
Precipitation in a Cu-30 Pct Ni-1 Pct Nb Alloy 
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Decomposition of a Cu-30 pct Ni-1 pct Nb alloy on aging in the range of 866 K (600~ to 
1073 K (800~ was investigated. The initial decomposition, concomitant with age harden- 
ing, occurred through the precipitation of body centered tetragonal metastable Ni~Nb-y" 
precipitates on the {100} matrix planes. Equilibrium orthorhombic ]3 phase formed either 
through a grain boundary cellular reaction at low temperature (-<973 K (700~ or as 
Widmanstaettenplatelets on the {111} planes at higher temperatures  (->-1073 K (800~ 
with the following crystallographic relationship: 

(010)//(lll)~/ 

[lOOt//[lio . 
Based on the observations, a schematic transformation sequence is presented. 

ENHANCEMENT in strength of nickel-base super 
alloys and iron-base alloys has been achieved through 
the precipitation of metastable ~'"-Ni3Nb and y '  pre-  
cipitates. ~-~ The strengthening due to the 7" precipi-  
tates in a nickel-base alloy has been discussed in 
detail by Oblak, et al ~ and Kirman and Warrington. ~' ' 
Except for the early work by C. S. Smith, 14,'5 no at- 
tempts have been made to investigate the precipita-  
tion of )/'-NiaNb precipitates in copper-base alloys 
and the potential strengthening that could be derived 
from these precipitates.  Though the solid solubility 
of niobium in pure copper is limited at elevated 
temperature,  C. S. Smith's work indicated enhanced 
solubility of Nb and Ta in Cu-Ni alloys. His work 
suggested that the solid solubility of Ta in a Cu-30 
pct Ni alloy can be increased to 2.7 pct* at 1372 K 

*Compositions refer to wt, pct. 

(ll00~ and Nb could replace Ta totally or in part .  
Also, significant enhancement in room temperature 
strength and softening resistance was observed in the 
alloys containing Nb and Ta. 

Precipitation of ordered,  coherent, Ni3Nb (v") part i-  
cles in nickel and iron base alloys is well under- 
stood, t-u,1%~7 These y" precipitates have a bct crystal  
s tructure with a c / a  ratio of 2.04 and form as thin 
platelets on the cube planes of the matrix with the c 
axis of the bct unit cell normal to the platelets. The 
positive misfit between v" and 7 is maximum normal to 
the platelets. Published results indicate that the 
precipitation of V" in bib bearing alloys proceeds by 
homogeneous nucleation and growth in contrast to 
vanadium containing alloys in which transformation 
is initiated by "continuous ordering. ''11 

As identified by Kirman, 7 equilibrium precipitation 
of i3-NiaNb in nickel and iron base alloys occurs  
via either of two discontinuous precipitation reac-  
tions. At low aging temperatures  (<-973 K (700~ 
;3 forms through a classical  cellular reaction initiating 
at the grain boundaries, while at higher temperatures  
(>-1073 K (800~ 2 forms predominantly as a t rans-  
granular Widmanstaetten precipitate on the {111} 
planes of the matrix. The crystallographic orientation 
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relationship of the/3 phase with the matrix are  simi- 
lar for both the cellular and Widmanstaetten mor-  
phologies. The onset of the formation of the/3 phase 
corresponded to the initiation of softening during 
aging. Further  work by Kirman and Warrington ~ re-  
vealed that it was possible to retard the discontinu- 
ous precipitation by alloying additions. 

The present investigation was initiated to explore 
the strengthening of Cu-Ni alloys through the pre-  
cipitation of 7""-Ni3Nb particles and to study the 
precipitation sequence during aging. Based on the 
early work of C. S. Smith, 1~'~4 initial investigations 
were performed on two alloy compositions: Cu-30 
pct Ni-1 pct Nb and Cu-30 pct Ni-2.5 pct Nb. Both 
optical and electron metallographic techniques were 
employed to follow the microst ructural  changes dur-  
ing aging. 

EXPERIMENTAL PROCEDURE 

Two ingots with nominal compositions of Cu-30 
pct Ni-1 pct Nb and Cu-30 pct Ni-2.5 pct Nb were 
melted in an induction furnace under a flowing argon 
gas atmosphere and air  cast by the Durvilte method. 
The ingots were homogenized for  2 h at 1227 K 
(950~ and hot rolled from the same temperature 
to a gage of 0,0063 m (0.25 in.). Specimens for opti- 
cal metallography and hardness testing were cold 
rolled to a gage of 0.00254 m (0.1 in.), and specimens 
for t ransmission microscopy were cold rolled to 254 
pm (0.01 in.) gage. 

The cold rolled specimens were homogenized for 
1 h at 1372 K (ll00~ in an argon atmosphere and 
water quenched. Small coupons of the quenched 
specimens were encapsulated for subsequent aging 
treatment.  Aging was performed at 866 K (600~ 
973 K (700~ and 1073 K (800~C). 

Specimens for t ransmission metallography were 
jet polished using a 30 pct nitric acid-methyl alcohol 
solution at 263 K. They were observed at 100 KV 
in an AEI EM-6G microscope.  

EXPERIMENTAL RESULTS 

Prel iminary micros t ructura l  work revealed that 
after 2 h at 1372 K (ll00~ the alloy containing 1 
pct Nb could be fully solutionized, while a fine dis- 
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p e r s i o n  of undissolved/3-Ni~Nb p a r t i c l e s  r e m a i n e d  
in the 2.5 pct  Nb a l loy .  On aging the 2.5 pc t  Nb a l -  
loy showed h igher  peak  h a r d n e s s  c o m p a r e d  to the 
1 pc t  Nb a l loy  and l im i t ed  m i c r o s c o p y  work  on the 
2.5 Nb a l loy  ind ica t ed  that  the p r e c i p i t a t i o n  sequence  
was e s s e n t i a l l y  s i m i l a r  to the 1 pc t  Nb a l loy .  However ,  
the und i s so lved  ~3 p a r t i c l e s  at  the g r a i n  bounda r i e s  
and in the g r a in s  i n t e r f e r e d  with the a n a l y s e s  of the 
p r e c i p i t a t i o n  dur ing  aging and, hence,  f u r t he r  i nves -  
t iga t ion  on this  a l loy  was d i scon t inued .  Only the r e -  
su i t s  of the 1 pc t  Nb ~lloy a r e  p r e s e n t e d  and d i s -  
cu s sed  in th is  a r t i c l e .  

Hardness 

F i g u r e  1 shows the aging  r e s p o n s e  of the a l loy  on 
aging at  866 K, 973 K, and 1073 K for  d i f fe ren t  aging 
t i m e s .  Aging at  866 K p roduced  a monotonic  i n c r e a s e  
in the h a r d n e s s  of the a l loy  which l eve l s  off a f t e r  
65 h. Ove rag ing  was not o b s e r v e d  even at  200 h. At 
973 K the a l loy  aged r a p i d l y  to a t ta in  peak  h a r d n e s s  
a f t e r  30 min.  The h a r d n e s s  was ma in ta ined  for  4 h and 
then d e c r e a s e d  s lowly  up to 100 h which was the 
longes t  aging t ime  examined  at th is  t e m p e r a t u r e .  Ag-  
ing at  1073 K ha rdened  the a l loy  within 5 min fol lowed 
by r a p i d  ove rag ing .  The m a x i m u m  peak  h a r d n e s s  was 
obta ined  at  866 K. 

Me ta l l og raphy  

Aging at 866 K (600~ Opt i ca l  m e t a l l o g r a p h y  r e -  
vea l ed  no p r e c i p i t a t i o n  on aging up to 200 h. E l e c -  
t ron  m i c r o s c o p y  s tud ies  of the a l loy  aged for  65 h 
showed fine,  modula ted  s t r u c t u r e  ind ica t ing  in i t i a -  
t ion of decompos i t i on .  However ,  ind iv idua l  p r e c i p i -  
ta te  p a r t i c l e s  could not be c l e a r l y  r e s o l v e d  due to 
ove r l app ing  s t r a i n  f i e lds  of the p a r t i c l e s .  Aging 
fo r  100 and 200 h caused  v e r y  l i t t l e  c o a r s e n i n g  of 
the p a r t i c l e s ,  but i t  was p o s s i b l e  to r e s o l v e  the p r e -  
c ip i t a t e s  in b r i g h t  f ie ld  image  by o r i en t a t i on  con t r a s t .  
F i g u r e  2 is  a b r i gh t  f ie ld  i m a g e  of the V" p r e c i p i t a t e s  
a f t e r  aging for  200 h. The p r e c i p i t a t e s  f o r m e d  as  

�9 4, ~ ' I I  *~ " l  . 

.l'-"t~ ' . ~ - , ,  , "  ~ ' ~  

? ~m.~: -~,: " .. ,,~,,~ , - ~. . 

- ~ - ~ k  ~,~.. ''-', ,..' . ,,. ~'.~ 

~ll . .8 '~  * ~  ~ , u  ,~ ,I," . '~/ 

Fig.  2 - -Spec imen  aged at 866 K (600~ for  200 h; b r igh t  field 
image  showing fine y"  p a r t i c l e s .  M a r k e r  denotes  0.15 #m. 

a f t e r  100 h with an a t tendant  f o r m a t i o n  of a p r e c i p i -  
ta te  f r ee  zone (PFZ) with a width of 500A. This  
width i n c r e a s e d  a f t e r  aging for  200 h. Aging up to 
200 h did  not r e s u l t  in any c e l l u l a r  r e a c t i o n  o r  Wid-  
m a n s t a e t t e n  ;3 p r e c i p i t a t e s .  

Aging at 973 K (700~ Decompos i t i on  of the s u p e r -  
s a t u r a t e d  ~ phase  o c c u r r e d  a f t e r  sho r t  ag ing  t i m e s  
at  973 K. A modula ted  s t r u c t u r e  was o b s e r v e d  a f t e r  
10 min of aging,  and b r igh t  f i e ld  i m a g e s  on aging  up 
to 75 min did not r e s o l v e  the p r e c i p i t a t e s  (F ig .  3). 
However ,  a f t e r  30 min weak s u p e r l a t t i c e  r e f l e c t i o n s  
were  o b s e r v e d  at  the loca t ions  c o r r e s p o n d i n g  to an 
o r d e r e d  DOze s t r u c t u r e  at  (100) and (110) m a t r i x  
r e c i p r o c a l  l a t t i ce  pos i t ions :  the f o r m e r  r e f l e c t i on  

s q u a r e  p l a t e l e t s  of the {100} m a t r i x  p l anes .  P r e c i p i -  , , ~ : : r ' , ~ ~ ~ , ' , ; . ~ : ~ , ~ 3 ~  r.Z;S-~-[-~%J~m~ml~i~l 
t a t ion  of ;3 phase  at the g ra in  boundary  was evident  ~ a ~ d ~ ~ : ~ , ~ ' :  ~-:';~ " ~:~: ~ ' . ~ ' ~ . ~ f f - , 4 ~ ' ~  

! 
�9 ~ , Y  . "  ,.~ - - , ~ , ~ d / ' . ' _ . ~ , ~ r  - . 
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AGING T~, HOURS 
Fig. 3--Specimen aged at 973 K (700~ for 75 rain; bright 

Fig. 1--Isothermal aging curves for specimens aged at 866 K, field image showing modulated structure. Marker denotes 1 
973 K, and 1073 K. pro. 
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was streaked in the [100] direction, while the latter 
was not, and dark field imaging of the reflections 
indicated the formation of discrete ordered precipi- 
tates. Figure 4 shows these images for a specimen 
aged for 75 min, and it is clear that the dark field 
imaging of the (100) reflection revealed particles 
elongated along the [010] direction (Fig. 4(a)), while 
the (110) reflection imaged essentially equiaxed par- 
t icles (Fig. 4(b)). 

Aging for longer times caused considerable coarsen- 
ing of the T" particles in the plane of the platelets. 
Figure 5(a) shows a bright field image at a [001t foil 
orientation showing all the three variants of the pre- 
cipitate. The three precipitate variants, each having 
a DOez superlattice, contribute to the selected area 

diffraction pattern shown in Fig. 5(b). The streaking 
of the {100~ and {1�89 relpoints and absence of streak- 
ing of the ~110} relpoints are related to the shape 
factor of the precipitate variants. ~ The positive mis-  
fit between the precipitates and the matrix is 
readily evident from the diffraction pattern. The (100) 
and (�89 reflections are displaced in the [100] direc- 
tion, while the (010) and (1�89 reflections are dis- 
placed in the [010] direction towards the origin with 
reference to the fundamental reflections. This dis- 
placement is more evident in the higher order super- 
lattice reflections as marked by arrows in Fig. 5(b). 
The y" precipitates are coherent even on aging for 
100 h. 

After aging for 4 h, a discontinuous cellular reac- 

s 
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F i g .  4 - - S p e c i m e n  a g e d  a t  973 K (700~ for 75 r a i n ;  d a r k  f i e l d  i m a g e s  o f :  (a) (100) and {b) (110) s u p e r l a t t i c e  r e f l e c t i o n s .  
M a r k e r  d e n o t e s  0.2 t~m. 
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F i g .  5 - - S p e c i m e n  a g e d  a t  973 K (700"C) for  65 h; (a} b r i g h t  f i e l d  i m a g e  s h o w i n g  a l l  t h r e e  { t 0 0 }  var i an t s  of T"and (b) [001] s e -  
l e c t e d  a r e a  d i f f r a c t i o n  p a t t e r n .  M a r k e r  d e n o t e s  0.05 gin. 

METALLURGICAL TRANSACTIONS A VOLUME 8A,1ULY 1977-1073 



Lion a p p e a r e d  at  the g ra in  b o u n d a r i e s .  With  in-  
c r e a s e d  aging  t ime ,  the  c e l l u l a r  p roduc t  g r a d u a l l y  
grew into the g r a i n s  at  the expense  of the y"  p r e -  
c ip i t a t e s ,  but  r e a c h e d  only about  15 vo l  pc t  a f t e r  100 
h. No ev idence  of the f o r m a t i o n  of W i d m a n s t a e t t e n  

p r e c i p i t a t e s  was noted  even a f t e r  100 h of ag ing .  
P r e c i p i t a t i o n  of ~ a t  g r a i n  b o u n d a r i e s  and the f o r -  
ma t ion  of a P F Z  was o b s e r v e d  on aging for  4 h or  
l onge r .  F i g u r e  6 shows a t yp i ca l  g r a i n  bounda ry  of a 
s p e c i m e n  aged for  65 h. The s i ze  of the y "  p r e c i p i -  
t a t e s  in the m a t r i x  and in the P F Z  boundary  a r e  com-  
p a r a b l e .  

K i r m a n  and W a r r i n g t o n  ~ had ind ica ted  that  the P F Z  
in  Nb b e a r i n g  n i cke l  a l l o y s  could be e i t h e r  vacancy  
o r  so lu te  dep l e t ed .  In the p r e s e n t  inves t iga t ion ,  the  
P F Z  s e e m e d  to be so lu te  dep le ted  s ince  no p r e f e r e n -  
t i a l  c o a r s e n i n g  of the  y "  p r e c i p i t a t e s  a t  the P F Z  
boundary  was noted (Fig .  6). To a s c e r t a i n  the na tu re  
of the  P F Z  in the p r e s e n t  s y s t e m ,  a c r i t i c a l  e x p e r i -  
ment  was p e r f o r m e d  b a s e d  on the e a r l i e r  i nves t i ga -  
t ions  of E m b u r y  and Nicholson  ~ and T h o m a s .  ~9 E m -  
bury  and Nicholson  r e p o r t e d  the use  of double aging 
t r e a t m e n t  to d e m o n s t r a t e  the f o r m a t i o n  of vacancy  
dep l e t ed  P F Z  in a luminum a l l oys ,  and T h o m a s  e m -  
p loyed  cold  d e f o r m a t i o n  p r i o r  to ag ing  to combat  the 
vacancy  dep le ted  P F Z .  Combining  both these  ap-  
p r o a c h e s ,  a s p e c i m e n  was aged at  973 K for  65 h, 
cold r o l l e d  15 pct ,  and aged at  866 K for  100 h. The 
m i c r o s t r u c t u r a l  examina t ion  of th is  s p e c i m e n  r e -  
vea l ed  tha t  no add i t iona l  p r e c i p i t a t e s  f o r m e d  in the 
P F Z  conf i rming  the ind ica t ion  that  the P F Z  was 
so lu te  dep l e t ed .  

Aging at  1073 K (800~ P r e c i p i t a t i o n  and growth  
of y"  was e x t r e m e l y  r a p i d  at  1073 K and r e s o l v a b l e  y"  
p r e c i p i t a t e s  w e r e  o b s e r v e d  within 5 min  of ag ing .  In 
the s p e c i m e n  aged fo r  4 h, the y"  p r e c i p i t a t e s  were  
c o n s i d e r a b l y  c o a r s e n e d  but r e m a i n e d  cohe ren t  with 
the  m a t r i x .  Th is  is  ev ident  f rom the d a r k  f ie ld  image  
in F ig .  7 which shows i n t e r s t i t i a l  s t r a i n  c o n t r a s t  as  

was ind ica t ed  by Ashby  and Brown ~~ and T h o m a s .  e~ 
Al so ,  f requen t  a l i gnmen t  of the  V" p r e c i p i t a t e s  and 
i so l a t ed  i n s t ances  of the f o r m a t i o n  of W i d m a n s t a e t t e n  

(F ig .  8) w e r e  o b s e r v e d .  Aging  fo r  100 min  was 
suf f ic ien t  for  the a p p e a r a n c e  of the c e l l u l a r  r e a c t i o n  
at  the g r a i n  bounda ry  occupying l e s s  than 5 pc t  of 
the vo lume .  The g r a i n  boundary  c e l l u l a r  p r e c i p i t a t e  
did not grow s ign i f i can t ly  on aging at 4 h but  r e -  
ma ined  about 5 pc t  of the vo lume .  

The m i c r o s t r u c t u r e  a f t e r  aging for  24 h was c h a r -  
a c t e r i z e d  by the f o r m a t i o n  of W i d m a n s t a e t t e n  
p l a t e l e t s ,  and op t i ca l  m e t a l l o g r a p h i c  examina t ion  sug-  
ges t ed  that the g r a i n  boundary  c e l l u l a r  p r e c i p i t a t e  
a l so  t r a n s f o r m e d  to W i d m a n s t a e t t e n  ~. A t r a n s m i s -  
s ion  e l e c t r o n  m i c r o g r a p h ,  F ig .  9, shows the f o r m a t i o n  
of the/3 p l a t e l e t s  on t h r e e  (111) v a r i a n t s  of the ma-  
t r i x .  The c r y s t a l l o g r a p h i c  a n a l y s i s  r e v e a l e d  the  
fol lowing r e l a t i o n s h i p :  

( 0 1 0 ) J / ( 1 1 1 ) ~  

[ 1 0 0 ] J / [ l i 0 ] ~ .  

P r e s e n c e  of u n t r a n s f o r m e d  y"  p a r t i c l e s  is  a l so  e v i -  
dent in F ig .  9. 

Aging for  100 h t r a n s f o r m e d  mos t  of the ~" p r e c i p i -  
t a t e s  to W i d m a n s t a e t t e n  ~ (Fig .  I0),  and the vo lume 
f r a c t i o n  of the c e l l u l a r  p r e c i p i t a t e  was found to be 
l e s s  than 2 pc t .  At  th is  ag ing  t ime  t r a n s f o r m a t i o n  
of the c e l l u l a r  p r e c i p i t a t e  to W i d m a n s t a e t t e n  ~ was 
m o r e  evident  a s  shown in F i g .  11. 

M e a s u r e m e n t  of mis f i t  p a r a m e t e r  n o r m a l  to the 
p l a t e l e t s  by e l e c t r o n  d i f f r ac t ion  showed that ,  within 
the  a c c u r a c y  of th is  technique,  the p a r a m e t e r  r e -  
ma ined  e s s e n t i a l l y  cons tant  a t  1.8 pct  ove r  the en-  
t i r e  s p e c t r u m  of aging condi t ions  i nves t iga t ed .  

P a r t i c l e  S ize  

The s i ze  of the y "  p a r t i c l e s  r e p o r t e d  in th is  work  
a r b i t r a r i l y  r e f e r s  to the length of the edge of the 
s q u a r e  p l a t e l e t s .  At  s h o r t  ag ing  t i m e s  the m e a s u r e -  

~,.,7 

, . < : m e "  

q 

I g  
Fig. 6--Specimen aged at 973 K (700~ for 65 h; bright [ield 
image showing the grain boundary fl phase and the precipitate Fig. 7--Specimen aged at 1073 K (800~C) for 4 h; dark fie|d 
free zone. Note that the s~ze of the precipitate aL the P F Z  image showing interstit ial coherency strain contrast ~rom 
boundary is comparable to the precipitates inside the grain. 7" precipitates.  Arrow indicates the direction of positive 
Marker denotes 1 ~m. (200) g vector. Marker denotes 0.5 ~m. 
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, u  .. 

Fig. 8--Specimen aged at 1073 K (800~ for 4 h; (a) bright  field image showing alignment of par t ic les  (indicated by anar row)  
leading to the formation of Widmanstaetten/3 phase as shown in (b'  Foil orientation in (b) is [001]. Marker  denotes 0.5 pm. 

Fig. 9--Specimen aged at 
1073 K (800~ for 24 h; 
bright  field image showing 
three {111} variants  of 
Widmanstaet ten/3.  Note 
p resence  of untransformed 
3'" prec ip i ta tes .  Foil o r i -  
entation [011]. Marker  de-  
notes 0.25 /zm. 
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Fig. 10--Specimen aged at 1073 K (800"C) for 24 h; optical 
micrograph showing the formation of the Widmanstaetten/3 
prec ip i ta tes .  Marker  denotes 20 ~m. 
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Fig. 11--Specimen aged at 1073 K (800~ for 100 h; mic ro -  
graph showing the t ransformat ion  of the eellular/3 to Wid- 
manstaet ten/3 .  Marker  denotes 20 ~m. 
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ments were made from dark field image using (100) 
superlattice reflections and at longer aging times 
when the individual part icles could easily be resolved, 
the dimension was measured from the bright field 
image with the foil in a f001] orientation. In Fig. 12 
the precipitate size is plotted as a function of (aging 
time) ~/3 at 973 K and 1073 K. The linear plots sug- 
gest that the coarsening follows a t ~/3 growth law, 
at least in the plane of the 7" ptatelets. This observa-  
tion is consistent with the work of Butler and Thomas -.4 
which suggested the applicability of Lifshitz-Wagner 
theory of volume diffusion controlled coarsening to 
nonspherical part icles.  

DISCUSSION 

The prel iminary microst ructural  investigations of 
Cu-30 pct Ni alloys containing 1 pet and 2.5 pct Nb 
indicated that the solid solubility of Nb at 1372 K 
(ll00~ is between these limits. Though the present 
investigation focused attention on the 1 pet Nb altoy, 
the 2.5 pet Nb alloy showed higher peak hardness on 
aging and improved grain growth resis tance over 1 
pet bib alloy. These benefits are  due to the higher 
volume fraction of ;r precipitates and undissolved G 
precipitates at the grain boundaries, respectively. 

Strength 

There is little doubt that the hardening in the 
present alloy system is brought about by the precipi-  
tation of coherent Ni3Nb-y" precipitates. Kirman 7 
had pointed out that in Nb containing iron and nickel 
base alloys, overaging is due to the formation of the 
equilibrium ~ phase and not as a result  of coarsen-  
ing of coherent y" particles.  This seems to hold 
good in the present alloy system. Aging at 866 K up 
to 200 h did not cause overaging or any detectable 
formation of the equilibrium phase. Softening on ag- 
ing at 973 K was observed after 4 h and was accom- 
panied by the formation of the cetlular precipitate. 
Aging at 1073 proceeded so rapidly that sufficient 
metallographic data at short aging times are not 
available to confirm this explanation. 

Peak hardness, as suggested by Kirman, 7 did not 
correspond to any definite ~" particle size. At 973 K 
the peak hardness was maintained from 30 rain to 4 h 
with the y"oParticle size changing from 100A at 30 
rain to 275A at 4 h. Similarly, there was no appreci-  
able change in hardness values at 866 Kowhen the 
particle size changed from less than 75A at 65 h to 
150A at 200 h. Though overaging at 973 K was initi- 
ated by the cellular reaction, the gradual decrease  
in hardness after 24 h (Fig. 1) may be attributed in 
part to the coarsening of the ~" precipitates since 
the cellular reaction proceeded only to 15 pct by 
volume after 100 h of aging. 

Precipitation Sequence 

The character is t ics  of the ~" precipitation and the 
subsequent discontinuous reactions in the present in- 
vestigation are similar  to the observations made in 
nickel and iron base a l loys? -n,~6,~ This readily fol- 
lows from the similarit ies in the lattice parameters  
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Fig. 12--(Aging time) I/3 us particle size plots for specimens 
aged at 973 K and 1073 K. 

of nickel, 7-iron, and copper which results  in com- 
parable : / ' -ma t r ix  misfit values. It has been demon- 
strated that discrete ordered particles formed at very 
early stages of aging suggesting that the decomposition 
of the supersaturated solution occurs by homogeneous 
nucleation and growth. Also, the constancy of misfit 
parameter  between y and y" at 1.8 pct over the range 
of aging conditions investigated implies that the 
chemistry of the ordered precipitates does not change 
appreciably during aging. 

The morphology of the equilibrium/3 precipitate 
depends on the aging temperature.  At 866 K no 
phase was observed up to 200 h. Aging at 973 K re -  
suited in a limited proportion (about 15 vol pct) of 
the cellular product at least up to 100 h. This is con- 
sistent with a previous investigation of a niobium 
containing nickel base alloy where only 20 vol pct 
of the cellular precipitate was observed after 1000 
h of aging at 973 K. 9 At 1073 K, the cellular precipi- 
tate formed at the grain boundaries up to 4 h, and 
aging for long times resulted in the formation of 
Widmanstaetten/3. Major proportion of the Widman- 
staetten/3 formed directly from the y", and a limited 
proportion of the Widmanstaetten/3 could have formed 
from the cellular precipitate. The preference for 
the formation of the cellular reaction compared to 
the formation of Widmanstaetten/3 at low aging tem- 
peratures  was explained by Speich in terms of en- 
hanced surface diffusion at low temperatures.~:~ 
Widmanstaetten/3 formed at higher aging tempera-  
tures when bulk diffusion is significant. Based on 
these observations made in the present  investigation, 
schematic transformation curves for the start  of 
the transformations have been constructed for water 
quenched and aged specimens and are  shown in Fig. 
13. Solid and dotted lines indicate actual and pro- 
jected data, respectively.  At the aging temperatures  
investigated in this study, decomposition of the 
supersaturated 7 phase always occurred through the 
formation of metastable y" precipitates.  Since direct 
decomposition to the equilibrium ;3 phase could pos- 
sibly occur at temperatures  higher than those ex- 
amined here, this possibility is indicated in the din- 
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Fig. 13--Schematic transformation curves. Dashed lines in- 
dicate projected data. 

gram,  Deta i led  s tudy of the t r a n s f o r m a t i o n  sequence  
above 1073 K is  in p r o g r e s s  and wil l  be  r epor ted  l a te r .  

Gra in  Boundary P r e c i p i t a t e s  and 
P rec ip i t a t e  F r e e  Zone 

The g ra in  boundary  prec ip i ta te  in the p r e sen t  study 
was es tab l i shed  to be the equ i l ib r ium/3  phase.  In this  
respec t ,  it d i f fe rs  f rom the carbon  conta in ing n icke l  
and i ron  base  al loy s y s t e m s  where p rec ip i t a t ion  of 
NbC and MzzC~ at  the g ra in  and twin boundar i e s  were  
observed .  The expe r imen ta l  r e s u l t s  indicated that 
t h e  P F Z  fo rmed  was solute and not vacancy depleted.  
This  d i f ference in  the o r ig in  of the P F Z  is  evident  
compar ing  the ~" prec ip i ta te  s ize  at  the P F Z  bound- 
a ry .  In the p r e s e n t  study the p rec ip i ta te  s ize  at  the 
P F Z  boundary  was comparab le  to m a t r i x  p rec ip i -  
ta tes ,  while s t r u c t u r a l  obse rva t ions  by K i r m a n  and 
War r ing ton  g indicated c o a r s e r  p rec ip i t a t e s  at the 
zone boundary  compared  to the m a t r i x  (Fig. 8 of Ref. 
9). Thus ,  it  i s  sugges ted  that  the P F Z  fo rmed  in  the 
p r e s e n t  a l loy  s y s t e m  is  so lu te  and not vacancy de-  
pleted.  The effect of this solute  f ree  P F Z  on the me -  
chanica l  p rope r t i e s  of the at loy is  not yet  known. 

Though the exact  m e c h a n i s m  by which the Widman-  
s taet ten/3  fo rms  f rom )," p rec ip i ta te  is not c lear ,  it 
appeared  (Fig.  8) that the ea r ly  s tages  of fo rmat ion  
of/3 was cha r ac t e r i z ed  by the a l ignmen t  of y" pa r t i -  
c les  with i n  s i t u  t r a n s f o r m a t i o n  to the Widman-  
s tae t ten  fl p la te le t s .  In the i r  work on N i - F e - C r - N b  
a l loys ,  K i r m a n  and W a r r i n g t o n  suggested  that this  
p r e f e r e n t i a l  a l ignmen t  of the y"  pa r t i c l e s  could r e -  
sul t  f rom the ex t r ins ic  s tacking  faults  observed  in 
the ~, phase.~ Since no s tack ing  faul ts  were  obse rved  
in the p r e s e n t  study, the r ea son  for  a l ignment  of y"  
pa r t i c l e s  is  not c lea r .  They a lso  suggested  that 
faul t ing within the y "  p rec ip i t a t e s  du r ing  the i r  growth 
could act  as  potent ia l  nuc lea t ion  s i tes  for the Widman-  
s taet ten/3 phase.  E a r l i e r  work by M e r r i c k  mad Nichol-  

son in a N i - C r - T i  al loy showed defini te  evidence of 
condensa t ion  of vacanc ies  r e su l t i ng  in i n t r i n s i c  faults  
in pa r t i c l e s  ~ r i o r  to t r a n s f o r m a t i o n  to the equ i l i b r ium 
~? hcp phase,  e Though a s i m i l a r  m e c h a n i s m  is feas ib le  
in the y" to 2 t r a n s f o r m a t i o n  in the p r e se n t  study, 
due to s i m i l a r i t y  between hcp (77) and o r thorhombic  
(/3) s t r u c t u r e s ,  no d i r ec t  evidence of this me c han i sm  
was obtained.  The ~" pa r t i c l e s  that  a l igned to form 
subsequent /3  pa r t i c l e s  showed no f r inge  con t r a s t  and 
no other  evidence of faulting: e.g. s t r eak ing  along 
[112]~,, d i r ec t ion  was not observed  as would be ex-  
pected if faul t ing  were  p re sen t .  ~ 

CONCLUSIONS 

i) Age hardening observed in the Cu-30 pct Ni- 
l pct Nb alloy system was the result of the precipi- 
tation of ordered, coherent, metastable NiaNb-y" 
precipitates which formed by homogeneous nuclea- 
tion and growth. Coarsening of the y" precipitates 
followed a t ~la growth law in the plane of the precipi- 
tates. 

2) Equ i l ib r ium/3  phase formed through a g ra in  
boundary  ce l lu l a r  r eac t ion  at low aging t e m p e r a t u r e s  
(-<973 K) or Widmans tae t t en  p rec ip i t a t e s  at higher  
aging t e m p e r a t u r e s  (>-1073 K). 

3) G r a i n  boundary  p rec ip i t a t ion  dur ing  aging was 
assoc ia ted  with a solute  depleted prec ip i ta te  f ree  
zone. 
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