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Experiments were conducted to determine the chemical composition, volume fraction and par- 
ticle size of the 7 '  precipitate in Udimet 700 as a function of temperature and time. Growth of 
the 7 '  particles was found to follow t ~/3 diffusion controlled coarsening kinetics. The composi- 
tion of 7'  varied only slightly with temperature and was independent of time. From this infor- 
mation, a method was developed to estimate the volume fraction and average particle size of 
the 7 '  precipitate for any given heat treatment. It is suggested that this approach could be ap- 
plied to other 7 '  strengthened superalloys. 

NICKEL-BASE supera l loys  are widely used in appli- 
cations requiring strength at high temperatures. Most 
of these alloys are precipitation hardened by a Ni3 
(Al, Ti) 7'  phase which has an ordered fcc structure 
(LI2) and precipitates coherently in a nickel-rich fcc 7 
matrix. The strength of a given alloy is dependentupon 
such factors as volume fraction, particle size, coars- 
ening rate, and composition (antiphase boundary en- 
ergy) of the 7 '  precipitate. All of these factors can be 
controlled to varying degrees by heat treatment; but 
since most standard heat treatments have evolved em- 
pirically, little is known quantitatively about the influ- 
ence of time and temperature on the ~' precipitate in 
commercial alloys. Information of this type would be 
valuable not only in the desigm of heat treatments for 
superalloys but also for understanding the effects of 
high service temperatures where coarsening and per- 
haps partial solution of the ~' phase occur. 

There have been several contributions of interest in 
this area. Kriege and Baris ~ have determined the com- 
position and volume fraction of the 7 '  precipitate in a 
large number of commercial alloys following standard 
heat treatment. Ardell 2-~ and others 6'7 have demon- 
strated that in simple binary or ternary ~-~ '  (low 
volume fraction) systems, growth of the ~' precipitate 
obeys a diffusion-controlled coarsening model where 
the average particle radius increases linearly with 
time to the one-third power, r c~ t ~/3. In addition, 
Mitchell 8 has shown that the coarsening of 7'  in the 
relatively simple, low volume fraction superalloy Ni- 
monic 80A is also diffusion-controlled. Recently, the 
effect of high volume fraction and irregular distribu- 
tion of second phase particles on coarsening kinetics 
has been evaluated mathematically. 9 It was shown 
that a t ~/3 coarsening rate will be obtained for an ar- 
ray of spherical particles when coarsening is con- 
trolled by volume diffusion, even though the Lifshitz- 
Wagner theory ~~ of diffusion-controlled coarsening 
may not accurately describe the system. It has not 
yet been experimentally shown, however, that a t '/3 
kinetic law holds for complex commercial alloys con- 
taining large volume fractions of the 7 '  phase. 

In this study Udimet 700 was chosen as being a rep- 
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reseatative advanced high temperature nickel-base 
superalloy. Characterization of the alloy included 
determination of the volume fraction, particle size 
and composi t ion  of the 7 '  p rec ip i t a t e  as a function of 
t ime  and t em pe ra tu r e .  P r e c i s e  quant i ta t ive  d e t e r m i -  
nation of the volume f rac t ion  and composi t ion  of the 
7 '  phase was poss ib le  using the technique of 7 '  sepa-  
ra t ion  recen t ly  re f ined  by Kr iege  and coworke r s .  1'~2 
The r e s u l t s  define the extent  to which the 7 '  phase 
can be cont ro l led  by heat  t r ea tment .  F u r t h e r m o r e ,  
the p a r t i c l e  s i ze  data demons t r a t e  that the growth of 
the 7 '  p r ec ip i t a t e  in this high volume f rac t ion  n ickel -  
base  al loy fol lows t ~/s diffusion cont ro l led  coa r sen ing  
kinet ics .  

MATERIALS AND EXPERIMENTAL PROCEDURE 

C o m m e r c i a l l y  ava i lab le  wrought  Udimet  700* bar  

* Cr Co Mo Ti AI B C Mn Si Ni 

wt pet 14.5 17.5 5.1 3.7 4.1 0.0t5 0.08 - - Bal. 

s tock was used  in this study. The m i c r o s t r u c t u r e  of 
this alloy a f te r  a r e p r e s e n t a t i v e  high t e m p e r a t u r e  age 
is p r e sen t ed  in Fig.  1. All  spec imens  w e r e  annealed 
above the 7 '  solvus  t e m p e r a t u r e  for  4 hr  at 2150~F 
followed by a fas t  a i r  cool.  The ~ '  so lvus  t e m p e r a t u r e  
was de t e rm ined  me ta l log raph ica l ly .  The equi l ib r ium 
volume f rac t ion  of ~,' at va r ious  t e m p e r a t u r e s  was de-  
t e rmined  for  samples  aged in the t e m p e r a t u r e  range  
1300 ~ to 2000~ In a l loys  such as Udimet  700 addi- 
t ional  f ine y '  p a r t i c l e s  usual ly  form upon cooling af ter  
exposure  at high aging t e m p e r a t u r e s .  Fo r  accu ra t e  
de te rmina t ion  of y '  volume f rac t ion  at a given t e m -  
pe ra tu re ,  it is im pe ra t i ve  that t he re  be no p r e c i p i t a -  
tion of such cooling 7 ' .  For  this reason  thin spec imens  
(2.5 mm thick) were  d rop-quenched  in iced br ine  di-  
r ec t ly  f rom the heat  zone of a v e r t i c a l  fu rnace  af ter  
aging. T r a n s m i s s i o n  e l ec t ron  m i c r o s c o p y  as shown in 
Fig.  2 conf i rmed  that aged spec imens  quenched f rom 
2000"F or  below w e r e  f r e e  of f ine cooling 7 ' -  

The volume f rac t ion of 7 '  in the aged s am p le s  was 
m e a s u r e d  by an ex t rac t ion  method.  Ex t rac t ion  of the 
7 '  was p e r f o r m e d  by anodic d issolu t ion  of the m a t r i x  
using an e l ec t ro ly t e  composed  of 1 pet ammon ium sul-  
fate and 1 pct  c i t r ic  acid in wate r ,  z Since ca rb ides  a re  
insoluble  in this e l ec t ro ly t e ,  a c o r r e c t i o n  for  ca rb ide  
contaminat ion was n e c e s s a r y .  T h e r e f o r e ,  a second 
anodic dissolut ion which s e p a r a t e d  only ca rb ides  was 
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Fig. l~Udimet 700 aged for 4 hr at 2000 ~ F. Magnification 
1190 times. 

Fig. 2--Absence of fine coolingT' in Udimet 700 quenched 
from 2000~ The coarse particles were present before 
quenching. 

p e r f o r m e d  and the amount  of Y' was obtained by weight  
d i f f e rence  m e a s u r e m e n t s .  (The c o r r e c t i o n  turned out 
to be minor  s ince  the amount  of ca rb ides  was sl ight ,  

1 wt pct.) Convers ion  of weight f rac t ion  7 '  to vol -  
ume f rac t ion  V' was s impl i f ied  because  calcula t ion 
showed that the two w e r e  e s sen t i a l ly  equivalent .  When 
poss ib le ,  the vo lume f rac t ion  de t e rmina t i ons  w e r e  
checked by r ep l i c a  mic roscopy .  Such r e su l t s  were  in 
ag r eemen t ,  but the l a rge  s c a t t e r  in the data obtained 
f rom r e p l i c a s  indicated that the ex t rac t ion  method was 
much m o r e  re l i ab le .  The composi t ion  of the ex t rac ted  
Y' was de t e rmined  by an a tomic  absorpt ion method.  ~3 

P a r t i c l e  s i ze  m e a s u r e m e n t s  w e r e  made on the ex-  
t r a c t ed  y '  p a r t i c l e s .  Since the p a r t i c l e s  were  not in 
situ,  grea t  c a r e  was taken to obtain a r e p r e s e n t a t i v e  
d i s t r ibu t ion  of p a r t i c l e  s i zes .  A s m a l l  quantity of 
w e l l - m i x e d  p a r t i c l e s  was depos i ted  on a carbon f i lm 
supported by a copper  gr id .  Photographs  of the p a r -  
t i c l e s  were  taken in a Hitachi HU-11A e lec t ron  m i c r o -  
scope,  at l ea s t  fifty p a r t i c l e s  p e r  spec imen  being pho- 
tographed.  The s ize  of the g e n e r a l l y  cuboidal p a r t i c l e s  
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Fig. 3--Extracted y, used for particle size measurements 
after heat treatment of 1900~ for 27 hr. 

was de t e rmined  by taking the a v e r a g e  of the p a r t i c l e  
width and length f rom en la rged  pr in t s  such as that 
shown in Fig.  3. The accu racy  of this method was 
conf i rmed  by c o m p a r i s o n  to in situ par t i c l e  s i z e s  
m e a s u r e d  by dark f ie ld  t r a n s m i s s i o n  e l ec t ron  m i c r o -  
scopy,  for  example ,  Fig .  2. 

RESULTS 

Solvus T e m p e r a t u r e  of u  

The y '  solvus t e m p e r a t u r e  is the upper  l imi t  for 
p rec ip i t a t ion  of the y '  phase.  To d e t e r m i n e  this t e m -  
p e r a t u r e ,  s p e c i m e n s  were  f i r s t  aged at 1900~ to ob- 
tain c o a r s e  y ' ,  then heated to a t e m p e r a t u r e  above 
2050~F, held 1 hr,  and rapidly cooled.  The kinet ics  of 
~ '  d issolut ion at these  t e m p e r a t u r e s  a re  very rapid and 
the equi l ibr ium volume f rac t ion  is at tained in a m a t t e r  
of seconds .  As shown in Fig.  4, 7 '  is d i s t r ibu ted  he t -  
e rogeneous ly  in the sample  exposed at 2055~ at 
2065~F, it is seen only at grain boundar ies ;  a,ld at 
2075~ it is absent.  These  r e su l t s  indicate  that the 
solvus  t e m p e r a t u r e  is 2070 = & 5~ 

Volume Frac t ion  of y '  

The equi l ib r ium volume f rac t ion  of 7 '  was d e t e r -  
mined  for  t e m p e r a t u r e s  f rom 1300"F to the solvus.  A 
plot  of this data is p resen ted  in Fig. 5. Since e x p e r i -  
menta l  r e su l t s  d i s cus sed  below showed that the re  was 
no m e a s u r a b l e  i n c r e a s e  in vo lume f rac t ion  of ~ '  a f te r  
longer  per iods ,  a s tandard  aging t ime of 16 hr was 
used.  The max imum amount of ~ '  p r e s e n t  in the alloy 
is 38 vol pct and this amount is p rec ip i t a t ed  by agiz~g 
at 1650=F or lower .  Above 1650~F, the equi l ib r ium 
volume f rac t ion of y '  d e c r e a s e s  gradual ly  but at a con- 
t inuously inc reas ing  ra te  with t e m p e r a t u r e .  However ,  
s igni f icant  amounts  of 7 '  p e r s i s t  to high t e m p e r a t u r e s .  
Fo r  example ,  14 vol pct is p r e sen t  at 2000~ only 70"F 
below the solvus.  

The effect  of aging t ime on the volume f rac t ion of y '  
p rec ip i t a t ed  is indicated in Table  I. Within e x p e r i m e n -  
tal  e r r o r ,  the amount of ~.' is e s sen t i a l l y  independent  
of aging t ime.  This  r e su l t  is due to the e x t r e m e l y  rapid  
k ine t ics  of Y' prec ip i ta t ion .  P r e v i o u s l y  r epor t ed  work 
by Kr iege  and Sullivan ~2 on Udimet  700 dem ons t r a t ed  

METALLURGICAL TRANSACTIONS 



(c) 

(b} 
Fig. 4--3" solvtts determination. Magnification 935 times. 
(a) Heterogeneous3" at 2055~ (b) grain boundary-/' at 
2065~ (c) no-/' at 2075~ 

that oi l  quenching 1 {- in. by ~- in. diam rod samples  
f rom t e m p e r a t u r e s  up to 2000~ was too slow to p r e -  
vent prec ip i ta t ion  of V' during cooling. The ~ '  volume 
f rac t ion  m all  the i r  s amples  was about 36 pct, which 
was probably the max imum volume fract ion in that 
heat of ma te r i a l .  T h e i r  r e su l t s  indicate that about 22 
vol pct  of ~,' fo rmed  dur ing the cool ing of a sample  
aged at 2000~ 

Composi t ion of" the ~ '  P r e c i p i t a t e  

The composi t ion of the ~ '  phase  is r emarkab ly  in- 
sens i t ive  to aging t e m p e r a t u r e  and t ime.  The chemica l  

Fig. 5--Volume fraction of-/' as a function of temperature. 

ana lyses  of y '  ex t rac ted  f rom samples  aged 16 hr at 
1600 ~ to 2000~F a re  indicated in Fig. 6. Only s l ight  
changes  a r e  evident .  As the aging t e m p e r a t u r e  is in- 
c r e a s e d ,  the p rec ip i t a t e  becom es  somewhat  l e ane r  in 
molybdenum and aluminum and cor responding ly  r i c h e r  
in cobal t  and ch romium.  The t i tanium content  of the )/' 
d e c r e a s e s  sl ightly up to 1700~ and then begins to in-  
c r e a s e ;  the nickel  content  v a r i e s  in the opposi te  man-  
ner .  The effect  of aging t ime at 1800~ on the compo-  
si t ion of the y '  phase is shown in Tab le  II. Here  the re  
is no s ignif icant  change; the d i f f e r ences  axe well  within 
expe r imen ta l  e r r o r  (• pct). It would appear  that heat  
t r e a t m e n t  cannot be used for  the purpose  of a l t e r ing  ~ '  
composi t ion .  

�9 The r e p r e s e n t a t i v e  fo rm u la  for  T'  in this heat  of 
Udimet  700 may be wr i t ten  (Nio.asCo.loCr0.o2)3 
(Ale. 5~ Tie. a7 Moo.os C re. 07). This  fo rmula  coupled with 
the de te rmina t ion  of volume f rac t ion  of p rec ip i t a t e  as 
a function of t em pe ra tu r e ,  ' Fig.  5, al lowed computat ion 
of a pseudobinary  ~,-), '  phase d i ag ram.  The r e su l t an t  
phase d iagram is shown in Fig.  7 where  the phase 
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Aging 
Temperature. ~ 

1800 
1900 
2000 

I hr 4 hr 16 hr 27 hr 

7 ~  

31.4 31.8 32.9 31.7 
25.0 25.0 26.0 25.0 
12.9 14.4 13.5 13.5 

Table Ih Effect of Aging Time a t  1800~ F on the Composition of the 7" P h a s e  

Composition, wt pet 

Aging Time, hr Cr Co Mo AI Ti Ni 

1 3.7 8.3 2.0 6.6 7.7 71.7 
4 3,8 8.4 2.2 6.6 7.8 71.2 

16 3.7 8.4 2.2 6.5 7.8 71.4 
27 3.7 8.4 2.2 6.6 7.8 71.3 

2 2 0 0  

7O 

~ 6 5  

o 
'J 5 

m 

J I ; I I I ~ I I I 

�9 Ni 
Z~ Co 
@ TI 
III AI 
Q C r  
r ' lMo 

o , I i I l I I I t I I 
1600 1700 1800 1900 2000 

TEMPERATURE ~ 

Fig. 6--Composi t ion o f y '  as a function of t empera tu re  a f te r  
aging for 16 hr .  

b o u n d a r i e s  a r e  p l o t t e d  vs  t he  s u m  of the  a l u m i n u m  and  
t i t a n i u m  c o n c e n t r a t i o n .  T h e  s o l u b i l i t y  of a l u m i n u m  and  
t i t a n i u m  in U d i m e t  700 i s  ha c l o s e  a g r e e m e n t  w i th  t h e  
N i - C r - A 1 - T i  q u a r t e r n a r y  s y s t e m ,  ~ b u t  i s  c o n s i d e r a b l y  
l e s s  t h a n  t h a t  s e e n  in the  b i n a r y  Ni -A1  s y s t e m .  At  
1900~  f o r  exaznp le ,  t he  s o l u b i l i t y  of a l u m i n u m  in n i c k e l  
i s  14.5 a t .  p c t  ~s c o m p a r e d  to on ly  9 .5  a t .  p c t  A1 and  T i  
in t he  ), m a t r i x  of U d i m e t  700.  

P a r t i c l e  C o a r s e n i n g  

G R O W T H  KINETICS 

M e a s u r e m e n t s  of p a r t i c l e  c o a r s e n i n g  k i n e t i c s  w e r e  
m a d e  a t  1800 ~ 1900 ~ and  2000~  If c o a r s e n i n g  i s  d i f -  
f u s i o n - c o n t r o l l e d ,  t he  a v e r a g e  p a r t i c l e  s i z e  s h o u l d  i n -  
c r e a s e  a c c o r d i n g  to t h e  r e l a t i o n s h i p  

i V  ~ - ~ 2 ]  ' ' a  = kt  ' '~  [1] 

where  ~" is the average  par t i c le  radius  at t ime t, -70 is 
t he  a v e r a g e  p a r t i c l e  r a d i u s  a t  t = 0,  and  k i s  a t e m p e r -  
a t u r e  d e p e n d e n t  r a t e  c o n s t a n t .  F o l l o w i n g  A r d e H ,  a f o r  
c u b o i d a l  p a r t i c l e s  ~ i s  r e p l a c e d  by ~-/2 w h e r e  ~ i s  t h e  
a v e r a g e  l e n g t h  of a c u b e  e d g e .  T h e  p a r t i c l e  s i z e  d a t a  

a r e  t h e r e f o r e p r e s e n t e d  a s  a p l o t  of [ ( f f / 2 )  3 - ( ffo/2)3]  ~/3 
vs  l ~/3 in Fig .  8. T h e  d a t a  a r e  c o n s i s t e n t  wi th  a l i n e a r  
r e l a t i o n s h i p .  T h i s  f a c t  d e m o n s t r a t e s  t h a t  t h e  c o a r s e n -  
ing  of ~,' in a c o m p l e x ,  h i g h  v o l u m e  f r a c t i o n  s u p e r a l -  
loy s u c h  a s  U d i m e t  700 a l s o  f o l l o w s  t he  s t a n d a r d  t ~/3 

k i n e t i c s  of d i f f u s i o n - c o n t r o l l e d  p a r t i c l e  g r o w t h .  T h e  
e f f e c t  of t i m e  and  t e m p e r a t u r e  upon  p a r t i c l e  s i z e  c an  
t hen  b e  p r e d i c t e d .  

T h e  i n i t i a l  p a r t i c l e  s i z e  g o / 2  u s e d  a b o v e  was  e s t i -  

2100 

2 0 0 0  

1600 

I ' I ' I ' I ' I ' I 

/ P  

1900i 
o 

180C 
K 

1 7 o o  

)' y + 7  

1 5 0 0  

T a b l e  I. E f f e c t  o f  A g i n g  T i m e  o n  t h e  V o l u m e  F r a c t i o n  o f  "y' 

Volume Fraction of 7' after Aging for 

y' 

R . T  , I , I i I , I , I 1 
Ni 4 8 12 16 20 2A 28 

A T O M I C  % A I + T i  

Fig. 7 - -3 ' -7 '  pseudo-b inary  for  Udimet 700. 

m a t e d  to b e  150 to 300A d e p e n d i n g  upon  t h e  a g i n g  t e m -  
p e r a t u r e .  T h e  p r e s e n c e  of f i n e  y '  p a r t i c l e s  a t  I = 0 
r e s u l t e d  f r o m  t h e  p r e c i p i t a t i o n  of ~,' d u r i n g  c o o l i n g  
f r o m  the  s o l u t i o n  t e m p e r a t u r e  a n d  t h e  g r o w t h  t h a t  o c -  
c u r r e d  d u r i n g  h e a t i n g  to t h e  a g i n g  t e m p e r a t u r e .  T h e  
c o r r e c t i o n  d u e  to  ~o /2  i s  s m a l l  an d  c o u l d  e a s i l y  b e  
n e g l e c t e d  s o  t h a t  i f / 2  ~ k t  ~/a. 

A C T I V A T I O N  E N E R G Y  

T h e  s l o p e  of e a c h  l i n e  in  F ig .  8 i s  a t e m p e r a t u r e  d e -  
p e n d e n t  r a t e  c o n s t a n t  wh ich  i s  d e f i n e d  a s  a 

[2~, Dee Vm ~ ] ~/~* 

*On occasion certain investigators have defined K = k ~ as t h e  r a t e  constant. 

w h e r e  

y = i n t e r r a c i a l  f r e e  e n e r g y  of t h e  p a r t i c l e / m a t r i x  
i n t e r f a c e  

D = c o m p o s i t e  c o e f f i c i e n t  of  d i f f u s i o n  of s e v e r a l  
a t o m  s p e c i e s  

C e = c o n c e n t r a t i o n  of s o l u t e  ( ~ '  f o r m i n g  e l e m e n t s )  
in e q u i l i b r i u m  wi th  a p a r t i c l e  of i n f i n i t e  r a d i u s  

V m = m o l a r  v o l u m e  of p r e c i p i t a t e  
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Fig. 8--The t 1/3 dependence of average part icle size (a-/2 vs 
t t"3). 

Pc = n u m e r i c a l  c o n s t a n t  d e p e n d e n t  on the d i sLr ibu -  
t ion of p a r t i c l e  s i z e s  (Pc = 3//2 a c c o r d i n g  to 
L i f s h i t z - W a g n e r  t heo ry )  

R = gas  c o n s t a n t  

T = abso lu t e  t e m p e r a t u r e  

In th is  equa t ion  the t e m p e r a t u r e  dependen t  t e r m s  a r e  
Ce,  D, and obv ious ly  T.  T h e  d i f fus ion  c o e f f i c i e n t  D is  
g iven  by D = Do exp ( - Q / R  T) .  Do i s  a f r e q u e n c y  f a c t o r  
and Q is  an a c t i v a t i o n  e n e r g y  which  is  d e p e n d e n t  p r i -  
m a r i l y  upon the ac t i va t i on  e n e r g y  fo r  d i f fus ion  of a l u -  
m i n u m  and t i t an ium in the  m a t r i x  but  is  a l s o  i n f l uenced  
by the i n t e r r e l a t e d  d i f fus ion  of Co, C r ,  and Me away 
f r o m  a g rowing  7 '  p a r t i c l e .  T h e  r e l a t i o n s h i p  de f in ing  
k can be r e f o r m u l a t e d  to g i v e  

In [ k a ( T / C e )  ] = cons t .  - ( Q / R T )  [3] 

The  a c t i v a t i o n  e n e r g y  can  be  d e t e r m i n e d  f r o m  the  
s l o p e  of a p lo t  of  log  [ k a ( T / C e  ) ] v s  ( l / T ) .  In the  p a s t  
v a r i a t i o n  of the quan t i ty  C e l T  with  t e m p e r a t u r e  has  
u sua l ly  been  n e g l e c t e d  b e c a u s e  t h e r e  was  l i t t l e  change  
in the t e m p e r a t u r e  r a n g e s  s tud ied .  H o w e v e r ,  t h i s  f a c -  
t o r  m u s t  be c o n s i d e r e d  in the  p r e s e n t  a n a l y s i s  s i n c e  
C e (A1 + Ti) i n c r e a s e s  s i g n i f i c a n t l y  at t e m p e r a t u r e s  
above  1650~ The  n e c e s s a r y  v a l u e s  of C e can be  d e -  
t e r m i n e d ,  s e e  F ig .  7, s i n c e  the  t e m p e r a t u r e  d e p e n d -  
ence  of both v o l u m e  f r a c t i o n  and c h e m i c a l  c o m p o s i t i o n  
of the  y '  p h a s e  a r e  known. 

The  ac t i va t i on  e n e r g y  was  c a l c u l a t e d  f r o m  the  p lo t  
of log  [ k ~ (T /C  e) ] vs  ( l / T )  g iven  in Fig .  9. The  v a l u e s  
of log  [ k 3 ( T / C  e) ] do indeed  v a r y  l i n e a r l y  with ( l / T ) .  
The  v a l u e s  of k for  1800 ~, 1900 ~ and 2000~F w e r e  ob -  
t a ined  by m e a s u r i n g  the s l ope  of the p a r t i c l e  c o a r s e n -  
ing c u r v e s  in F ig .  8. The  o t h e r  k v a l u e s  w e r e  c a l c u -  
l a t ed  f r o m  the  16 hr  p a r t i c l e  s i z e  m e a s u r e m e n t s  by 
a s s u m i n g  that  the t ~'3 r e l a t i o n s h i p  he ld  at  a l l  t e m p e r a -  
t u r e s .  Both the v a l u e s  of k and C e for  the d i f f e r e n t  
t e m p e r a t u r e s  a r e  l i s t e d  in T a b l e  III. The  d a t a  fo r  a l l  
t e m p e r a t u r e s  f i t  v e r y  w e l l  e s t a b l i s h i n g  that  the s t a n -  
d a r d  lt/3 r a t e  of c o a r s e n i n g  p r o b a b l y  ho lds  fo r  the  
whole  r a n g e  of t e m p e r a t u r e s  s tudied .  The  s m a l l  
amoun t  of s c a t t e r  in the  da t a  and the  r a n g e  of t e m p e r -  
a t u r e s  inc luded  g ive  r e a s o n a b l e  con f idence  in the 
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Fig. 9--Determination of the activation energy for coarsening. 
The cube of the rate constant has been compensated by the 
change in concentration of solute with temperature and is 
plotted vs the rec iprocal  of the absolute temperature.  

Table III. Data for l~e Determination of the Activation Energy O and 
t t la Constant  A of Eq. [4 ]  

Temperature, 

~ ~ k, A/hrl/~ Ca, At pet k3T/Ce(X 10s) .~,3 ~ 

1600 1144 156 6.60 6,61 
1650 1172 202 6.76 14.40 
1700 1200 286 7.35 37.90 
1750 1227 328 7.48 57.60 
1800 t255 420 8.05 115.5 
1850 1283 503 8.92 i83.0 
1900 1311 625 9.78 328.0 
1950 1339 74-4 I0.31 532,0 
2000 1366 864 1I . i8  785.0 

m e a s u r e d  a c t i v a t i o n  e n e r g y  of 64.5 k c a l  p e r  m o l e .  
D e s p i t e  the c o m p l e x i t y  of th is  a l loy ,  the a c t i va t i on  en-  
e r g y  c o r r e l a t e s  w e l l  to that  fo r  d i f fus ion  of a l u m i n u m  
o r  t i t an ium in n i c k e l  (64.4 and 61.4 k c a l  p e r  m o l e  t6 
r e s p e c t i v e l y )  and to the  c o a r s e n i n g  of y '  in b ina ry  
Nt-A1 and N t - T i  a l l oys  (64.4, Ref .  2, and 67.5 kca l  p e r  
m o l e ,  Ref .  5, r e s p e c t i v e l y ) .  The  t e m p e r a t u r e  d e p e n d -  
e n c e  of k can  be g iven  as  

t / 3 

k = A exp. ( -  6 4 , 5 0 0 / 3 R  T) [4] 

w h e r e  A : 12.3 x 106 (/k~ fo r  c o n c e n t r a t i o n  C e 
of a l u m i n u m  plus  t i t a n i u m  in at. pct .  

DISCUSSION 

The  r e s u l t s  i l l u s t r a t e  the ex ten t  to which the  d i s -  
t r i bu t ion  and c o m p o s i t i o n  of the 7 '  phase  in a typ ica l  
s u p e r a l l o y  can be c o n t r o l l e d  by hea t  t r e a t m e n t .  S u r -  
p r i s i n g l y ,  the c h e m i c a l  c o m p o s i t i o n  of the 7 '  p r e c i p -  
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Fig.  1 0 - - A v e r a g e  y ,  p a r t i c l e  s i z e  (a-/2) v s  t i m e  for  t e m p e r a -  
t u r e s  f r o m  1400 ~ to 2000~ (vo lume  f r a c t i o n  o f T '  f r o m  38 to 
14 pet). 

Fig. ll--Fully heat treated Udimet 700. 2150~ hr 
+ 1975~ hr + 1550~ hr + 1400~ hr. 

itate is nearly independent of aging time or tempera- 
ture. It has sometimes been assumed x7 that ~' initially 
forms containing an excess of certain solute elements, 
particularly the refractory alloying additions. In such 
an event, the ~' composition should then adjust toward 
equilibrium during continued exposure at temperature 
and this could result in a variation of mechm~icalprop- 
erties. Similarly a change in ~' composition with tem- 
perature has been suggested. However, with the pos- 
sible exception of heavy elements such as tantalum and 
tungsten which are not present in Udimet 700, it ap- 
pears that the variation of 7 '  composition with heat 
treatment or thermal exposure is negligible. 

For heat treatment or service temperatures above 
1650~ the volume fraction of >,' is temperature de- 
pendent, decreasing continuously from ~ 38 vol pct at 
1650~ to zero at the solvus temperature 2070~ The 
particle size of the 7'  precipitate can be predicted (or 
controlled) in a straightforward manner since particle 
growth obeys t x~3 coarsening kinetics despite the com- 
plexity of the alloy and the high volume fraction of ~' 
formed. For Udimet 700 the rate of coarsening is 
given by 

1.'3 /. ,-,  \ 

A series of particle size vs time plots are presented 
in Fig. 10 for temperatures from 1400 ~ to 2000=F. The 
volume fraction of 7' at each temperature is also in- 
dicated. Such a chart can be used to predict the effect 
of thermal exposure upon the volume fraction and par- 
ticle size of the 7' precipitate or as a guide to heat 
treatment. For example, one could produce a distribu- 
tion of 7'  particles 1800,~ on a cube edge (~/2 = 900,~) 
where the amount of 7'  varied from 14 vol pct (1.2 hr 
at 2000~ to 38 vol pct (65 hr at 165if'F). 

While strict application of Fig. 10 is limited to the 
prediction of V' particle size after a single-step aging 
treatment or long time thermal exposure at a single 
temperature, this data can also be useful in approxi- 
mating what will occur during multiple step heat treat- 
ments or thermal cycling. For example, a standard 

1632-VOLUME2, JUNE 1971 

heat treatment of Udimet 700 includes a solution an- 
neaf followed by a three-step aging sequence: 1975:F 
for 4 hr ~ 1550~F for 24 hr + 1400~F for 16 hr. Taking 
the volume fraction data, Fig. 5, and interpolating from 
Fig. 10, it follows that the 4 hr ~ age at 1975~F produces 
18 vol pct of ~,' particles 2560A on a cube edge. Aging 
at 1550~ increases the equilibrium volume fraction of 
7 '  by 20 pct. A small amount of the supersaturation is 
relieved by growth of the coarse ~,' already present; 
however, diffusion distances are limited and precipita- 
tion occurs rapidly such that nearly 20 vol pct of addi- 
tional fine precipitate particles are formed. If the 
coarsening of these smaller particles were unaffected 
by the large 7 '  present, Fig. 10 predicts the average 
small particle size will be 780A after the 1550~ heat 
treatment. Since the maximum volume percent of ~' 
is present at 1550~F, no additional ~' can precipitate 
either on cooling from 1550~ or on subsequent heat 
treatment at 1400~F. Thus there should only be two 
basic sizes of 7 '  rather than three. The final age at 
1400~ should produce only very slight coarsening of 
the existing ),' (1400~ for 16 hr is approximately 
equivalent to 1550~ for 1 hr). For comparison, the 
microstructure of fully heat treated Udimet 700 is 
shown in Fig. 11. Only two basic sizes of 7'  are pres- 
ent as predicted. The large particles average 2930A 
on a cube edge, 15 pct larger than predicted while the 
small particles are 590A, nearly 25 pct smaller than 
predicted. But the deviations are in the direction ex- 
pected for two reasons. First, as stated previously 
relief of the supersaturation at 1550~F occurs in part 
by growth of the large ~' already present. And sec- 
ondly, recent work by Weins ~ has shown that the coars- 
ening of a particle is strongly dependent on the size of 
the particles which surround it. Therefore the large 
particles will coarsen more rapidly than predicted 
when surrounded by small particles and similarly, the 
coarsening of the small particles will be retarded due 
to the presence of the large particles. 

It is felt that the rates of ~' coarsening and the ac- 
tivation energ-y for diffusion found for Udimet 700 
should hold well for most other u  containing nickel- 
base superalloys. It also seems reasonable to assume 
that the shape of the volume fraction ),' vs tempera- 
ture curve should be roughly the same so that such a 
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curve could be approximated for other alloys s imply  
by m e a s u r i n g  the max imum amount of y '  formed and 
the solvus t empera ture .  F inal ly ,  s ince  the chemica l  
composi t ion of the ?.' phase appears  to be invar ian t  for 
a pa r t i cu la r  heat of ma te r i a l ,  one de te rmina t ion  of ;." 
composi t ion ( t yp i ca l ) , '  composi t ions  for many s u p e r -  
al loys have been repor ted  ~ ) coupled with the t e m p e r a -  
ture  dependence of volume fract ion y '  would pe rmi t  an 
es t imat ion  of the t empe ra tu r e  dependence of C e.  K ) , '  
composi t ions  could not be obtained, the values  of C e 
shown in Fig. 7 might be suitable.  In this way the ef- 
fects  of the rmal  exposure  and heat t r e a t m e n t  upon y '  
could be predic ted for other high t empe ra tu r e  n icke l -  
base supera l loys  by cons t ruc t ing  graphs  s i m i l a r  to 
Fig. 10. 

It is of value to d i scuss  the coarsen ing  r e su l t s  in 
re la t ionship  to the d i f fus ion-cont ro l led  coarsen ing  
theory of Lifshitz and Wagner.  ~~ The t ~/a r e l a t ion -  
ship is cons is ten t  with the Lffshi tz-Wagner  theory but 
it is a lso cons is tent  with other coarsen ing  theor ies .  9 
The theory was developed for a low volume fract ion 
and high in te rpar t i c le  spacing sys tem and it a s s u m e s  
that each par t ic le  is in an ident ical  env i ronment  with 
r e spec t  to composit ion.  As the volume fract ion or the 
i r r egu l a r i t y  of d i s t r ibu t ion  of the second phase p a r -  
t ic les  i nc reases ,  the condit ions for applicat ion of the 
theory a re  less  well  sa t is f ied due to overlapping dif-  
fusion fields.  The average  pa r t i c l e  s ize  will s t i l l  be 
propor t iona l  to t ~/3 but the d i s t r ibu t ion  of par t ic le  s i zes  
will no longer be cons is ten t  with theory.  9 For  ins tance ,  
the Li fsh i tz -Wagner  theory predic ts  that no par t ic le  
will  be l a r g e r  than 1.5 t imes  the average  par t i c le  s ize .  
In our study, however,  the l a rges t  pa r t i c l e  measu red  
in each specimen was genera l ly  l a r g e r  than 1.5 t imes  
the average  and was occas ional ly  l a r g e r  than twice the 
average.  Therefore  because  of the i r r egu l a r i t y  of d i s -  
t r ibut ion of 7 '  pa r t i c l es ,  the coarsen ing  of y '  in Udimet  
700 cannot be completely descr ibed  by the Lifshi tz-  
Wagner  theory. 

CONCLUDING REMARKS 

The stren~h of a precipitation-hardened alloy is re- 
lated to the volume fraction, particle size, and distri- 
bution of the strengthening precipitate phase. These 
parameters can vary markedly as a result of heat 
treatment or service at elevated temperatures. Quan- 
titative informat ion desc r ib ing  the inf luence of t ime 
mad t empera tu re  upon the ~ '  p rec ip i ta te  in n i cke l -base  
supera l loys  is of specia l  s ignif icance due to their  ap-  
pl icat ion at high t empera tu re s .  The kinet ics  of 7 '  p re -  
cipi tat ion or d issolut ion are  such that the equi l ibr ium 
volume fract ion of V' phase is rapidly es tabl ished at a 
given aging t e m p e r a t u r e  with subsequent  changes due 
solely to par t ic le  coarsen ing .  The r e su l t s  of the p r e s -  
ent study desc r ibe  the effect of heat t r ea tmen t  or t he r -  
ma l  exposure  upon the V' p rec ip i ta te  in Udimet 700. 

It is suggested that s i m i l a r  informat ion can be ob- 
tained for other alloys.  The essen t ia l  data requi red  
for this purpose include: 

1) Aging studies at one (preferably several)  t em-  
pera ture(s )  to es tab l i sh  that l ~/3 diffusion control led 
coarsen ing  kinet ics  a r e  followed, as is the case for 7 '  
pa r t i c l e s  in Udimet 700. Pa r t i c l e  s izes  are  m e a s u r e d  
most  accura te ly  by thin foil or extract ion techniques.  
For  l a r g e r  pa r t i c le  s izes  rep l i cas  may be adequate. 
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2) Determination of the volume fraction of precip- 
itate phase vs t empera tu re .  For  example, in Udimet 
700 the volume fract ion of :~' decreases  in a cont in-  
uous m a n n e r  from a max imum of 33 vol pet at 165WF 
to zero  at the solvus t empera tu re  of 2070"F. Metal-  
lographic techniques can be used to de te rmine  volume 
fract ion;  but extract ion of the precipi ta te  phase is 
p re fe r red .  

3) Chemica l  ana lys i s  of the precipi ta te  formed at 
var ious  t e mpe r a t u r e s .  The volume fract ion and chem-  
i s t ry  data p e r m i t  calculat ion of the equi l ibr ium solute 
concent ra t ion  C e.  For  Udimet  700 examined in this 
study, the y '  chemis t ry  is independent of t e m p e r a -  
ture  and can be r e p r e se n t e d  as (Ni0.~sCoo.loCro.o2)~ 
(Alo.s, Tio.3rMoo.0~Cro.o7). If the composit ion of y '  is 
independent  of t empera tu re  in other supera l loys ,  then 
extensive data is a l ready avai lable  ~ for this c lass  of 
ma te r i a l s .  

4) Evaluat ion of the r a t e  constant  k at s eve ra l  t em-  
pe ra tu re s .  Some values  of k will  be avai lable  from 
par t  1. Others  can be obtained by measu r ing  par t i c le  
s izes  af ter  aging and a s suming  7 ~ kt  1;3. The act iva-  
tion energy Q is then calculated from a plot of 
log [ k 3 ( r / c e ) ]  vs ( l / T ) .  

This  informat ion  is suff ic ient  for evaluating the 
p a r a m e t e r s  in the coa r sen ing  equation 

1/3 ]./3 
(~a _ ~ o  3 ) = A t t/~ ( C e / T )  exp. ( - Q / ' 3 R T )  [6] 

as well as givh~g the volume fract ion of prec ip i ta te  at 
that t empe ra tu r e .  In Udimet  700, ~- is replaced by a,/2 
where ~ is the edge length of the average cuboidal 7 '  
par t ic le ;  A is 12.3 • 106 (A~ ~/3) for concent ra t ion  
Ce of a luminum plus t i t an ium in at. pet solute;  and the 
act ivat ion energy for coa r sen ing  is 64.5 kcal per  mole.  
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