q  r a t e  was a t  least ten  t imes f a s t e r  jn t h i s  con- 
d i t i o n  that i n  t h e  base l ine  mater ia l .  The plateau i n  mean r a f t  length for 
the o i  1 quenched specimens was at ta ined p r i o r  t o  t h e  onset o f  steady-state 
creep, and occurred after only about f i v e  hours. The thickness o f  the 
r a f t s  remained constant  a t  the  s t a r t i n g  r '  s i z e  o f  0.15 ~ m ,  and as a re- 
s u l t ,  the lamel'ae were considerably finer, even i n  the f a i l e d  condition. 

Thus, the i n i t i a l  m ic ros t ruc tu res  p r i o r  t o  t e ~ t i n q  can d r a s t i c a l l y  
a f fec t  the subsequent r a f t i n q  k i ne t i c s .  Fo r  example, the closely-spaced 
p a r t i c l e s  i n  the  o i l  suenched sinqle crystals may have hastened the devel- 
opment of the  r a f t s ,  because the d i s tance  fo r  d i f f u s i o n  was reduced. I n  
addition, the rafting kinet ics may be inf luenced by m i s f i t  d i s l oca t i ons  
present p r i o r  to test ing. Since ane of the d r i v i n g  forces fo r  d i r e c t i o n a l  
coarsening i s  the reduction i n  e l a s t i c  strain enerqy ( l o ) ,  the  presence of 
m i s f  i t  dislocatjons, which consume the  e l a s t i c  coherency s t ra ins ,  can 
reduce the  r a t e  a t  which the r a f t s  form. T h i s  may have had some effect i n  
the aged and a i r  quenched sinqle crystals which contained misf i t dis loca- 
t i o n s  p r i o r  to t e s t i n g  and exhib i ted lower r a f t i n g  rates.  

The d i s p a r i t y  i n  r a f t i n g  ra tes  between the d i f f e r e n t  s t a r t  inq micro- 
structures may con t r i bu te  somewhat t o  the differences i n  creen proper t ies .  
However, t h e  air quenched and aqed specimens exhib i ted s i m i l a r  r a f t i n q  
r a t e s ,  and yet  their creep lives were s iqn i f i can t ty  di f ferent .  The reason 
for  such differences i n  properties seems t o  be related t o  the y / y t  i n t e r -  
f ac ia l  area per unit volume o f  material. Far a spec i f i c  ~hvluume frac- 
t ion,  a larger number of  interfaces are present with a f iner  y '  r a f t  thick-  
ness, which can be produced by a refinement of the initial s ize .  Since 
it is bel ieved that the misfit d i s l o c a t i o n  networks at the y J r '  interfaces 
provide an ef fect ive  impedance to m a t r i x  d is loca t ion  motion f4 ,5 ) ,  then a 
larger number of interfaces per u n i t  volume should reduce the  creep defor- 
mation rate and improve creep proper t ies .  Fiqure 6 shows the  microstruc- 
tures o f  the air qumched, aqed, and ail quenched sinqle crystals after 50 
hours of t e s t i n g  a t  982% and 234 MP a. Comparison of these microqraphs 
w i t h  the creep curves i n  F iqure  4 shows t h a t  the properties improved sub- 
s t a n t i a l l y  as the r a f t  thickness decreased and the number of i ter- 
faces increased. 

F i g ~ r e  6. The YIY' lamellae are shown after 50 hours of creep t e s t i n g  a t  
982 C and 234 MPa in t h e  (a !  air  quenched, ( b )  aged, and ( c )  o i l  quenched 
crystals. 
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The needle- l i ke  t h i r d  phase which p r e c i p j t a t e d  during creep was iden- 
t i f i e d  as Niklo a. The amount o f  s present was measured by phase e x t r a c t i o n  
t o  be about 0.85 nt. pet  and about 2.0 w t .  pct ,  by q u a n t i t a t i v e  me ta l  log- 
raphy. The a phase caused some undesirable m i c r o s t r u c t u r a l  f ea tu res .  Soe- 
c i f  i c a l l  y, envelopes of formed around the a needles, and these e n ~ e l o a e s  
became more prominent as the creep exposure t i m e  increased. An example of 
the discontinuities i n  tP,e r l y '  l ame l la r  s t r u c t u r e  which were caused by the 
6 needles i s  shown i n  F i g u r e  7. Such discontinuities could p r o v i d e  paths 
fo r  mobi le  d i s l o c a t i o n s  to circumvent the interfaces, thereby reducing 
t h e  effectiveness of the lame l la r  structure. The m i c r o s t r u c t u r a l  changes 
caused by 6 appeared t o  be more pronounced in the oi 1 quenched mater i  a1 , 
because the thickness o f  the Y '  envelopes which encapsulated the a needles 
was much coarser than the thickness o f  the Y J Y '  larnellae. As a  result, the 
full p o t e n t i a l  o f  t h e  r a f t e d  s t r u c t u r e  could not be attained w i t h  t h i s  C o r n  
position, even w i t h  the refinement o f  the  i n i t i a l  y '  size. 

Fiqure 7,  D i s c o n t i n u i t i e s  are shown i n  t h e  Y J Y '  l ame l la r  s t r u c t u r e ,  which 
were caused by & needles with surroundinq envelopes o f  T I ,  i n  an o i  1 
quenched c r y s t a l  a f t e r  189 hours of t e s t i n g  a t  982'~ and 234 wa. 

Another Ni-A1-M&Ta sinqle crystal c o m ~ o s i t i o n  having a s l i g h t l y  lower 
Mo content was examined t o  determine t h e  creep properties o f  a simi f ar 
a1 l o y  which d i d  no t  contain a. As  i nd i ca ted  i n  Table I, the  Ma level i n  
t h j s  second alloy was only 0.73 w t .  pct .  lower than t h a t  i n  A l l e y  1. There 
were also smbll d i f fe rences  in the A1 and f a  contents i n  A1 l o y  2 which may 
have changed the s o l u b i l i t y  o f  Mo i n  the mat r i x ,  a l though these e f fec ts  
appear t o  have been second-order w i t h  respect t o  that of the Mo content, 
As shown i n  Figure 8, s ign i f icant  improvements i n  creep l i f e  and steady- 
s t a t e  creep rate were attained i n  the lower Mo a1 loy when t e s t e d  under the 
same cond i t i ons  o f  982'~ and 234 Wa, Althouqh the p r o p e r t i e s  of the 
14.6 w t .  pc t ,  Mo alloy were st i l l  superior t o  m o s t  conventional superalloy 
single crystals (6), the  creep l i f e  tripled i n  t h e  a i r  quenched c o n d i t i o n  
when the Mo content was reduced from 14.6 t o  13.9 w t .  pc t .  The micros t ruc-  
t u re  of the f a i l e d  s inq le  c r y s t a l  of the lower Mo alloy showed t h a t  very 
t i t t l e  a was present a f ter  356 hours o f  creep testinq a t  9 8 2 ' ~ .  Thus, 
the  a l l o y  can ta in inq  13.9 wt. pc t .  Yo was ve ry  c l o s e  t o  be ing  saturated 
w i t h  Mo, but  wi thout beinq supersaturated, a5 was the case in the 14.6 w t ,  
p c t .  Mo a l l o y .  

The increase i n  creep l i f e ,  which was r e a l i z e d  when the s jnq le  crys- 
t a l ~  were o i l  quenched to r e f i n e  the  s ize ,  was even more dramatic i n  t h e  
lower Mo a l l o y  than i n  A l l o y  1. T h i s  i s  demonstrated clearly in F i q u r e  8. 
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Figure 8. Creep curves a t  982 '~  and 234 R a  are  i l l u s t r a t e d  f o r  t h e  14.6 
and 13.9 wt. pc t .  Yo a l l o y s  i n  t h e  aged, a i r  quenched, and o i l  quenched 
condi t ions.  

For example, i n  the  14.6 w t .  pc t .  Mo a l l oy ,  the  l i f e  increased f rom 120 
hours t o  189 hours when an o i l  quench was performed p r i o r  t o  tes t i ng ;  t h e  
steady-state creep r a t e  decreased correspondingly by a f a c t o r  o f  two. How- 
ever, i n  t h e  13.9 w t .  pc t .  a l l oy ,  t h e  l i f e  o f  the s i n g l e  c r y s t a l  increased 
from 356 t o  705 hours when the specimen was o i l  quenched; the  steady-state 
creep r a t e  decreased by  a fac tor  o f  over three.  Thus, making s l i g h t  
composit ional mod i f i ca t ions  improved the creep 1 i f e  o f  the  basel ine,  a i r  
quenched m a t e r i a l  by a f a c t o r  o f  three.  However, r e f i n i n g  t h e  i n i t i a l  y '  
s i z e  from 0.33 t o  0.15 urn w i t h  an o i l  quench from the  homogenization tem- 
perature, i n  a d d i t i o n  t o  lower ing t h e  Ma content, increased the  creep l i f e  
by a f a c t o r  o f  s i x .  

Conclusions 

The y '  p a r t i c l e s  i n  t h i s  -0.80 pc t .  m i s f i t  a l l o y  began t o  d i r e c t i o n -  
a l l y  coarsen du r ing  pr imary creep a t  982 '~  and 234 Wa. The lenqth  o f  
the  y 1  r a f t s  increzsed l i n e a r l y  up t o  a plateau, which was reached w e l l  
a f t e r  t h e  t r a n s i t  i on  i n t o  second-stage creep occurred. -he th ickness o f  
t h e  r a f t s  remained constant  from the  s t a r t  o f  t he  creep t e s t  up throuqh the  
onset o f  t e r t i a r y  creep. The i n t e r l a m e l l a r  spacing fo l lowed a s i m i l a r  
behavior t o  the  r a f t  th ickness data as a f u n c t i o n  o f  time; and t h i s  i s  a 
c l e a r  i n d i c a t i o n  o f  the  s t a b i l i t y  o f  t h i s  continuous and f inely-spaced 
d i r e c t i o n a l  l y  coarsened s t ruc ture .  

Gamna prime s izes ranging from 0.15 t o  0.44 were produced i n  d i f -  
f e r e n t  s i n g l e  c r y s t a l  specimens p r i o r  t o  creep t e s t i n g .  The th ickness o f  
the  r a f t s  which formed was equal t o  t h e  i n i t i a l  y '  size.  The s i n q l e  crys- 
t a l s  w i t h  the  f i n e s t  y '  s i z e  e x h i b i t e d  t h e  lonqest  creep l i v e s ,  because the  
r a f t s  which formed had a la rge r  y / y l  i n t e r f a c i a l  area per u n i t  volume. A 
l a rge  number o f  i n te r faces  would prov ide a d d i t i o n a l  b a r r i e r s  t o  m a t r i x  d i s -  
l o c a t i o n  motion, thereby improving the creep res i s tance  o f  the  mate r ia l .  

Reducing the  Mo content  i n  t h i s  a1 l o y  b y  o n l y  0.73 w t .  pc t .  improved 
t h e  creep 1 i f e  by a f a c t o r  o f  th ree  i n  the  base l ine cond i t ion ,  because the  
p r e c i p i t a t i o n  o f  a t h i r d  phase which caused l o c a l i z e d  i n t e r r u p t  ions i n  t h e  
lame l la r  s t r u c t u r e  was el iminated.  The creep l i v e s  o f  s i n  l e  c r y s t a l s  w i t h  
t h i s  lower Mo composit ion were increased by an a d d i t i o n a l  7 ac to r  o f  two, 
when the s i z e  was r e f i n e d  p r i o r  t o  creep t e s t i n g  by an o i  1 quench from 
the homogenization temperature. Thus, t h e  d i r e c t i o n a l  l y  coarsened s t ruc-  
t u r e  and t h e  r e s u l t i n g  creep p roper t i es  can be a l t e r e d  s i g n i f i c a n t l y  i n  a 



s p e c i f i c  a l l o y  by changes i n  the i n i t i a l  m ic ros t ruc tu re  produced p r i o r  t o  
tes t i ng ,  It i s  hoped t h a t  t h i s  study may a s s i s t  i n  the  understanding and 
op t im iza t ion  o f  t h i s  unique m ic ros t ruc tu re  i n  advanced s i n g l e  c r y s t a l  t u r -  
b ine blade a l l oys .  
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