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The p rec ip i t a t ion  p r o c e s s e s  that  accompany  the aging of s u p e r s a t u r a t e d  a - t i t a n i u m  sol id  
solut ions  containing up to 6 wt pet Cu have been  studied by thin foi l  e l ec t ron  m i c r o s c o p y  
and X - r a y  d i f f rac t ion  t echn iques .  Two m e c h a n i s m s  of decompos i t i on  have been ident i f ied:  
i) the he t e rogeneous  nuclea t ion  and growth of Ti2Cu at i n t e r f a c e s  and in te rna l  s u b s t r u c -  
t u re  such as d i s loca t ions ,  and ii) the un i fo rm nuc lea t ion  of thin,  c o h e r e n t ,  d i sk - shaped  
p r ec ip i t a t e s  which lie on {10 i l  }. The cohe ren t  p r e c i p i t a t e s  can f o r m  with dens i t i e s  up to 
1017 per  cu cm;  this  and many morpho log ica l  f e a t u r e s  of the p rec ip i t a t i on  p r o c e s s  in T i - C u  
a r e  analogous  to the we l l -known behav io r  of A1-Cu a l loys .  The cohe ren t  p r ec ip i t a t e s  f i r s t  
lose cohe rency  along the edge of the disk and then along the flat  f ace s .  The m e c h a n i s m s  by 
which these  two p r o c e s s e s  o c c u r  a r e  c o n s i d e r e d  in de ta i l .  

T t t E  prec ip i t a t ion  of i n t e r m e t a l l i c  compounds  f r o m  
s u p e r s a t u r a t e d  sol id solut ions of the hexagonal  a-phase 
in t i t an ium a l loys  has c o n s i d e r a b l e  potent ia l  for  de-  
ve loping  m a t e r i a l s  with high yield s t r eng th s .  The a v a i l -  
able  l i t e r a t u r e  indica tes  that such p r ec ip i t a t i on  r e a c -  
t ions have not been studied in de ta i l .  

The  s t rengthening  of T i - C u  a l loys  by i n t e r m e t a l l i c  
compound p rec ip i t a t i on  has been examined  by D. N. 
W i l l i a m s ,  e t a l .  1 These  w o r k e r s  showed that  anneal ing  
at 760~ r e su l t ed  in some  s t reng then ing  but the 
s t reng th  l eve l s  a t ta ined w e r e  not high enough to be 
c o m m e r c i a l l y  p r o m i s i n g .  More  r e c e n t l y  Ga l l aughe r ,  
Tagga r t ,  and Polonis  2 have r epo r t ed  s igni f icant  in-  
c r e a s e s  in m i c r o h a r d n e s s  dur ing aging at t e m p e r a t u r e s  
up to 550~ and that rapid ove rag ing  o c c u r s  even at 
550~ A c o m p a r i s o n  of these  r e s u l t s  with the e a r l i e r  
r e s u l t s  of W i l l i a m s ,  e t a l .  shows that  s t r eng ths  r e -  
por ted for  s a m p l e s  aged at 760~ r e p r e s e n t  g r o s s  
ove raged  p r o p e r t i e s .  

The  p re sen t  work  is concerned  with i n t e r m e t a l l i c  
compound p rec ip i t a t ion  in a - p h a s e  t i t an ium a l loys  
that a r e  s u p e r s a t u r a t e d  with r e s p e c t  to copper .  These  
s u p e r s a t u r a t i o n s  have been obtained by quenching f r o m  
solut ion t e m p e r a t u r e s  at which the copper  content  of  
an a l loy  is  d i s so lved  in the a - p h a s e  o r  by quenching 
f r o m  the /3-phase field to produce  the hexagonal  a '  
t i t an ium m a r t e n s i t e  which is s u p e r s a t u r a t e d  in copper .  
Dur ing the subsequent  aging of these  quenched a l loys ,  
p rec ip i t a t ion  r e a c t i o n s  occu r  which lead to the f o r m a -  
tion of the equ i l ib r ium Ti2Cu i n t e r m e t a l l i c  compound.  
The de ta i l s  of th is  p rec ip i t a t ion  r e a c t i o n  have been in-  
ve s t i ga t ed  by employing  t r a n s m i s s i o n  e l e c t r o n  m i c r o -  
scopy,  se l ec ted  a r e a  e l ec t ron  d i f f rac t ion  and X - r a y  
d i f f rac t ion  t echn iques .  

EXPERIMENTAL METHODS 

The alloys were prepared using conventional non- 
consumable electrode arc melting techniques. Each 
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button was  mel ted  on a l t e r n a t e  s ides  a to ta l  of twelve  
t i m e s ;  the buttons w e r e  wrapped  in tan ta lum foi l  then 
sea led  in evacua ted  s i l i c a  c a p s u l e s ,  homogen ized  at 
1000~ fo r  one week  and cold ro l l ed  into 0.020 in. 
thick s t r i p s .  Vacuum or  a rgon  a t m o s p h e r e  fu rnaces  
w e r e  used fo r  the solut ion heat  t r e a t m e n t s  and neu t r a l  
sa l t  baths w e r e  used for  the aging t r e a t m e n t s .  

The c h e m i c a l  ana ly se s  of the a l loys  used in this  in- 
ves t iga t ion  a r e  shown in Table  I. Thin fo i ls  w e r e  p r e -  
pared  by a t echn ique  which has been d e s c r i b e d  in de-  
t a i l  e l s e w h e r e ,  a Al l  da rk  f ield i m a g e s  w e r e  obtained 
using high r e so lu t i on  technique .  

EXPERIMENTAL RESULTS 

: The decomposition of the supersaturated a-phase 
during aging at temperatures ranging from 400 ~ to 
500~ has been observed to occur by two distinct proc- 
esses: 

a) The heterogeneous nucleation and growth of pre- 
cipitates, identified as Ti2Cu, that form at dislocations 
and other types of martensitic substructures 

b) The uniform nucleation of thin, coherent plates of 
a transition precipitate, the nature of which changes 
during aging to form incoherent Ti2Cu after long aging 
times. 

These processes apply to supersaturated solid solu- 
tions obtained by quenching from within the a-phase 
field or by quenching from the (3-phase field to produce 
martensitic a. The maximum solute concentration 
which can be retained in a-quenched samples is ~1.8 
wt pct Cu, whereas solid solutions of up to 8 wt pct Cu 
are produced by the martensitic transformation of ~- 

Table |. Alloy Compositions After Melting, Rolling and Solution Heat Treatment 

Nominal Copper 
Content, wt pct* Oxygen'~ Hydrogent Nitrogent 

2 320 45 <200 
4 290 40 <200 
6 280 40 <200 
1.8:~ 180 10 <100 

*Analyses show that all copper contents are within -+0.5 wt pct of nominal. 
tPpm by weight. 
~Levitation melted. 
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Fig. 1--(a) Single variant of heterogeneously nucleated Ti2Cu 
precipitates at martensite plate boundaries. Ti-2 pet Cu fl- 
quenched and aged at 500~ for 1 hr. (b) Heterogeneously 
nucleated Ti2Cu at a type dislocations. Note that in all cases 
two variants of precipitate form at each dislocation. Ti-4 pct 
Cu fl-quenched and aged 2 hr at 500~ 

quenched s amp le s .  The following d i s c u s s i o n  of the de-  
compos i t ion  p r o c e s s e s  appl ies  equal ly  wel l  to e i ther  
type of s t a r t ing  m a t e r i a l .  In gene ra l ,  however ,  the 
m a r t e n s i t i c  c~' has a h igher  densi ty  of s u b s t r u c t u r e ,  
the deta i led na tu re  of which has been desc r ibed  p r e -  
v ious ly .  4 Thus,  the he te rogeneous  nuc lea t ion  of p rec ip -  
i tates is expected to be more  impor tan t  in samples  
quenched f rom the /3-phase field. This  paper  is con-  
cerned  only with the m e c h a n i s m s  of p rec ip i ta t ion ;  ac -  
cord ing ly ,  the r e l a t ive  impor t ance  of the c o n c u r r e n t  
compet ing  p r o c e s s e s  is not cons ide red .  

A) Hete rogeneous ly  Nucleated P rec ip i t a t e s  

The he te rogenous ly  nucleated p rec ip i t a t e s  a re  always 
obse rved  before the un i fo rmly  nuc lea ted ,  coherent  p r e -  
c ip i ta te  is  detected.  The f i r s t  he te rogeneous ly  nucleated 
p rec ip i t a t e s  to form a r e  those in the low angle m a r t e n -  
s i te  plate  bounda r i e s ,  as  shown in Fig .  l (a) .  These 
p rec ip i t a t e s  form dur ing  quenching and subsequent ly  
grow dur ing  aging.  Af te r  shor t  aging t i m e s ,  p rec ip i -  
ta tes  a r e  also nucleated at d i s loca t ions  within the ma-  
t r i x ,  an example of which is shown in Fig.  l(b). Both 
the p rec ip i t a t e s  in the boundar ies  and those at individ-  
ual  dislocations form initially as thin semicoherent 
disks on {10h},  the detailed nature of which will be 
described more completely below. Although the iden- 
tification of these precipitates by selected area diffrac- 
tion is difficult because of their small size and low vol- 
ume fraction, sufficient diffraction evidence has been 
obtained to indicate that the precipitates are Ti2Cu. 

B) Uni formly  Nucleated P r e c i p i t a t e s  

As the aging p roces s  con t inues ,  th in ,  coherent ,  p la te-  
shaped p rec ip i t a t e s  a re  nuclea ted  at s i t e s  remote  from 
the d i s loca t ions  or  o ther  s t r u c t u r a l  pe r tu rba t ions  such 
as  twin in te r faces  within the m a r t e n s i t e  p la tes ,  as 
shown in Fig.  2. This p rec ip i t a t ion  p r o c e s s  has been 
studied in deta i l  in o r d e r  to provide in fo rmat ion  about 
the s t r u c t u r a l  m e c h a n i s m s  of the p r oc e s s  and the ove r -  
aging c h a r a c t e r i s t i c s  of the p rec ip i t a t e ;  the informat ion  
re levan t  to each sepa ra t e  fea ture  is l is ted below. 

1) HABIT PLANE 

The habit plane of the coherent precipitate has been 
established at {10ii} by trace analysis, as shown in 
Fig. 3, and by the analysis of the streaking that occurs 
in the selected area diffraction patterns, as shown in 
Figs. 4(a) and (b). From these and other patterns it can 
be seen that the streaks always lie parallel to {10il} 
diffraction vectors, which verified the {i011 } habit 
plane of the precipitate. 

2) GROWTH 

The coheren t  p rec ip i t a t e s  a r e  f i r s t  de tec table  as 
s m a l l  r eg ions  ~30 to 40A along the i r  m a x i m u m  d imen-  

~sion. The exact morphology at this  s tage is  not c l ea r  
s ince  a por t ion  of the image may be due to coherency 
s t r a in  con t r a s t  in the ma t r i x .  Af ter  s l ight ly  longer ag-  
ing t i me s  the p rec ip i t a t e s  a s s u m e  a c h a r a c t e r i s t i c  disk 
shape,  as  shown in Fig.  5. The d i sk - shaped  p rec ip i -  
t a tes  a r e  15 + 5A thick and grow p r e f e r e n t i a l l y  in the 
rad ia l  d i rec t ion  with no de tec table  th ickening .  The 
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Fig. 2--Thin, coherent, disk-shaped precipitates in a Ti-4 pet 
Cu alloy fl-quenched and aged 72 hr at 450~ 

number  of p r e c i p i t a t e s  pe r  unit v o l u m e  d e c r e a s e s  with 
i n c r e a s e d  aging t e m p e r a t u r e  in the r ange  400 ~ to 500~ 
and with d e c r e a s e d  al loy content .  At l a rge  i n t e r p a r t i c l e  
spac ings  the )3recipi ta tes  can grow to d i a m e t e r s  in ex-  
c e s s  of 3500A, as shown in Fig .  6, whi le  mainta in ing  a 
constant  15 + 5~ th i ckness .  

3) CRYSTAL STRUCTURE 

No r e f l e c t i ons ,  o the r  than those  ident i f ied  with  the 
alpha phase ,  a r e  o b s e r v e d  in the s e l ec t ed  a r e a  d i f f r a c -  
t ion pa t t e rns  shown in F igs .  4(a) and (b) which w e r e  
taken f rom reg ions  containing the ful ly coheren t  p r e -  
c ip i ta te .  This  obse rva t i on  ind ica tes  that  the p r e c i p i t a t e  
e i t he r  has the s a m e  c r y s t a l  s t r u c t u r e  as the m a t r i x ,  
as  expected for  G. P.  zones,5'6 o r  that  it has a s t r u c -  
t u r e  which is c l o se ly  r e l a t ed  to the m a t r i x ,  such as  
the w-phase  in the ~3-phase of Ti  a l l oys .  7,s Addi t ional  
d i f f rac t ion  pa t t e rns  that w e r e  obtained for  the o the r  
m a j o r  hcp zones  do not contain e x t r a  r e f l e c t i o n s ,  
t he reby  excluding the l a t t e r  poss ib i l i ty .  Dur ing the 
l a t e r  s t ages  of p rec ip i t a t ion ,  when the p r e c i p i t a t e  is  
incoheren t ,  s e l ec t ed  a r e a  d i f f rac t ion  pa t t e rns  contain 
n u m e r o u s  ex t ra  r e f l ec t i ons  which can be indexed in 
t e r m s  of the equ i l ib r ium bct  ( C l l b  type) Ti2Cu p r e -  
c ip i t a te ,  as  shown in Fig .  7. F r o m  such pa t te rns  the 
o r i en ta t ion  r e l a t ion  between a and Ti2Cu has been e s -  
t ab l i shed  as : 

(0001)ce IL (103)Ti2C u 

<I120>~ Ll (331)TizCu 

By comparing Figs. 4(a) and 7, it is clear that the co- 
herent precipitates do not have the Ti2Cu structure 

Fig. 3--Larger disk-shaped precipitates showing five distinct 
variants of the {1011} habit plane. The sixth variant is sym- 
metric with the {i011} trace and is thus indistinguishable. 
Ti-2 pet Cu (x-quenched and aged 48 hr at 500~ 

s ince  none of the TizCu r e f l e c t i o n s  shown in Fig .  7 a r e  
p r e s e n t  in F ig .  4(a). 

4) MISFIT 

The s ense  of the mi s f i t  a s s o c i a t e d  with the cohe ren t  
p r e c i p i t a t e s  has been evalua ted  using t h r e e  types  of 
e x p e r i m e n t a l  o b s e r v a t i o n s :  The d i s p l a c e m e n t  of s t r e a k s  
in the s e l e c t e d  a r e a  d i f f r ac t ion  pa t t e rns ,*  Ashby-  

*The relation between the displacement of streaks and the sense of precipitate 
misfit is discussed in Ref. 19, p. 321. 

Brown 9'~0 s t r a in  c o n t r a s t  f rom anomalous ly  wide dark 
f ield i m a g e s ,  and the sense  of the mi s f i t  v e c t o r  a s s o -  
ciated with the d i s p l a c e m e n t  f r inge  con t r a s t  o b s e r v e d  
dur ing the l a t e r  s t ages  of aging,  but whi le  the p r e c i p i -  
ta te  is  fully cohe ren t .  The r e s u l t s  of each type of ob-  
s e r v a t i o n  a r e  mutua l ly  cons i s t en t  and indica te  that  the 
p r e c i p i t a t e  has  a pos i t ive  mi s f i t  ( i n t e r s t i t i a l  type).  
F igs .  8(a) and (b) show the d i s p l a c e m e n t  f r inge  con t r a s t  
a s s o c i a t e d  with the p r e c i p i t a t e s  whi le  F ig .  8(c) shows 
in a s c h e m a t i c  f o r m  the r e l a t ion  be tween  the d i f f rac t ion  
v e c t o r  g ,  the mis f i t  v e c t o r  R and the incl inat ion of the 
p r ec ip i t a t e .  

5) COHERENCY LIMIT 

The c o h e r e n c y  l imi t  is  exceeded  in two s t ages :  f i r s t ,  
a long the edge of the p r e c i p i t a t e ,  and then on the flat 
f aces .  The loss  of c o h e r e n c y  along the thin edge of the 
p r e c i p i t a t e  l eads  to the a p p e a r a n c e  of a d i s loca t ion  loop: 
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(~) (b) ooo~ ioi~ zo~.~ 
Fig. 4--(a) and (b) Selected area electron diffraction patterns taken from regions of specimens containing the coherent disk- 
shaped precipitates. Note the streak directions are always parallel to {1011~diffraction vec tors .  

around  the p e r i m e t e r  of the p rec ip i t a t e ,  as  shown in 
Fig.  9. Dif f rac t ion  con t r a s t  expe r imen t s  have been con-  
ducted to e s t ab l i sh  the B u r g e r s  vec to r  of this  d i s loca -  
t ion loop; the r e s u l t s  of these  e x p e r i m e n t s  a r e  s h o w n  

in F igs .  10(a) through (c). Fig.  10(a) shows that the 
d i s loca t ion  is in con t r a s t  with a (0002) re f lec t ion  ope r -  
a t ing which indicates  that it is not a s tandard  ~(1120)  
d i s loca t ion ;  f u r t he r ,  this  r e s u l t  ind ica tes  that the B u r -  
g e r s  vec to r  of the loop mus t  have a component  lying 
out of the basa l  p lane.  The two mos t  common types of 
d i s loca t ions  in hexagonal  me ta l s  which have B u r g e r s  
vec to r s  with nonbasa l  components  a r e  ~-(1123) and 
[0001] and these  d i s loca t ions  a r e  denoted c + a and 
c,  r e spec t ive ly .  F igs .  10(b) and (c) show that the d i s lo -  
cat ion located along the p rec ip i t a t e  edge is  out of con-  
t r a s t  with a (10i0) re f lec t ion  and in con t r a s t  with a 
(1120) re f lec t ion .  These  r e s u l t s  indica te  that the d i s -  

locat ion mus t  have a B u r g e r s  vec tor  of the type e + a 
s ince  a e type d is loca t ion  would be out of con t ras t  with 
both (10]0) and (llP.0) r e f l ec t ions .  Once the dis locat ion 
loop has been formed,  the growth of the p rec ip i t a te  in a 
rad ia l  d i rec t ion  is a r r e s t e d  and th ickening begins ,  
leading to the loss of coherency  on the flat faces of the 
p rec ip i t a te .  Such thickening occurs  by the format ion  
and mot ion of ledges which move a c r o s s  the flat faces 
of the p rec ip i t a te ,  as shown in Fig.  l l ( a ) .  Once the 
ledge fo rmat ion  and mot ion p roces s  has begun the p r e -  
c ip i ta te  is ident i f iable  as  Ti2Cu by se lec ted  a r ea  e lec-  
t ron  d i f f rac t ion .  On continued aging the ledge densi ty  
i n c r e a s e s ,  as  shown in Fig .  l l ( b ) .  

6) OVERAGING 
Dur ing  continued aging,  the n u m b e r  of ledges per  

unit  a r e a  of the p r e c i p i t a t e : m a t r i x  boundary  i n c r e a s e s  
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Fig. 5--Very small ,  coheren t  prec ip i ta tes ,  just  a f ter  the disk 
morphology is d iscernable .  Ti-4 pct  Cu fl-quenched and aged 
8 hr  at 400~ 

Fig. 6- -Extremely large coherent  prec ip i ta tes  ~3500A in diam. 
Note d i sp lacement  f r inges  assoc ia ted  with prec ip i ta tes  that 
lie thru the foil at an oblique angle. 

/ • •  of  ~ (oT3) llg(oo02) 

I/ 
! ) 

O Ti2Cu [IO0]Ti2C u Z N 

x ,,-PHASE [1210] a Z N 

e DOUBLE DIFFRACTION 
(a) SPOTS (b> 

Fig. 7--(a) Selected a rea  e lec t ron  diffract ion pat tern  in which the [100]Ti2CuZone axis is para l le l  to the [1210] a zone axis and the 
(013)Ti2cuand (0002)a diffract ion vec tors  a re  coincident. Spots marked 'd '  a re  double diffract ion spots.  (b) Schematic of 7(a) 
showing the outline of the Ti2Cu and c~-phase zones; symbols  a re  used to identify the re f lec t ions  as Ti2Cu, c~-phase or double 
diffraction. 
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and the boundary  begins  to approx imate  a d i s o r d e r e d  
boundary .  Af te r  s t i l l  longer  aging t i m e s  the p r e c i p i -  
t a tes  a s s u m e  i r r e g u l a r  shapes  and nonuni form s i zes .  

(a) 

(b) 
Fig. 8 - -Disp lacement  f r inge con t r a s t  a s s o c i a t e d  with the thin 
coherent precipitates: (a) Bright field, +g, showing symmetric 
fringe system. (b) Dark field, -g, showing assymmetric 
fringe system. (c) Schematic showing that behavior of 
fringes in 8(a) and (b) is consistent with a positive misfit 
vector. 
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Fig. 8--Continued 
(c) 

Some of the in te rphase  boundar i e s  exhibit  in te r rac ia l  
d i s loca t ion  a r r a y s ,  examples  of which a r e  shown in 
F igs .  12(a) and (b). T h e  prec ip i ta tes  undergo ve ry  slow 
coa r sen ing  at t e m p e r a t u r e s  up to 550~ the highest 
t e m p e r a t u r e  used in this  study. No ge ne r a l  r e c r y s t a l -  
l izat ion of the a m a t r i x  such as the annih i la t ion  of 
p r i o r  m a r t e n s i t e  plate boundar i e s  by c l imb  or  t he r -  
mal ly  act ivated glide is observed  in any of the al loys 
a f t e r  any aging t r e a t m e n t ,  although l imi ted polygoniza-  
t ion was observed  in the 6 and 8 pct Cu a l loys .  

DISCUSSION OF RESULTS 

A) Hete rogeneous ly  Nucleated P rec ip i t a t e s  

The he terogeneous  nuclea t ion  of p rec ip i t a t e s  at d i s -  
locat ions has been analyzed by Cahn, 1~ Nicholson 12 and 
by Hornbogen.  13 They have shown that d is loca t ions  can 
ca ta lyze  the nuc lea t ion  of p rec ip i t a tes  by re l i ev ing  a 
por t ion  of the s t r a i n  energy  assoc ia ted  with the f o r m a -  
t ion of the p rec ip i t a t e ,  the reby  reducing  the act ivat ion 
energy  b a r r i e r  for nuc lea t ion .  The ma x i mum energy 
reduct ion  is r ea l i zed  when the B ur ge r s  vec tor  of the 
d i s loca t ion  is pa r a l l e l  to the misf i t  vec to r  of the p r e -  
c ipi ta te .  

In the p resen t  study the m a r t e n s i t e  place boundar ies  
have been identif ied as  the most  effect ive heterogeneous 
nuclea t ion  s i tes  for the s emicohe ren t  p rec ip i t a tes .  In 
a p rev ious  paper  4 it has been shown that these  bound- 
a r i e s  cons i s t  of a r r a y s  of d is loca t ions  nea r ly  al l  of 
which have B u r g e r s  vec to r s  of the type ~(11~3) .  Ex-  
amina t ion  of the r e l a t ive  d ispos i t ion  of the n o r m a l  to 
(1011} p lanes  (the d i rec t ion  of misf i t  of the d i sk-shaped  
prec ip i ta tes )  and the Bur ge r s  vec to rs  of the c + a and a 
type d i s loca t ions  shows that there  a r e  a lways four v a r -  
iants  of the p rec ip i ta te  habit  plane which make equa l l y  
la rge  angles  with a given a B u r ge r s  vec to r ,  whereas  
the re  is only one va r i a n t  which makes  a max imum 
angle with a given c + a Bu r ge r s  vec to r .  Examina t ion  
of F igs .  i and 2 indicate  that at least  two va r i an t s  of 
p rec ip i t a t e  a r e  a lways nucleated  at the a d is loca t ions  
within the m a r t e n s i t e  p la tes ,  whereas  only one va r i an t  
is nucleated at the c + a d is loca t ions  in the m a r t e n s i t e  
plate  bounda r i e s .  

B) Uni formly  Nucleated P r e c i p i t a t e s  

The fo rmat ion  of a un i fo rm d i s t r ibu t ion  of coherent ,  
d i sk - shaped  p rec ip i t a t e s  with dens i t i es  as  high as 1017 
per  cu cm dur ing  the aging of supe r sa tu r a t ed  T i -Cu  
solid solut ions  is s i m i l a r  in many r e s p e c t s  to the de-  
compos i t ion  of AI-Cu a l loys .  13'~4 The expe r imen ta l  
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r e su l t s  show that the decomposi t ion  can be separa ted  
into th ree  s tages  with each stage r e p r e s e n t i n g  a d i f fe r -  
ent state of coherency  of the p rec ip i t a te .  

Evidence  obtained by following the p rec ip i t a t ion  r e -  

act ion f rom the coheren t  to the incoheren t  s tage indi -  
ca tes  that the fully coheren t  p rec ip i t a t e s  a r e  so lu te -  
r ich  reg ions  having the same  s t r u c t u r e  as  the ma t r i x .  
Two addi t ional  f ac to rs  indicate  that the coherent  p r e -  
c ipi ta te  is  not Ti2Cu when the la t t ice  matching a c r o s s  
the (1011 } habit  plane is cons ide red ,  a s s u m i n g  the 
o r i en ta t ion  re la t ion  der ived  f rom Fig.  7 and o ther  se -  
lected a r e a  di f f ract ion pa t t e rns .  

i) A coheren t  in te r face  r e q u i r e s  cont inui ty  of the la t -  
t ice  p lanes  a c r o s s  the p r e c i p i t a t e / m a t r i x  in t e r f ace ,  
thus if the p rec ip i t a t e s  were  Ti2Cu, the (001)Ti2C u 
plane would be the in te r face  plane.  Compar i son  of the 
i n t e r p l a n a r  ang les  shows that such a s i tua t ion  r e s u l t s  
in ~12 deg m i s o r i e n t a t i o u  between the {10 i l }ma t r i  x 
and  (001)Ti2C u p lanes ,  so that the TizCu s t r u c t u r e  
could not exis t .  

Fig. 9--Heterogeneously nucleated prec ip i ta tes  and s e m i -  
coherent  uniformly nucleated prec ip i ta tes  which show a line 
of no cont ras t  normal  to gl0ti. 

(a) 
Fig. 10--A s e m i - c o h e r e n t  prec ip i ta te  taken under 3 different  
contras t  conditions. (a) g0002 showing dislocat ion loop in con- 
t ras t .  (b) gl0t0 showing dislocation loop out of contras t .  
(c) gll~ showing dislocat ion loop in cont ras t  again. Fig. 10--Continued 

(c) 
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ii) Although the mis f i t  between two an i so t rop ic  s t r u c -  
t u r e s  v a r i e s  with the specif ic  c rys t a l log raph ic  d i r e c -  
t ion,  the a tomic  pos i t ions  in the Ti2Cu la t t ice  and those 

g 

I 0.2/  

(a) 

(b) 
Fig. 11--(a) Semi-coherent precipitate containing several 
ledges. (b) Very high density of ledges which have become 
straight and lie normal to <1120>~. 
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in the ma t r ix  exhibit  a m i s m a t c h  of >6 pct along any 
c rys t a l log raph ic  d i rec t ion  in the {10 i l  }~, habit plane 
of the p la te - shaped  coheren t  p rec ip i t a t e s .  Such a large 
m i s m a t c h  would r e su l t  in the fo rmat ion  of mis f i t  d i s -  
locat ions in the broad in te r face  with the d is locat ion  
spacing being on the o r de r  of 50 to 60.~, based on a 
Brooks 15 type coherency  c r i t e r i o n .  Ful ly  coherent  p r e -  
c ip i ta tes  with d i a m e t e r s  l a r g e r  than 3500A have been 
shown in Fig.  6 so that this  obse rva t ion  also indicates  
that the coheren t  p rec ip i t a t e s  a r e  not Ti2Cu. No infor-  
mat ion r ega rd ing  the exact n a t u r e  of the a tomic  a r -  
r angemen t s  wi thin  the p rec ip i t a t e s  has been obtained 
in the p re sen t  study and thus the poss ib i l i ty  of o r d e r -  
ing within the s o l u t e - r i c h  zones  cannot  be ignored.  

The thin fully coheren t  p rec ip i t a t e s  show evidence 
of coherency s t r a i n  con t r a s t ,  as  shown in Fig.  5, 
s t a r t ing  with the ear ly  s tages  of format ion  unt i l  the 
coherency  l imi t  is exceeded.  Nabar ro  16'1~ has analyzed 
the s t r a in  energy  assoc ia ted  with p rec ip i ta tes  of v a r y -  
ing shapes and has shown that for e l l ipsoids  of revo lu-  
t ion having s e m i m i n o r  axes R ,  and a s e m i m a j o r  axis  
y that the s t r a in  energy is m i n i mi z e d  w he nR  >> y, i . e . ,  
when the p rec ip i t a te  approx ima tes  to a thin disk.  Thus,  
the observed coherency  s t r a i n  con t ras t  and the d isk-  
like morphology indicate  that the p r e c i p i t a t e / m a t r i x  
misf i t  is s izab le .  The exact mis f i t  cannot be ca lcu-  
lated,  however ,  s ince the p rec ip i t a t e s  a re  solute r ich 
zones  and no la t t ice  p a r a m e t e r  data is ava i lab le  for a 
ca lcu la t ion  of the misf i t  Aa//a. 

The {10 i l }  habit  plane of the d isks  cannot be ac -  
counted for on the bas i s  of an i so t rop ic  e las t ic i ty  s ince 
in the case  of or-t i tanium [unlike the (100) 0'  habit in 
A1-Cu] the s t r a i n  energy is not min imized  for  such a 
habit  plane,  as shown recen t ly  by ca lcula t ions  done by 
A l e r s . *  As an a l t e rna t i ve ,  it is suggested that the 

*Alers ,s has recently calculated the angular dependence of the modulus asso- 
ciated with the displacement of a sheet of material normal to itself. His calcula- 
tions show that this modulus is n o t  a minimum in the direction normal to (10] 1 }. 

sur face  energy is min imized  by this  p rec ip i ta te  habit 
p lane,  thereby  m i n i m i z i n g  the sum of the misf i t  and 
sur face  f ree  ene rg ies  a s soc ia t ed  with the p rec ip i ta te .  
A low in t e r f ac i a l  energy is a lso  cons i s ten t  with the 
format ion  of so l u t e - r i c h  zones  p r i o r  to the fo rmat ion  
of the equ i l ib r ium Ti2Cu phase ,  s ince  this  factor  r e -  
duces the height of the energy  b a r r i e r  for nuclea t ion  
of the coherent  p rec ip i ta te  r e l a t i ve  to the energy r e -  
q u i r e m e n t s  for the nuc lea t ion  of Ti2Cu. 

The d i sp lacemen t  f r inges  that appear  af ter  continued 
aging a re  shown in F igs .  8(a) and (b) at the prec ip i ta te :  
ma t r ix  in te r face  and,  as has been stated e a r l i e r ,  the 
appea rance  of these  f r inges  is not preceded by a pe r -  
cept ible  th ickening of the p rec ip i t a te .  Such f r inges  
indicate  that the prec ip i ta te  mis f i t  in a d i rec t ion  nor -  
mal  to the { 1 0 i l }  habit  plane has inc reased  dur ing  
fu r the r  aging.  This  is best  seen  by reca l l ing  that s ince 
the phase shift ,  a ,  in t roduced by the p rec ip i ta te  is de- 
fined by the express ion  ~ = 27rg �9 R, an i n c r e a s e  in the 
prec ip i ta te  mis f i t  vec to r  R causes  an i n c r e a s e  in ~,  
r ende r ing  it l a rge  enough to produce the observed  d i s -  
p lacement  f r inge  con t ras t .  19 The value of R is  p ropor -  
t ional  to the th i ckness ,  t ,  of the p rec ip i ta te  and to the 
specif ic  mis f i t ,  ~. Thus ,  the o c c u r r e n c e  of d i sp lace -  
ment  f r inges  without thickening of the p rec ip i t a te  can 
be in t e rp re ted  as  evidence for art i nc r ea se  in e and 
such an i n c r e a s e  is good evidence  that the prec ip i ta te  
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compos i t ion  changes  as  aging p roceeds .  The fo rma t ion  
of the c + a d is loca t ion  loop a round the p rec ip i t a t e  
p e r i m e t e r  as shown in F igs .  9 and 10(a) through (c) is 

(a/ 

(b) 
Fig. 12--(a) and (b) Two examples of the interphase boundary 
dislocations which are observed on many of the incoherent 
TiaCu particles after long aging times (> 72 hr) at 550~ (b) 
is a dark field micrograph using a Ti2Cu reflection. 

a l so  a d i r ec t  consequence  of the  i n c r e a s e  in p rec ip i t a t e  
mis f i t .  Using the Brooks c r i t e r i o n ,  the c r i t i c a l  m i s -  
match  in the th ickness  d i r ec t i on  between the p rec ip i t a t e  
and the m a t r i x  co r r e spond ing  to the fo rmat ion  of th is  
c + a mis f i t  d i s loca t ion  is  8 to 10 pct.  This  i n c r e a s e  in 
mis f i t  with no a t tendant  th ickening of the zone can be 
i n t e r p r e t e d  in t e r m s  of copper  e n r i c h m e n t ,  producing 
a subs t an t i a l  i n c r e a s e  in the la t t ice  p a r a m e t e r  of the 
p rec  ipi tate .  

The growth of the coheren t  p rec ip i t a t e  in the r ad i a l  
d i r ec t ion  only,  lends  suppor t  to the e a r l i e r  sugges t ion  
that the { 1 0 h }  habit  p lane r e s u l t s  f rom a m i n i m i z a t i o n  
of su r face  energy ,  s ince  th ickening by any m e c h a n i s m  
o ther  than synchronous  c l imb  in t roduces  s teps  which 
a r e  not { 10 i l  } s e gme n t s .  F u r t h e r ,  it has b e e n  shown 
that t he re  is s i zab le  p rec ip i t a t e  mis f i t  in the th ickness  
d i rec t ion  and the total  s t r a i n  energy  assoc ia ted  with 
each p rec ip i t a te  can be m i n i m i z e d  by making R much 
g r e a t e r  than y. M i n i m i z a t i o n  of the e las t ic  s t r a i n  en-  
ergy imposes  an addi t ional  c o n s t r a i n t  on the th icken-  
ing of the coheren t  p rec ip i t a t e .  

Once the c + a d i s loca t ion  loop is fo rmed  around the 
p e r i m e t e r  of the p rec ip i t a t e ,  the th ickening of the p r e -  
c ip i ta te  proceeds  by the fo rmat ion  and the mot ion of 
ledges a c r o s s  the flat p rec ip i t a te  in t e r f aces  such as  
those shown in F igs .  l l ( a )  and (b). At the same  t ime  
the r ad ia l  growth of the p r ec ip i t a t e s  is a r r e s t e d  be -  
cause  this  p r oc e s s  r e q u i r e s  the c l imb  of the c + a d i s -  
locat ion which is a slow p r o c e s s .  The loss of coherency  
along the edges of the p rec ip i t a t e  r e l e a s e s  the e las t ic  
cons t r a in t  on the p rec ip i t a t e  and a l lows it to a s s u m e  a 
'c/a' ra t io  approx ima t ing  that of Ti2Cu. The detect ion 
of Ti2Cu re f l ec t ions  a lways quickly succeeds  the loss  
of coherency  of the p rec ip i t a t e .  If an i n t e r m e d i a t e  
p rec ip i t a t e  w e r e  involved in the t r a n s i t i o n  f rom the 
coheren t  p rec ip i t a t e s  to the fo rma t ion  of Ti2Cu, it mus t  
be v e r y  t r a n s i e n t  in na tu re .  The -12 deg angu la r  m i s -  
match  between the ( 1 0 h }  m a t r i x  and the (001) p r e c i p i -  
ta te  in t e r rac ia l  p lanes  can be accommodated  by the 
fo rmat ion  of a s e r i e s  of ledges in a m a n n e r  s i m i l a r  to 
that d i s cus sed  by A a r o n s o n  and La i rd  e~ for  the ~' phase 
in A1-Cu a l loys .  The k ine t i c s  of the motion of these  
ledges wil l  be aided by rapid di f fus ion along the ledge 
s ince  it r e p r e s e n t s  the l imi t ing  case  of a d i so rde red  
boundary .  The passage  of these  d i s o r d e r e d  bounda r i e s  
a l lows rapid r e a d j u s t m e n t  of a tom pos i t ions ,  and the 
p rec ip i t a t e  then a s s u m e s  the equ i l i b r ium TieCu s t r u c -  
t u r e .  The obse rved  shift  f rom rad ia l  growth to the 
th ickening of the p r ec ip i t a t e s  r e s u l t s  f rom a combina  ~- 
t ion of the following fac to r s :  

i) The r e q u i r e m e n t  for c l imb  of the c + a d i s loca t ion  
loops which l imi t s  the r ad ia l  growth.  

if) The angu la r  m i s m a t c h  between the p rec ip i t a t e  
and m a t r i x  i n t e r f ac i a l  p lanes  which makes  ledge f o r m a -  
t ion favorable .  

iii) The enhanced ra te  of diffusion along the ledges.  
As the n u m b e r  of ledges i n c r e a s e s ,  they become  

s t r a igh t  and a r e  a l igned along d i r ec t ions  that a r e  
pe r pe nd i c u l a r  to the (1120)~,  c lose -packed  d i r e c t i o n s ,  
as  shown in Fig.  l l ( b ) .  The e x t r e me  s t r a i g h t n e s s  and 
the p a r a l l e l  na tu re  of these  ledges sugges ts  that the i r  
shape and o r i en t a t i on  a r e  inf luenced by the c r y s t a l l o g -  
raphy of the p rec ip i t a te  or  that of the m a t r i x ,  o r  both. 

As thickening p roceeds ,  the dens i ty  of the ledges is 
obse rved  to d e c r e a s e  and the f o r m e r l y  fiat in te r faces  
become  c u r ve s .  Since unit  ledges lose the i r  ident i ty  in 
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a d i s o r d e r e d  b o u n d a r y ,  t h e  d e c r e a s e  in l e d g e  d e n s i t y  
r e f l e c t s  t h e  i n c r e a s e d  d i s o r d e r  of  t h e  p r e c i p i t a t e :  
m a t r i x  i n t e r f a c e .  T h e  r e m a i n i n g  l e d g e s  m u s t  b e  " s u -  
p e r l e d g e s "  o r  l e d g e s  s e v e r a l  l a t t i c e  s p a c i n g s  in  h e i g h t .  
A t  t h i s  s t a g e  of t h e  a g i n g  s e q u e n c e  t h e  p r e c i p i t a t e  h a s  

�9 b e e n  i d e n t i f i e d  a s  T i2Cu by  s e l e c t e d  a r e a  e l e c t r o n  d i f -  
f r a c t i o n ,  F i g .  7 ,  a n d  a d i s o r d e r e d  b o u n d a r y  w o u l d  b e  
e x p e c t e d  in  v i e w  of  t h e  p o o r  l a t t i c e  m a t c h i n g  b e t w e e n  
Ti2Cu a n d  t h e  ~ '  p h a s e .  T h e  p r e c i p i t a t e s  w h i c h  h a v e  
i n t e r r a c i a l  d i s l o c a t i o n s  a s s o c i a t e d  w i t h  t h e m  s u c h  a s  
t h o s e  s h o w n  in F i g .  12(a)  a n d  (b) g e n e r a l l y  h a v e  p l a n a r  
f a c e t s  w h i c h  c o n t a i n  t h e  d i s l o c a t i o n s .  T h e  p l a n e  of  t h e  
f a c e t s  a p p a r e n t l y  r e p r e s e n t s  a p l a n e  of tow s u r f a c e  
e n e r g y ,  t h e  l a t t i c e  m i s f i t  b e i n g  a c c o m m o d a t e d  b y  t h e  
d i s l o c a t i o n s  in  t he  i n t e r p h a s e  b o u n d a r y .  

C)  S u m m a r y  of  t h e  S t a g e s  of  F o r m a t i o n  
of  t h e  U n i f o r m l y  N u c l e a t e d  P r e c i p i t a t e  

T h e  d e v e l o p m e n t  of  t h e  u n i f o r m l y  n u c l e a t e d  p r e c i p i -  
t a t e  c a n  t h u s  b e  c h a r a c t e r i z e d  by  t h e  f o l l o w i n g  t h r e e  
s t a g e s .  

i) T h e  f o r m a t i o n  of  t h e  s o l u t e - r i c h  c o h e r e n t  r e g i o n s  
w h i c h  on  s l i g h t l y  p r o l o n g e d  a g i n g  d e v e l o p  in to  t h i n ,  
c o h e r e n t ,  p l a t e - s h a p e d  p r e c i p i t a t e s  h a v i n g  a h e x a g o n a l  
s t r u c t u r e  of  l a r g e r  l a t t i c e  p a r a m e t e r  t h a n  t h e  m a t r i x ,  
r e s u l t i n g  in  a p o s i t i v e  m i s f i t .  

i i )  T h e  p a r t i a l  l o s s  of  c o h e r e n c y  of  t h e  fu l l y  c o h e r e n t  
p r e c i p i t a t e  b y  t h e  f o r m a t i o n  of  a e + a d i s l o c a t i o n  loop  
a r o u n d  t h e  p e r i m e t e r  of  t h e  p r e c i p i t a t e .  

i i i )  T h e  c o m p l e t e  l o s s  of c o h e r e n c y  of t h e  s t a g e  i i )  
p r e c i p i t a t e  w h i c h  c a n  a t  t h i s  p o i n t  b e  i d e n t i f i e d  a s  
T i2Cu by  s e l e c t e d  a r e a  d i f f r a c t i o n  a s  s h o w n  in  F i g .  7. 

T h e s e  s t a g e s  of p r e c i p i t a t i o n  in  T i : C u  a l l o y s  a r e  
d i s t i n c t  f r o m  t h o s e  o b s e r v e d  in A1 a l l o y s  b e c a u s e  t h e  
c h a n g e s  in  t h e  n a t u r e  of  t h e  p r e c i p i t a t e  in  T i : C u  o c c u r  
in  s i t u ,  i . e .  by  a m o n o t r o p i c  t r a n s f o r m a t i o n ,  w h e r e a s  
in  A1 a l l o y s  e a c h  s u c c e s s i v e  p r e c i p i t a t e  in  t h e  s e q u e n c e  
i s  s e p a r a t e l y  n u c l e a t e d  a n d  g r o w t h  o c c u r s  w h i l e  t h e  
p r e c e d i n g  p r e c i p i t a t e  g o e s  b a c k  in to  s o l u t i o n .  13'14 

C ONC LUSIONS 

1) D u r i n g  a g i n g ,  s u p e r s a t u r a t e d  s o l i d  s o l u t i o n s  of 
T i : C u  d e c o m p o s e  b y  two d i s t i n c t  p r o c e s s e s :  t h e  h e t e r -  
o g e n e o u s  n u c l e a t i o n  a n d  g r o w t h  of  p r e c i p i t a t e s  a t  i n t e r -  
f a c e s  a n d  d i s l o c a t i o n s ,  a n d  t h e  u n i f o r m  n u c l e a t i o n  of  
t h i n  c o h e r e n t  p r e c i p i t a t e s .  

2) T h e  p a r t i c u l a r  v a r i a n t s  of  t h e  p r e c i p i t a t e s  n u c l e -  
a t e d  h e t e r o g e n e o u s l y  a t  d i s l o c a t i o n s  a r e  t h o s e  f o r  
w h i c h  t h e  B u r g e r s  v e c t o r  o f  t h e  d i s l o c a t i o n  c a n  a c c o m -  
m o d a t e  t h e  l a r g e s t  p o r t i o n  of  t h e  p r e c i p i t a t e  m i s f i t .  

3) T h e  u n i f o r m l y  n u c l e a t e d  d i s k - s h a p e d  p r e c i p i t a t e s  
a r e  i n i t i a l l y  c o h e r e n t  a n d  l o s e  c o h e r e n c y  d u r i n g  a g i n g  
in  two s t a g e s :  b y  t he  f o r m a t i o n  of a c + a d i s l o c a t i o n  
loop  a r o u n d  t h e  p e r i m e t e r  of  t h e  d i s k  a n d  t h e n  by  t h e  
f o r m a t i o n  a n d  m o t i o n  of l e d g e s  a c r o s s  t h e  b r o a d  f a c e s  
of  t h e  d i s k ,  r e s u l t i n g  in  i n c o h e r e n t  T izCu in  t h e  f i n a l  
" o v e r a g e d "  s t a t e .  

A C K N O W L E D G M E N T S  

T h e  a u t h o r s  g r a t e f u l l y  a c k n o w l e d g e  t h e  h e l p f u l  d i s -  
c u s s i o n s  of  B .  S. H i c k m a n ,  G .  A .  A l e r s  a n d  H.  I .  A a r o n -  
s o n .  W e  a l s o  w i s h  to t h a n k  E .  H.  W r i g h t  f o r  a s s i s t a n c e  
in p r e p a r i n g  t h e  f i g u r e s  f o r  t h e  m a n u s c r i p t .  T h i s  w o r k  
w a s  f u n d e d  u n d e r  A E C  C o n t r a c t  [ A T ( 4 5 - 1 ) - 2 2 2 5 - T 1 3  
( R L O - 2 2 2 5 - T 1 3 - 4 ) ] .  
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