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The kinet ics  of growth of the Y' prec ip i ta te  in a Ni-8.74 wt pct Ti  alloy were studied by mag-  
net ic  ana lys i s  and t r a n s m i s s i o n  e l ec t ron  mic roscopy .  The va r i a t ion  of the t i tan ium content  of 
the n i cke l - r i ch  ma t r ix  as a function of aging t ime was studied by m e a s u r i n g  the f e r romagne t i c  
Curie  t empe ra tu r e  of a l loys aged at 692 ~ 593 ~ and 525~ The k ine t ics  of this p rocess  accu-  
ra te ly  obeyed the p red ic t ions  of the L i f sh i t z -Wagner  theory of diffusion cont ro l led  coa r sen ing  
af ter  r e la t ive ly  shor t  aging t imes  at al l  aging t e m p e r a t u r e s .  Dark- f i e ld  t r a n s m i s s i o n  e lec t ron  
mic roscopy  was used to measu re  the p a r t i c l e - s i z e  d i s t r ibu t ions  and the average par t ic le  s izes  
of samples  aged for  va r ious  t imes  at 692~ The k ine t ics  of par t ic le  growth also obeyed the 
t ime law predic ted  by the L i f sh i t z -Wagner  theory within the l imi t s  of expe r imen ta l  e r r o r .  Ad- 
dit ional  ana lys i s  of the data provided a value of approximate ly  21 e rg  per  sq cm for the i n t e r -  
facial  free energy  of the ~ ' - m a t r i x  in te r face ,  and a value for the diffusion coefficient  of t i t an ium 
in nickel  which is  in ve ry  good ag reeme n t  with an independently de t e rmined  value. The d is -  
t r ibu t ion  of 7' pa r t i c le  s i zes  was found to be s igni f icant ly  b r oa de r  than the theore t ica l  d i s t r i -  
bution of the L i f sh i t z -Wagner  theory.  It is  suggested that this is  due to the re la t ive ly  la rge  la t -  
t ice p a r a m e t e r  m i sma tch  between 7' and the N i - T i  mat r ix .  The re su l t s  and conc lus ions  of 
this study a re  c r i t i c a l l y  compared  with those of other inves t iga t ions .  

THE precipitation processes in aged nickel-based 
titanium alloys have been the subject of many investi- 
gations. I-5 The earlier studies b2 showed that the 
stable hexagonal ~? phase (Ni3Ti) was preceded by the 
metastable 7' precipitate, which also has the stoi- 
chiometry Ni3Ti but possesses the Cu3Au (LI2) crystal 
structure. It was also shown b2 that the y' particles 
are fully coherent with the nickel-rich matrix, are 
cubic in shape with interfaces parallel to {I00}, and 
tend to line up along (I00) producing the so-called 
"modulated" structure. In many respects y' in Ni-Ti 
alloys behaves much like 7' in Ni-Al alloys (Ni3Al, 
Ll2 crystal structure), which is not too surprising be- 
cause the two systems are structurally similar. In 
Ni-Al alloys the )/ precipitate grows by diffusion- 
controlled coarsening almost from the very beginning 
of aging at temperatures above 625~ but there 
is considerable confusion regarding the growth mech- 
anism of 7' in Ni-Ti alloys. Ben Israel and Fine 3 
and Dawance et al. 4 by a combination of magnetic 
analysis and deformation experiments, and Sass and 
Cohen S by transmission electron microscopy studies, 
have arrived at the conclusion that 7' in Ni-Ti alloys 
is itself preceded by another metastable precipitate 
with a composition approximating to Ni6Ti. However, 
the data of Ben Israel and Fine have been analyzed 
with moderate success 9 according to the equations of 
the Lifshitz-Wagner I~ theory of diffusion-controlled 
coarsening. Significantly, the coarsening analysis 9 
was relevant to the particular aging times during 
which NirTi was supposed to be transforming to 7'. 
Since the simultaneous occurrence of these two proc- 
esses, i.e., )~' coarsening and the transformation of 
NirTi to 7', over a prolonged period of aging is highly 
unlikely, this investigation was initiated with the inten- 
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tion of reconciling the disagreement about the inter- 
pretation of Ben Israel and Fine's kinetic data. 

EXPERIMENTAL PROCEDURES 

General Principles. Two experimental techniques 
were used to follow the growth of y': a) Magnetic 
analysis, to measure the ferromagnetic Curie tem- 
perature, ec, of the aged samples; b) Transmission 
electron microscopy, to measure the 7' particle size 
distributions and average particle sizes as functions 
of aging time. 

The measurements of e c provide a sensitive meas- 
ure of the manner in which the titanium content of the 
nickel-rich matrix changes as aging proceeds. In 
principle all that is required is an accurate calibration 
curve describing the dependence of 0 c on the titanium 
content of binary Ni-Ti solid solutions. The 0c value 
of the aged sample can then be referred to the cali- 
bration curve to obtain the titanium content of the ma- 
trix. The 7' precipitates are not ferromagnetic 3 and 
therefore do not affect the measured value of 0 c. The 
technique owes its high sensitivity to the fact that 8 c 
is a very strong function of the titanium concentration 
of Ni-Ti solid solutions, as has been shown by several 
inves t iga tors .S '  iz- 14 

M e a s u r e m e n t s  of the Y' pa r t i c l e  s i ze s  a re  read i ly  
accompl i shed  by the technique of da rk - f i e ld  e l ec t ron  
mic roscopy ,  wherein  a super la t t i ce  re f lec t ion  f rom 
the ordered  7' p rec ip i t a tes  is  used to form an image.  
The images  thus formed a re  uncompl ica ted  by the 
p resence  of coherency s t r a i n - f i e l d  con t r a s t  is which 
appea r s  in b r igh t - f i e ld  images  when there  is suff icient  
m i sma tch  between the la t t ice  p a r a m e t e r s  of the ma-  
t r ix  and the prec ip i ta tes .  

Alloy P r e p a r a t i o n ,  Fab r i ca t ion ,  and Me a su remen t s .  
Ni-Ti alloys containing 2, 4, 6, 8, 8.74, and I0 wt pct 
Ti were prepared from high purity Johnson-Mathey 
nickel (37 ppm impurities) and iodide titanium. The 
alloys were induction melted in a water-cooled silver 
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c ruc ib le  under  a s ta t ic  a t m o s p h e r e  of t i t an ium-  
ge t t e r ed  a rgon ,  r e m e l t e d  twice in the same  appara tus ,  
and checked  for  weight  l o s s e s  which were  found to be 
negl ig ib le .  The a l loys  were  then cold swaged to rod,  
0.100 in. in d iam,  and homogen ized  for  about 2 hr  at 
1000~ in a s ta t ic  t i t a n i u m - g e t t e r e d  he l ium a tmosphe re .  
Most  of the a l loys  were  p r e p a r e d  for  the purpose  of 
es tab l i sh ing  a ca l ib ra t ion  cu rve  of 0 c vs wt f rac t ion  
T i ,  and were  ro l l ed  to sheet  ranging in th ickness  f rom 
0.005 to 0.009 in. The 8.74 wt pct Ti  a l loy ,  s e l ec t ed  
for  the aging e x p e r i m e n t s ,  was a lso  ro l l ed  to rod form 
with a square  c r o s s - s e c t i o n  of about 1 by 1 mm.  

The Cur ie  t e m p e r a t u r e s  were  m e a s u r e d  by the in-  
duction method.  No a t tempt  was made to m e a s u r e  the 
magnitude of the ac magne t ic  f ie ld  appl ied to the in-  
duction co i l s ,  but the f ie ld  ampl i tude  was kept con-  
stant fo r  a l l  the m e a s u r e m e n t s  and the f requency  was 
main ta ined  at 1000 Hz. All  other  p r o c e d u r e s  were  
ident ica l  to those used in the study of the coa r s en ing  
of y'  in Ni-A1 al loys .  ~ 

Fo r  the e l ec t ron  m i c r o s c o p y  s tudies ,  d i sks  2.3 m m  
in diam were  s p a r k - m a c h i n e d  f rom the sheet  spec i -  
mens ,  e l ec t ro ly t i c a l l y  j e t - p ro f i l ed ,  and p r e p a r e d  for  
f inal  examina t ion  by e l ec t ropo l i sh ing  (at 8 to 10 v) in 
a solution of 30 pct n i t r i c  ac id-70  pct methanol ,  cooled  
be tween  -30  ~ and -60~ The thin fo i l s  were  e x a m -  
ined in a S iemens  E lmiskop  I, opera t ing  at an a c c e l e r -  
at ing vol tage of 100 kv. 

P r e l i m i n a r y  s tudies  showed that the N i - T i  a l loys  
had a grea t  tendency to oxidize.  The r eac t i v i t y  of the 
N i - T i  a l loys  caused  ce r t a in  d i f f icu l t ies  which were  
neve r  en t i r e ly  e l imina ted ,  but which were  s a t i s f ac to r i l y  
o v e r c o m e  by the adoption of spec ia l  p r o c e d u r e s .  Solu- 
tion t r e a t m e n t  and homogeniza t ion  anneals  were  c a r -  
r i ed  out in a v e r t i c a l  tube fu rnace  with an a tmosphe re  
chamber  so designed that the s p e c i m e n s  could be in-  
t roduced  into the hot -zone  of the fu rnace  while under  
the pro tec t ion  of a t i t a n i u m - g e t t e r e d  he l ium a tmosphe re .  
Befo re  the s p e c i m e n s  were  in t roduced,  the en t i r e  
chambe r  was evacua ted  by a mechan ica l  vacuum pump, 
f lushed with he l ium,  evacua ted  again and f i l led  with 
he l ium to a s l ight  negat ive  p r e s s u r e .  The s p e c i m e n s  
were  then lowered  into the hot -zone  and annealed  in 
the s ta t ic  he l ium a t m o s p h e r e .  The he l ium flow was 
r e s u m e d  p r io r  to opening the bot tom of the ch am be r  
for  quenching.  

Cal ibra t ion  Curve  De te rmina t ion .  Smal l  s a m p l e s  of 
c o l d - r o l l e d  sheet  were  given individual  r e e r y s t a l l i z a -  
tion and solut ioniz ing t r e a t m e n t s  for  5 min  at 1000~ 
except  for  the 10 wt pet Ti  a l loy  which was solution 
t r e a t ed  at 1050~ The s p e c i m e n s ,  which were  f r ee ly  
suspended by a wire ,  were  then quenched into a br ine  
solut ion r e f r i g e r a t e d  to about -11~ The thin oxide 
sca le  on the ca l ibra t ion  s p e c i m e n s  was eas i ly  r e m o v e d  
by e l ec t ropo l i sh ing  p r i o r  to making m e a s u r e m e n t s .  

The ca l ib ra t ion  curve  is  shown in Fig .  1, where  the 
r e s u l t s  of p rev ious  inves t iga t ions  3'~2-~4 a re  shown for  
compar i son .  At va lues  of WTi g r e a t e r  than approx i -  
ma te ly  0.02, 0 c is l inear ly  r e l a t ed  to WTi over  the 
en t i r e  range of t i tanium concen t ra t ions  encoun te red  in 
this study. The Cur ie  t e m p e r a t u r e s  f rom this i nves t i -  
gation a re  gene ra l ly  lower than those f rom the e a r l i e r  
s tudies  by Mar ian  ~2 and Tay lo r  and Floyd,  ~3 in fa i r  
a g r e e m e n t  with those of Ben I s r a e l  and Fine ,  and in 
ve ry  good a g r e e m e n t  with those of S tover  and Wulff. 14 

For  the purpose  of eva lua t ing  WTi f rom m e a s u r e -  
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Fig. 1--Calibration curve of the ferromagnetic Curie tem- 
perature, Oc, vs the wt fraction titanium in nickel solid so- 
lution. 

men t s  of Oc, the data were  f i t ted to the following 
e m p i r i c a l  equat ion:  

400 - 0 c [1] 
WTi - 5923 

with e c in ~ 
It is  i n t e re s t ing  to note that 0 c fo r  the 10 wt pct Ti 

sample  i s  in exce l len t  a g r e e m e n t  with the other  data. 
Severa l  i nves t i ga to r s  ~,3 have noted that p rec ip i ta t ion  
could not be supp re s sed  by quenching in a l loys  con- 
taining the o r d e r  of 9 to 10 wt pct Ti .  However ,  the 
r e su l t  in Fig .  1 sugges t s  that  decompos i t ion  was c o m -  
p le te ly  s u p p r e s s e d  by the quenching p rocedure  used 
in this  study. 

Aging Studies.  The s p e c i m e n s  used for  the aging 
s tudies  (8.74 pct Ti)  were  solution t r e a t ed  for  ~ hr  at 
1000~ and quenched into the r e f r i g e r a t e d  b r ine  solu-  
tion. To p reven t  oxidation dur ing s o l u t i o n - t r e a t m e n t  
the thin sheet  s am p le s  were  sandwiched between foi ls  
of the N i - T i  a l loy,  and the rod samples  were  p laced 
in a sma l l  con ta ine r  made of the same  al loy.  The 
s am p le s  were  packaged in z i r con ium foil  as  an addi-  
t ional  precaut ion.  The quenching rate  was s a c r i f i c e d  
somewhat  by this  p r o c e d u r e ,  but this  s a c r i f i c e  in-  
su red  a s table g ra in  s ize  in the aged samples .  Sur-  
face  oxidation of the s a m p l e s  dur ing this t r e a t m e n t  
was min imal .  

The aging t i m e s  and t e m p e r a t u r e s  in this i nves t i -  
gation were  chosen to c o r r e s p o n d  to those in the in-  
ves t iga t ions  of Ben I s r a e l  and Fine ,  Dawance et a l . ,  
and Sass  and Cohen. Aging was done in a furnace  con- 
t r o l l ed  to within +I~ at three  d i f ferent  t e m p e r a t u r e s ,  
692 ~ 593 ~ and 525~ in an a tm osphe re  of flowing 
t i t a n i u m - g e t t e r e d  argon.  A z i r con ium foil wrapping 
was a lso  used to p reven t  e x c e s s i v e  oxidation dur ing 
aging at the h ighes t  aging t e m p e r a t u r e  (692~ Af ter  
each aging t r e a t m e n t  the spec imens  were  quenched 
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into the r e f r ige ra t ed  b r ine  solut ion.  Magnetic  ana lys i s  
was used to follow the aging p rocess  at al l  three  t em-  
p e r a t u r e s ,  but the t r a n s m i s s i o n  e lec t ron  mic roscopy  
s tudies  involved only the spec imens  aged at 692~ 

In the magnet ic  inves t iga t ion  of coarsen ing  of 7' 
Ni-A1 al loys  8 it was found that the shape of the f e r r o -  
magnet ic  t r ans i t ion  curve  and Oc were s t rongly  af- 
fected by the rate at which the spec imen  was cooled 
from the aging furnace.  S imi la r  effects were an t ic i -  
pated for the N i - T i  a l loys  and found in the following 
s e r i e s  of exper iments .  The rod spec imen aged at 692~ 
was quenched into the r e f r i g e r a t e d  b r ine  solut ion in 
the n o r m a l  way af ter  1 hr .  The f e r romagne t i c  t r a n s i -  
tion curve is  shown in Fig.  2, and 0 c for this  spec i -  
men  was -93.8~ (WTi = 0.08337). The same spec imen  
was then r e i n s e r t e d  into the furnace  (without the z i r -  
con ium-fo i l  wrapping) for an addit ional  minute  and 
quenched, a c for  this t r e a tmen t  was -93.0~ (WTi 
= 0.08324), which is a change of only 0.15 pct. This  is  
well within the l imi t  of absolute  accuracy  of the exper i -  
ments  and shows that the effect of the z i r con ium wrap-  
ping was negl igible .  The spec imen  was again r e in -  
s e r t ed  into the aging furnace  for 1 min  (without the 
z i r con ium wrapping) and now a i r - coo led .  The f e r r o -  
magnet ic  t r ans i t ion  curve for  this spec imen  is  a lso 
shown in Fig.  2. It is  s igni f icant ly  b roade r  than the 
curve for the quenched sample  and has a cons ide rab ly  
higher  0c of -85.8~ (WTi = 0.08202). The expe r imen t s  
above were repeated  on samples  aged at 525~ but 
there  was no s ignif icant  d i f ference between 8 c for  a i r -  
cooled and quenched samples .  
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Fig. 2--Tracings of the automatically recorded curves of 
specimen magnetization vs thermoeouple electromotive force 
for a Ni-8.74 wt pet Ti specimen aged for 1 hr at 692~ The 
two curves illustrate the effect of brine-quenching and air-  
cooling the same specimen from the aging temperature. 

METALLURGICAL TRANSACTIONS 

Exper imen ta l  E r r o r s  and Uncer ta in t ies .  F o r  r ea -  
sons that will become apparen t ,  the absolute va lues  
of WTi repor ted  here in  a re  accura te  to within +1 pct. 
The absolute  accuracy  is  l imi ted  by the unce r t a in t i e s  
in the t i t an ium-con ten t s  of the al loys used to es tab-  
l ish the ca l ib ra t ion  curve of Oc vs WTi, Fig. 1. How- 
ever ,  owing to the s t rong dependence of 0 c on WTi , 
Eq. [1], very  smal l  changes in WTi can be read i ly  
detected,  with an accuracy  l imi ted  by the d e t e r m i n a -  
tion of 0 c for  the aged samples .  The uncer ta in ty  in 
the m e a s u r e d  values  of 0c is  approx imate ly  +0.1~ 
and the re la t ive  va lues  of WTi a re  therefore  accu-  
rate to approximate ly  +0.00002. 

The 7' par t ic le  s ize m e a s u r e m e n t s  a re  affected 
by i n s t rumen ta l  and con t ras t  l imi ta t ions .  The magn i -  
f icat ion in the e l ec t ron  mic roscope  was ca l ib ra ted  as 
a function of the objective lens  c u r r e n t ,  so the mag-  
nif icat ion va lues  a re  accura te  to within 5 pct. The 
con t ras t  in da rk- f i e ld  images  from super la t t i ce  r e -  
f lect ions of the )/ p rec ip i ta tes  is  r e la t ive ly  poor in 
the case of Ni3Ti because  the difference between the 
atomic sca t t e r ing  fac tors  of n ickel  and t i t an ium is 
fa i r ly  smal l .  There fo re ,  the super la t t i ce  re f lec t ions  
a re  not very  in tense  even under  ideal  d i f f ract ing con-  
di t ions.  Although no pa r t i cu l a r  dif f icul t ies  were en-  
countered in obtaining a b e r r a t i o n - f r e e  da rk - f i e ld  
images  in this  inves t iga t ion ,  it is  imposs ib le  to e s t i -  
mate  the n u m b e r  of 7'  pa r t i c l e s  that may have been  
invis ib le  in a given da rk - f i e ld  image.  Thus ,  it is  doubt-  
ful that the par t ic le  s izes  repor ted  here in  a re  accu-  
rate to be t t e r  than 10 pct. 

RESULTS 

If y' grows by diffusion-controlled coarsening, as 
hypothesized by the author, 9 the results of this study 
should then fulfill all the predictions of the Lifshitz- 
Wagner theory. I~ The data that follow are presented 
in a manner consistent with this adopted point of view. 

Magnetic Analysis. The data from the Curie temper- 
ature measurements are shown in Fig. 3. Values of 
WTi were obtained from the measured values of 0 c 
according to Eq. [I]. The data in Fig. 3 are plotted as 
WTiVS t -I/3, which is consistent (apart from the con- 
centration units) with the theoretical equation 9'I~ 

c - ce = (Kt) -'3 [2] 

which describes the asymptotic variation of the solute 
content  (c) of the mat r ix  with aging t ime.  In Eq. [2] 
c e r e p r e s e n t s  the concent ra t ion  of solute in the ma-  
t r ix  in equ i l ib r ium with an inf ini te ly  la rge  y '  par t ic le  
and g is a ra te  constant  given by 

D ( R T ) 2  [3] 
K = 972c2eV m 

where D is the diffusion coefficient  of t i t an ium in 
nickel ,  Y is the specific f ree energy of the 7 ' - m a t r i x  
in te r face ,  V m is  the mo l a r  volume of 7 ' ,  and R T  has 
i ts  usual  meaning.  

The values  of WTi approach the pred ic ted  l inear  
dependence on t -l/a af ter  aging t imes  that are  c lea r ly  
t empera tu re -dependen t :  -~20 min at 692~ -~1 hr  at 
593~ and ~-16 hr  at  525~ It is emphas ized  that these 
aging t imes  do not n e c e s s a r i l y  r e p r e s e n t  the t imes  at 
which coa r sen ing  ac tual ly  c o m m e n c e s ,  because  Eq. 
[2] is  an approximat ion  9 which is not accura te  at the 
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beginning  of the coa r sen ing  process .  However,  the e r -  
r o r  involved in using Eq. [2] over  the whole range of 
aging t imes  is  genera l ly  sma l l ,  and Eq. [2] is  pa r t i cu -  
l a r ly  convenient  to use for the purpose  of evaluat ing 
c e and K. To this end, the data points  in the l i n e a r  
reg ions  in Fig.  3 were l e a s t - s q u a r e s  analyzed to ob- 
tain va lues  of the in te rcep t s  (c e or We) and s lopes 
(K -1/3) of the curves .  The va lues  of these p a r a m e t e r s  
a r e  s u m m a r i z e d  in Table I. 

According to Eq. [3] the act ivat ion energy  for the 
coa r sen ing  p rocess  can be obtained by plott ing 
log(KW2e/T 2) vs l I T .  A plot of this type is shown in 
Fig. 4. The resu l t ing  act ivat ion energy  is 67,500 cal  
per  mole ,  which is  in fa i r  a g r e e m e n t  with the r e -  

Table I. Results of  the Least-Squares Analysis o f  the Data in Fig. 3 

T(~ r "z/3 (sec 1/3) w e X 10 2 

525 4.050 X 10 "l 6.633 
593 1.235 X 10 "1 7.268 
692 3.455 X 10 -2 8.123 
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perature dependent factor w2/T z vs the reciprocal of the ab- 
solute temperature. 

150 

ported value of 61,400 cal  per  mole for the diffusion 
of titanium in very dilute Ni-Ti alloys.16 

Transmission Electron Microscopy Studies. Fig. 5 
shows a set  of da rk- f i e ld  m i c r og r a phs  of spec imens  
aged for 30 min ,  8 hr ,  and 24�88 hr  at 692~ These mi -  
c rographs  i l l u s t r a t e  that 7 '  in N i - T i  behaves  s i m i -  
l a r ly  to y '  in Ni-A1 in that the y '  pa r t i c l e s  l ine up 
along (100), and the degree of a l ignment  becomes  
more  pronounced as  aging proceeds .  6 

To de te rmine  the d i s t r ibu t ion  of par t ic le  s izes  the 
edge lengths,  a, of 500 cube-shaped  ~' p rec ip i t a tes ,  
were m e a s u r e d  along the [100] d i rec t ion ,  and placed 
into one of a n u m b e r  of convenient  s ize i n t e rva l s .  
The average  par t ic le  size a was evaluated from each 
h i s tog ram,  and the h i s t o g r a m s  were then no rma l i zed  
accord ing  to a prev ious ly  used procedure  7 for com-  
pa r i son  with the theore t ica l  d i s t r ibu t ion  of the Li fsh i tz -  
Wagner  ana lys i s .  The n o r m a l i z e d  expe r imen ta l  h is to-  
g r a m s ,  ~a-g(a,t) ,  where g(a , t )  is  the unnorma l i zed  
h i s tog ram,  are  plotted agains t  the n o r m a l i z e d  par t i c le  
s ize p = a/-d in Fig.  6, where the theore t ica l  d i s t r i bu -  
t ion,  p2h(p),* is  a lso shown for compar i son .  It is  evi -  

* . /  3 \ 7 / 3 / 3 / 2  \ , , / 3  

I 0 ; p  > 3 1 2 .  

< 3/2 

dent f rom Fig. 6 that the expe r imen ta l  h i s t o g r a m s  
a re  cons ide rab ly  b roade r  than the theore t ica l  d i s t r i b u -  
t ion function,  and that they deviate f rom the theore t ica l  
d i s t r ibu t ion  even at low values  of p (i .e. ,  p < 1). 

Average par t ic le  s i zes  were a lso  obtained f rom 
da rk - f i e ld  e l ec t ron  mic rographs  for three  other aging 
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~d3 (b) (c) 

Fig. 5--Electron mierographs of 3,' precipitates in a Ni-8.74 wt pet Ti alloy aged at 692~ for: (a) 30 min; (b) 8 hr; (c) 24{- hr. 
The images are dark-field images from (100}y, superlattice reflections. All foils are oriented (011). 

t imes  at 692~ (1, 2, and 4 hr).  These m e a s u r e m e n t s  
r e p r e s e n t e d  the average  of fifty individual ly  m e a s u r e d  
pa r t i c l e s .  The data a re  shown in Fig.  7 as a plot of 
a / 2  vs t ~/3, in accord  with the theore t ica l  growth equa-  
tion ~~ wri t ten  for cube-shaped  pa r t i c l e s ,  

(-5/2) 3 - (-50/2) 3 = k t  [4] 

where To is the average  edge length at t = 0 (the 
onset  of coarsen ing)  and k is  a ra te  constant  given by 

k = 8~/CcDVr~ 
9 R T  [5] 

The symbols in Eq. [5] have the same meaning as 
those in Eq. [3]. The representation in Fig. 7 is ac- 
curate provided ao -~ 0, an assumption which is evi- 
dently justified by the fact that coarsening commences 
as early as 20 to 40 rain at 692~ Fig. 3. No apparent 
reason could be found for the scatter in the data in 
Fig. 7. 

Evaluation of the Parameters ~ and D. The parame- 
ters ~ and D are readily evaluated from the experi- 
mental values of K -~13 and k '13 (the slope of the plot in 
Fig. 7) according to the equations 9 

( k / K ) ~ / 3 R T  [ 6] 
7" - 2 c e  V m 

and 

(k2K) 1/3 
o = ~ v,~ [7] 

Substi tut ion of the va lues  of the p a r a m e t e r s  per t inen t  

Table II. Estimated Values of 7 and D from the Application of Coarsening 
Theory to the 692~ Data 

7 (erg/cm 2) D (cm~/sec) D (cm 2/sec)* 

21.3 1.51 X 10 "14 1.08 • 10 "14 

*Calculated from the equation D = 0.86 exp (-61,400/RT) given by Swalin and 
Martin. TM 
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to 692~ (k '13 = 3.47 • 10 -8 c m / s e c  I13, K -I13 = 6.42 
)< 10  -3 mole secllS/cm3, c e = 1.51 • 10 -2 m o l / c m  3, 
V m  = 27.83 cm3/mol)  into Eqs.  [6] and [7] yields  the 
values  of 7 and D shown in Table  II. The value for 
the diffusivi ty of t i t an ium in dilute N i - T i  a l loys ,  ob- 
ta ined by ext rapola t ing the data of Swalin and Mar t in  ~6 
to 692~ is a lso  shown in  Table  II. 

DISCUSSION 

Almost all the data of this investigation are consis- 
tent with the hypothesis that ~' grows by diffusion- 
controlled coarsening in Ni-Ti alloys after relatively 
short aging times. The data from the magnetic meas- 
urements, Fig. 3, clearly obey Eq. [2] very accurately 
for t > 24 hr at 525~ We reiterate that the time to 
reach the linear behavior predicted by Eq. [2] does not 
necessarily represent the onset of coarsening. How- 
ever, it is reasonable to assume that coarsening com- 
mences within a factor of two of the aging times that 
linear behavior is observed. We can thus place the 
onset of ~' coarsening to within 20 to 40 min at 692~ 
I to 2 hr at 593~ and 24 to 48 hr at 525~ 

In spite of the scatter in the average particle size 
m e a s u r e m e n t s ,  the expe r imen ta l  ra te  cons tan ts  k ~/3 
and K -1/3 yield the very  reasonable  va lues  for ~ and 
D at 692~ in Table II. The value of V (-~21 e r g / c m  2) 
is  comparab le  to the value of ~ obtained f rom analy-  
s i s  of coa r sen ing  data for  ~' in Ni-A1 a l loys  (~-13 
erg/cm2).  8 This  is  very  encouraging  because  ~ should 
be sma l l  7 and there  is  no reason  why y for the 
y ' -Ni (T i )  in te r face  should be very  d i f ferent  f rom 7" 
for  the y'-Ni(A1) in ter face .  The value of D f rom the 
coa r sen ing  ana lys i s  is  in excel lent  a g r e e m e n t  with the 
diffusivi ty obtained by ex t rapola t ion  of Swalin and 
M a r t i n ' s  data (see Table  II). This  may be for tui tous  
for  two r e a s o n s :  a) the value of D f rom the c o a r s e n -  
ing ana lys i s  i s  subject  to an unce r t a in ty  caused  by the 
ve ry  b road  expe r imen ta l  h i s tog rams .  If this is  co r -  
rec ted  for by an e mp i r i c a l  p rocedure  suggested by 
the author ,  ~7 the value of D is  approximate ly  a factor  
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of 3 t i m e s  the Swal in-Mart in  value; b) there i s  a 
crepancy  between the value of Q f rom Fig.  4 and the 
value of Q d e termined  by Swalin and Martin.  N e v e r -  
t h e l e s s ,  in v i ew  of the fact  that the t i tanium concentra-  
t ions  a s s o c i a t e d  with y' coarsen ing  are  v e r y  high 

I / 2  hr. 

=58 

o 
I , 5 
i 

8 hr. 

CL 4 5 = 2 2 5  ~, 
v 
c -  

OJ cL 
3 

E 
CI 
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J O  I 

v 
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~x 

\ 
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24 I /4  hr.  

= 2 6 4  

I 
! 

O0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2D 2.2 2.4 

P 
Fig. 6-- -His tograms showing t h e  -y' p a r t i c l e - s i z e  distributions 
in a Ni -8 .74  wt pct Ti  al loy aged at 692~ The h i s tograms  
are plotted as  ~ Eg(a,t) for comparison  with the theoret ical  
distribution function p2h (p),  w h e r e  p = a/a. 
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c o m p a r e d  to the concentrat ions  in the dilute N i - T i  al-  
l oys  used by Swalin and Martin,  the overa l l  a g r e e -  
ment  between  the independent va lues  of D and Q i s  
v e r y  good. 

It has been shown e l s e w h e r e  le that the va lues  of w e 

in Table I unambiguously  r e p r e s e n t  the coherent  so lu-  
b i l i t i e s  of y' in N i - T i  a l l oys .  The r e s u l t s  of that 
study are  shown in Fig.  8 where  the concentrat ion units 
are  in atom fract ion t i tanium. It i s  evident  that the 
coherent  Y' so lub i l i t i e s  e x c e e d  the so lubi l i ty  of the 
stable  77 phase ,  which they mus t  f rom thermodynamic  
cons iderat ions .  Over  the t e m p e r a t u r e  range of this 
study the equi l ibr ium solubi l i ty  of Y' obeys  the re -  
lat ionship 

a e = 0 . 2 5 6 6  exp( -1850/RT)  [8]  

The e l ec tron  meta l lography  datum in Fig .  8 r e p r e s e n t s  
the result  of a d i s so lut ion  e x p e r i m e n t  des igned to tes t  
the s igni f icance  and accuracy  of Eq. [8]. Samples  of 
the 8.74 wt pct (10.50 at. pct) Ti  a l loy  were  aged at 
700~ for 48 hr to produce coherent  y' prec ip i ta tes .  
Individual s a m p l e s  were  then reaged for 1 1 ~z hr at t e m -  
pera tures  near the so lubi l i ty  l imi t  predicted by e x -  
trapolat ing E q .  [8]  to  1 0 . 5 0  at.  pct  T i  ( th i s  t e m p e r a t u r e  
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Fig. 7 - -P lo t  of half  the average  -y' part ic le  edge length vs t v3  
for a Ni -8 .74  wt pct Ti  a l loy  aged at 692~ The open c i r c l e s  
represent  data obtained from the h i s tograms  in Fig.  6 and 
the f i l led c i r c l e s  represent  the average of fifty individually 
m e a s u r e d  part ic les .  
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i s  768~ If Eq. [8] d e s c r i b e s  the coheren t  $ '  so lvus ,  
the coheren t  ),' p r e c i p i t a t e s  that  f o r m e d  on aging at  
700~ should  d i s s o l v e  o r  t r a n s f o r m  to the m o r e  s t ab le  
7/ phase  on r eag ing  a t  a t e m p e r a t u r e  jus t  above the 
cohe ren t  so lub i l i ty  l i m i t ,  w h e r e a s  coheren t  ? '  should 
s t i l l  be p r e s e n t  in a s a m p l e  r e a g e d  jus t  below the co-  
he r en t  so lub i l i ty  l imi t .  T y p i c a l  m i c r o s t r u c t u r e s  r e -  
su l t ing  f rom the d i s so lu t ion  e x p e r i m e n t s  a r e  shown 
in Fig .  9. The o b s e r v a t i o n  that  the ~'  p r e c i p i t a t e s  
p r e s e n t  in Fig.  9(a) have been  r e p l a c e d  comple t e ly  by  
the 77 p r e c i p i t a t e s  seen in F ig .  9(b) (a d i f f e rence  in 
r e ag ing  t e m p e r a t u r e  of only 9~ and that these  s t r u c -  
t u r e s  b r a c k e t  the p r e d i c t e d  cohe ren t  so lub i l i ty  l imi t  
of 768~ fo r  th is  a l l oy ,  j u s t i f i e s  the conclus ion  that  
Eq. [8] d e s c r i b e s  the cohe ren t  so lvus  fo r  ~' in N i - T i  
a l l o y s  o v e r  the t e m p e r a t u r e  range  525 ~ to 775~ 
F u r t h e r m o r e ,  the r e s u l t s  in F ig .  9 p lace  the a c c u r a c y  
of the da ta  in F ig .  3 (and, by  imp l i ca t i on  the c a l i b r a -  
t ion c u r v e ,  Fig .  1) to within +1 pct  of the abso lu te  
t i t an ium content ,  and p rov ide  convincing ev idence  that  
the ~' p r e c i p i t a t e  does  indeed grow by di f fus ion-  
c o n t r o l l e d  c o a r s e n i n g  a f t e r  r e l a t i v e l y  s h o r t  aging 
t i m e s .  

The only impor t an t  d i s c r e p a n c y  be tween  the r e s u l t s  
of th i s  inves t iga t ion  and the p r e d i c t i o n s  of the L i f sh i t z -  
W a g n e r  t heo ry  i s  a s s o c i a t e d  with the d i s t r i bu t ion  of 
p a r t i c l e  s i z e s .  Although the e x p e r i m e n t a l  s i z e - d i s -  
t r ibu t ions  fulf i l l  the r e q u i r e m e n t  of be ing  q u a s i - s t e a d y ,  
i.e., independent  of ag ing  t ime  within the l i m i t s  of 
e x p e r i m e n t a l  unce r t a in ty ,  they a r e  much b r o a d e r  than 
the t h e o r e t i c a l  d i s t r i bu t i on ,  F ig .  6. The s ize  d i s t r i b u -  
t ions  for  7' in N i - T i  a l l o y s ,  a r e ,  in fact ,  much b r o a d e r  
than those  o b s e r v e d  in a l l  o the r  s y s t e m s  where  p a r -  
t i c le  c o a r s e n i n g  is  the e s t a b l i s h e d  mode of growth.  
In those  o the r  s y s t e m s  ( i soamyl  a lcohol  d r o p l e t s  in 
wa te r ,  t~ y '  in Ni-A17 and N i - C r - A l ,  ~~ a - M n  in Mg, ~1 
0" in A1-Cu 22) the p a r t i c l e  s ize  d i s t r i bu t i ons  a r e  com-  
p a r a b l e  to each  o ther  and a r e  s l igh t ly  b r o a d e r  than 
the t h e o r e t i c a l  d i s t r i bu t ion .  The s y s t e m s  above a r e  
v e r y  d i v e r s e  f rom the s t r u c t u r a l  point of v iew,  making 
i t  diff icul t  to i so l a t e  any s ing le  f a c t o r  a s  the cause  of 
the r e l a t i v e l y  s m a l l  and n e a r l y  cons tan t  d i s c r e p a n c y  
be tween the e x p e r i m e n t a l  and t h e o r e t i c a l  d i s t r i b u t i o n s .  
However ,  among the n i c k e l - b a s e  a l l oys  containing co-  
he ren t  y '  p r e c i p i t a t e s ,  t h e r e  now a p p e a r s  to be a 
r e a sonab l e  c o r r e l a t i o n  be tween  the devia t ion  f rom the 
t h e o r e t i c a l  s i ze  d i s t r i bu t ion  and the y ' - m a t r i x  l a t t i ce  
m i s m a t c h  Aa/a = (a~/-- amatrix)/amatrix. The value  of 
aa/a for  y '  in N i - T i  a l l oys  i s  +0.9 pct ,  23 which is  
much l a r g e r  than Aa/a fo r  7 '  in Ni-A1 a l loys  (+0.6 
pet) 24 and y '  in N i - C r - A 1  a l l o y s  (+0.1 pet). a~ The 
p rob l em that  needs  to be so lved  i s  the m a n n e r  in which 
the e l a s t i c  ene rgy  a s s o c i a t e d  with Aa/a af fec t s  the 
p a r t i c l e  s ize  d i s t r i b u t i o n s .  

T h e r e  a r e  two ways  that  s t r a i n  ene rgy  could inf lu-  
ence the d i s t r i bu t ion  of p a r t i c l e  s i z e s :  a) by af fec t ing  
the equ i l ib r ium y '  p a r t i c l e  shape;  b) through e l a s t i c  
i n t e r ac t i ons  among the 7 '  p r e c i p i t a t e s .  In n i c k e l - b a s e  
a l loys  conta in ing y '  p r e c i p i t a t e s  we ev iden t ly  cannot 
have effect  a) without a l so  having effect  b). T h e r e  i s  
a c l e a r  t r end  towards  c u b e - s h a p e d  y '  p a r t i c l e s  a s  
Aa/a i n c r e a s e s ,  i .e. ,  in N i - C r - A 1  (Aa/a = 0.1 pet) ~' 
p a r t i c l e s  a r e  s p h e r i c a l  2~ and in N i - T i  (Aa/a = 0.9 pet  
7 '  p a r t i c l e s  a r e  n e a r l y  pe r f ec t  cubes .  Sys t ems  with 
i n t e r m e d i a t e  va lue s  of Aa/a (e.g., Ni-A1) produce  7'  
p a r t i c l e s  i n t e r m e d i a t e  in shape be tween  s p h e r e s  and 
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cubes  (cuboidal) .  In s y s t e m s  where  y '  p a r t i c l e s  a r e  
cuboidal  o r  cubic  in shape ,  p ronounced  a l i gnmen t  of 
the p a r t i c l e s  a long (100)  i s  o b s e r v e d ,  which has  been  

(a) 

(b) 

Fig. 9--Results of the dissolution experiment designed to test 
Eq. [8]. The Ni-8.74 wt pct Ti (10.50 at. pct Ti) specimen was 
aged at 700~ for 48 hr  and reaged for 1�89 hr at: (a) 766~ 
(b) 775~ 
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shown to be due to e l a s t i c  i n t e r a c t i o n s  among the y '  
p r e c i p i t a t e s .  8 The ex i s t ence  of e l a s t i c  i n t e r a c t i o n s  
among ~'  p r e c i p i t a t e s  i s  a consequence  of the d i f f e r -  
ence in s h e a r  modulus  be tween  V' and the m a t r i x ,  as  
well  as  a nonze ro  value of ~xa/a. In the ca se  of y '  in 
Ni-A1 a l loys  the i n t e r a c t i o n  i s  a t t r a c t i v e  b e c a u s e  Ni3A1 
has  a lower  s h e a r  modulus  than the m a t r i x .  8 T h e r e -  
fo re ,  in addi t ion to the usua l  d r i v ing  fo rce  for  c o a r s e n -  
ing ( reduct ion of the i n t e r r a c i a l  f r e e - e n e r g y  of the s y s -  
t em) ,  t he re  i s  a d r iv ing  fo rce  which tends  to b r i n g  
p a r t i c l e s  c l o s e r  t oge the r ,  r educ ing  the e l a s t i c  ene rgy  
of the s y s t e m  a s  wel l .  

Although we a r e  a s  yet  unable to account  fo r  the ef -  
fect  of s t r a i n  ene rgy  on the d i s t r i bu t i on  in a quan t i t a -  
t ive m a n n e r ,  i t  i s  not un rea sonab l e  to a s s u m e  that  the 
s y s t e m  of p a r t i c l e s  can g row by d i f f u s i o n - c o n t r o l l e d  
c oa r s en ing  with d i s t r i bu t i ons  that  dev ia te  m a r k e d l y  
f rom the t h e o r e t i c a l  d i s t r i bu t i on ,  p rov ided  the d i s t r i b u -  
t ion is quas i s t eady  and a l l  the o ther  r e q u i r e m e n t s  of 
the L i f s h i t z - W a g n e r  t heo ry  a r e  fu l f i l led .  

C o m p a r i s o n  with Other  Inves t iga t ions .  The conc lu-  
s i o n s  of th is  s tudy a r e  ev ident ly  in d i s a g r e e m e n t  with 
those  of Ben I s r a e l  and F i n e ,  s Dawance et  a l .  4 and Sass  
and Cohen. s The d i s a g r e e m e n t  i s  a ccen tua t ed  by the 
quant i ta t ive  c o m p a r i s o n  of the p r e s e n t  magne t i c  ana ly -  
s i s  da ta  with Ben I s r a e l  and F i n e ' s  r e s u l t s .  This  com-  
p a r i s o n  i s  shown in Fig .  10, where  i t  i s  seen  that  the 
t i t an ium concen t r a t ions  of Ben I s r a e l  and F ine  a r e  
s ign i f i can t ly  lower  than those  of th is  s tudy.  We can 
account  fo r  pa r t  of th i s  d i s c r e p a n c y  by r e c a l l i n g  the 
e x p e r i m e n t s  d e s c r i b e d  e a r l i e r  on the ef fec t  of quench-  
ing f rom the aging fu rnace  on Oc. It was d e m o n s t r a t e d ,  
Fig .  2, that  a i r - c o o l i n g  the s p e c i m e n  aged  at  692~ 
p roduced  an e r r o r  in 0 c of +8~ which c o r r e -  
sponds  to a concen t ra t ion  e r r o r  of -0 .135  vet pct  Ti .  
S i m i l a r  e f fec t s  were  o b s e r v e d  on a i r - c o o l e d  aged  
Ni-A1 a l l o y s ,  and a cons i s t en t  and log ica l  m e c h a n i s m  
to account  fo r  the r a i s i n g  of 0 c has  a l r e a d y  been  
p roposed .  8 It was sugges t ed  that  the n i c k e l - r i c h  m a -  
t r i x  could undergo  addi t iona l  decompos i t i on  on a v e r y  
fine sca le  i f  the aged  s p e c i m e n s  were  not cooled  r a p -  
id ly  enough f rom the aging t e m p e r a t u r e .  Th i s  s u g g e s -  
t ion has  been  s t r i k ing ly  c o n f i r m e d  by the e x p e r i m e n t s  
of Beardmore ,2S who d i r e c t l y  o b s e r v e d  "hype  r f i n e "  
~'  p r e c i p i t a t e s  in aged  Ni-A1 and Ni -Cr -A1  a l l oys  that  
were  r e l a t i v e l y  s lowly  cooled  f rom the aging t e m p e r a -  
tu re .  I t  i s  r e a s o n a b l e  to conclude that  hyper f ine  7' 
p r ec ip i t a t i on  a l so  o c c u r s  in s lowly  cooled  aged  N i - T i  
a l loys .  This  being the c a s e ,  the m e a s u r e d  value of 0 c 
wil l  not be c h a r a c t e r i s t i c  of the m a t r i x  so l id  so lu t ion  
that  e x i s t e d  at the aging t e m p e r a t u r e ,  but wil l  i n s t e a d  
r e f l e c t  the t i t an ium content  a f t e r  the add i t iona l  d e p l e -  
t ion that  mus t  accompany  the fo rma t ion  of hyper f ine  
V'. The m e a s u r e d  value of Oc will~ of c o u r s e ,  be 
h ighe r  than if the s p e c i m e n  were  w a t e r - q u e n c h e d ,  and 
the c o r r e s p o n d i n g  value of WTi wil l  be lower .  

Hyper f ine  7 '  p r e c i p i t a t i o n  dur ing  quenching is  un- 
doubtedly  r e s p o n s i b l e  for  p a r t  of the d i s c r e p a n c y  ob- 
s e r v e d  in Fig .  10, because  Ben I s r a e l  and F ine  not 
only used  s p e c i m e n s  with a d i a m e t e r  of about 5.5 to 6 
m m  (cf.  -~1 m m  in this  s tudy) ,  but a i r - c o o l e d  them 
f rom the aging t e m p e r a t u r e  (M. E. F i n e ,  p r i va t e  com-  
municat ion) .  Howeve% hyper f ine  ~' p r e c i p i t a t i o n  
would c e r t a i n l y  not have a f fec ted  a l l  of Ben I s r a e l  
and F i n e ' s  m e a s u r e m e n t s  b e c a u s e  the extent  of h y p e r -  
fine 7'  prec ip i t a t i on  has  been shown to be dependent  
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upon aging t e m p e r a t u r e  25 (it was a l so  o b s e r v e d  that  
a i r - c o o l i n g  the s m a l l  s p e c i m e n s  used  in th is  study 
f rom 525~ had no effect  on ec). Keeping in mind that  
the r e l a t i v e l y  l a r g e  d i m e n s i o n s  of the s a m p l e s  used  
by Ben I s r a e l  and F ine ,  and the i r  r e l a t i v e l y  s low 
quenching med ium (air)  a r e  both f a c t o r s  which p romote  
the fo rma t ion  of hype r f ine  y ' ,  we can c o m p a r e  the two 
se t s  of da ta  in a meaningful  way. F i r s t ,  t he re  will  
p robab ly  be l i t t l e ,  if any ,  hyper f ine  y '  p r ec ip i t a t i on  
in s a m p l e s  aged at  525~ i r r e s p e c t i v e  of s amp le  
s ize  and cool ing r a t e ,  within r e a s o n a b l e  l im i t s .  In 
th is  s e n s e ,  i t  i s  encourag ing  that  the d i s c r e p a n c y  b e -  
tween the two se t s  of da ta  for  525~ aging i s  s m a l l  
c o m p a r e d  with d i s c r e p a n c y  o b s e r v e d  at  the h igher  
ag ing  t e m p e r a t u r e s .  A d i s c r e p a n c y  does  indeed ex i s t  
a t  525~ but a cons i s t en t  explana t ion  e ludes  the 
author .  The d i s c r e p a n c y  i n c r e a s e s  with i n c r e a s i n g  
aging t e m p e r a t u r e ,  and for  those  s a m p l e s  aged at  
700~ it r i s e s  to a full  1 wt pct  Ti .  This  means  that 
if Ben I s r a e l  and F ine  had  wa te r  quenched the i r  s a m -  
p les  f rom 700~ i n s t e a d  of a i r - c o o l i n g  them,  the Cur ie  
t e m p e r a t u r e s  would have been  lower  by about  60~ if 
hyper f ine  y '  p r e c ip i t a t i on  was the only sou rce  of e r -  
r o r .  Although we can c e r t a i n l y  expec t  hyper f ine  7' 
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Fig. 10--Comparison of the data of Ben Israel  and Fine 3 with 
the results  of this investigation. 
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prec ip i ta t ion  in Ben I s rae l  and F i n e ' s  s amples  (700~ 
aging) to have produced a r a i s ing  of 0 c in excess  of 
the i nc r ea se  observed in Fig.  2 (8~ because  of the i r  
much l a rge r  sample  s ize ,  an e r r o r  of 60~ appea r s  
ve ry  unl ikely.  Evident ly ,  there  is  a sys t emat i c ,  un- 
explained source  of expe r imen ta l  uncer ta in ty  con- 
t r ibu t ing  to the observed  d i sc repancy  at a l l  aging 
t e m p e r a t u r e s .  The cont r ibut ion  of hyperf ine ~' p re -  
c ipi ta t ion,  which is  s igni f icant  at 700~ aging but prob-  
ably ni l  at 525~ aging,  accounts  for the r e m a i n d e r  
of the d i sc repancy .  

The hyperf ine p rec ip i ta t ion  of ),' dur ing  a i r  cooling 
in s amples  aged at 700~ is  probably  also respons ib le  
for the d i sc repancy  between the volume f rac t ions  of 
),' m e a s u r e d  by Sass and Cohen using quant i ta t ive  
meta l lography  and those m e a s u r e d  by the magnet ic  
m a s s  ba lance  technique of Ben I s r a e l  and Fine.  This  
d i sc repancy  was ci ted by Cohen and Fine 26 as  evidence 
aga ins t  the hypothesis  of y '  coa r sen ing  and evidence 
for  the p re sence  of an addi t ional  phase in the aged a l -  
loys ,  p r e s u m a b l y  the me tas t ab le  p reprec ip i t a te  Ni6Ti. 
However,  the volume f rac t ion  r e su l t s  of Sass and 
Cohen a re  ac tua l ly  in ve ry  good ag reemen t  with the 
volume f rac t ion of ~' that can be e s t ima ted  f rom data 
in  Fig.  3. Assuming  that only ~' is  p r e sen t  in the al-  
loy aged at 692~ the volume f rac t ion  of ~' va r i e s  
f rom 0.02 to 0.04 dur ing  the aging t imes  used. Sass 
and Cohen es t ima te  the volume f rac t ion of ~' to vary  
between 0.01 and 0.05 dur ing  comparab le  aging t imes  
at 700~ The ve ry  favorable  compar i son  between the 
p r e sen t  data and those of Sass and Cohen suggests  that 
if an addi t ional  phase is  p r e s e n t  at these aging t imes  
i ts  volume f rac t ion  is ins igni f icant .  The d i sc repancy  
between Sass and Cohen 's  va lues  and those of Ben 
I s r a e l  and Fine  is due to the fact that hyperf ine ),' in-  
f luenced not only 0c, but a lso the sa tu ra t ion  magnet i -  
za t ion ,  o, of the samples aged at 700~ Both 0 c and 
a must be characteristic of the matrix of the aged 
samples if the magnetic mass balance technique is to 
be applied with the necessary precision. 27 These re- 
quirements will not be fulfilled if the matrix has been 
further depleted by the precipitation of hyperfine 7' 
during cooling from the aging temperature. 

One of the important conclusions reached by Ben 
Israel and Fine was that ~' was preceded by the pre- 
precipitate Ni6Ti* in the aging sequence. The feeling 

*On the basis of the calibration curve determined in this investigation, Fig. 2, 
the "pre-precipitate" detected by Ben Israel and Fine would have a composition 
close to Ni~TTi4 or Ni6.Ts Ti. 

here  is  that the role of NisTi in the aging p roc e s s  is  
s t i l l  ve ry  much open to quest ion.  Fo r  example ,  
Dawance et al. did some deformat ion  expe r imen t s  on 
s amp le s  aged at 525~ which were des igned to tes t  
Ben I s r a e l  and F i n e ' s  suggest ion.  Dawance et al. 
c la imed  that the i r  expe r imen t s  were success fu l  be -  
cause they observed  that 0c was d ra s t i ca l l y  reduced 
by seve re  deformat ion  (90 pct reduct ion by co ld-swag-  
ing) of samples  aged for shor t  t imes  (e.g., -68~ af ter  
5 hr) ,  whereas  8 c was not s eve re ly  affected by de-  
fo rming  s amp le s  aged for very  long t imes  (-12~ af ter  
500 hr).  Dawance et al. r easoned  that the passage of 
la rge  n u m b e r s  of d is loca t ions  on s eve re  deformat ion  
tended to smooth out the composi t ion  f luctuat ions  of 
average  composi t ion  Ni6Ti (thus effect ively r a i s ing  the 
t i t an ium content  of the ma t r ix ) ,  but  had no large effect 
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on shearing relatively large, discrete ),' precipitates. 
The reasoning here is undeniably sound. However, 
Sass and Cohen estimate that the average ~' particle 
size after 100 hr of aging at 525~ is only about 25]k. 
After 5 hr of aging, then, the ~' particle size would be 
the order of only 10 to 15A. Therefore, it does not ap- 
pear possible to decide which phase (),' or Ni6Ti) is 
present in the alloy after short aging times on the 
basis of the results of Dawance et al., because 90 pct 
deformation of either structure should produce sim- 
ilar results. 

An additional piece of evidence in apparent support 
of the Ni6Ti hypothesis was presented by Sass and 
Cohen. This was the phenomenon of "veining", ob- 
served in thin foils of solution-treated alloys by trans- 
mission electron microscopy. However, the author has 
shown 28 that veining is an electropolishing artifact. 

In spite of the objections raised here to Ben Israel 
and Fine's conjectures on the role of Ni6Ti, there is 
sufficient experimental evidence available to indicate 
that the precipitation of ~' is not as straightforward 
as a simple nucleation and growth reaction followed by 
diffusion-controlled coarsening. Ben Israel and Fine's 
observations of a "plateau" region in the aging kine- 
tics, i.e., a time interval during which the quantity 
used to follow the aging reaction (these include 0 c 
measurements, hardness and yield stress measure- 
ments) does not change appreciably, suggest a two- 
stage reaction. Saito and Watanabe 29 have also ob- 
served plateaus in curves of hardness vs aging time in 
a Ni-12 at. pct Ti aged at various temperatures. In- 
deed, even the aging curves herein, Fig. 3, show 
plateaus at short aging times, where the change of 
WTi (or e c) is very small compared to the variation 
during the coarsening reaction. Thus the existence of 
a two-stage reaction leading to the formation of 7' 
is apparently well established. That the initial reac- 
tion product is Ni6Ti, as suggested by the low mag- 
netic field studies of Ben Israel and Fine, is perhaps 
an attractive proposal, but one that remains to be 
substantiated by unambiguous independent experimen- 
tation. 

CONCLUSIONS 

The results of this investigation are entirely con- 
sistent with the hypothesis that the metastable Z' pre- 
cipitate grows by diffusion-controlled coarsening 
after relatively short aging times in aged Ni-Ti al- 
loys. The measurements of e c as a function of aging 
time confirm the existence of aging plateaus, first 
observed by Ben Israel and Fine, but also indicate 
that ~' coarsening begins shortly after the plateaus 
are reached. The approximate aging times for the 
onset of the coarsening reactions are: 20 to 40 rain 
at 692~ i to 2 hr at 593~ 24 to 48 hr at 525~ The 
conclusions of this study are therefore in disagree- 
ment with those of Ben Israel and Fine, Dawance eta/ . ,  
and Sass and Cohen, who have postulated that the pre- 
precipitate Ni6Ti transforms to ~' shortly after the 
aging plateaus are reached. 

The experimental particle-size distributions are 
significantly broader than the theoretical distribution 
of the Lifshitz-Wagner theory. They are also broader 
than the Z' particle size distributions determined in 
aged Ni-A1 and Ni-Cr-A1 alloys. It is suggested that 
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t h i s  d i s c r e p a n c y  i s  d u e  t o  t h e  r e l a t i v e l y  l a r g e  l a t t i c e  

p a r a m e t e r  m i s f i t  i n  t h e  N i - T i  ~ y s t e m  (+0.9  p c t )  a s  
o p p o s e d  to  t h e  s m a l l e r  m i s f i t s  i n  t h e  N i - A 1  (+0 .6  p c t )  
a n d  N i - C r - A 1  (+0.1  p c t )  s y s t e m s .  I t  i s  e m p h a s i z e d  
t h a t  b r o a d  p a r t i c l e  s i z e  d i s t r i b u t i o n s  a r e  n o t  i n c o n -  
s i s t e n t  w i t h  t h e  L i f s h i t z - W a g n e r  t h e o r y  p r o v i d e d  t h e y  
a r e  q u a s i s t e a d y ~  i . e . ,  i n d e p e n d e n t  of  a g i n g  t i m e .  T h e  
d i s t r i b u t i o n s  o b s e r v e d  h e r e i n  f u l f i l l  t h i s  c o n d i t i o n  
w i t h i n  t h e  l i m i t s  o f  e x p e r i m e n t a l  u n c e r t a i n t y .  
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