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The phase t r a n s f o r m a t i o n s  which occur in the all-f l  t i t an ium al loy T i -13V-11Cr -3Ai  at t e m -  
p e r a t u r e s  below ~ 500~ have been studied by t r a n s m i s s i o n  e l ec t ron  microscopy,  X - r a y  dif-  
f ract ion,  and e l e c t r i c a l  r e s i s t i v i ty  techniques .  The decomposi t ion of the metas tab le  /3 phase  
has been found to proceed  through a t r a n s i t i o n  reac t ion  leading to the format ion  of two bcc 
phases  r a the r  than through the p rec ip i t a t ion  of the w phase as has been  prev ious ly  repor ted .  
An in te rpre ta t ion  of the observed decompos i t ion  sequence,  based  on the rmodynamic  r e a s o n -  
ing, is  p resen ted .  The decomposi t ion c h a r a c t e r i s t i c s  of the Ti -13V-11Cr-3A1 alloy have been  
compared  with those of a T i -13V-11Cr  a l loy to de te rmine  the inf luence of a luminum on the 
t r ans fo rma t ion  behav ior .  

T H E  phase t r a n s f o r m a t i o n s  which occur dur ing  the 
a t h e r m a l  and i so the rma l  decomposi t ion of the m e t a -  
s tab le  bcc or /3 phase in s eve ra l  /3-stabilized t i t an ium 
al loys  have rece ived  cons ide rab le  at tention in the pas t  
two decades .  The di f ferent  modes of the decompos i -  
t ion of the supe r sa tu ra t ed /3  phase observed  in a va -  
r i e ty  of t i t an ium al loys have been d i scussed  in deta i l  
by McQuillan,  ~ Bagar ia t sk i i ,  2 and more  recen t ly  by 
Blackburn  and Wil l iams .  3 The work desc r ibed  in th is  
paper  is concerned with the phase  t r ans fo rma t ion  be -  
havior  of the all-/3 t i t an ium alloy Ti-13V-11Cr-3A1,  
c o m m e r c i a l l y  known as B120VCA. This alloy conta ins  
a subs tan t ia l ly  high amount  of /3-s tabi l izers  which 
make the /3 decomposi t ion  reac t ions  ex t r eme ly  s lug-  
gish;  thus,  /3 can be re t a ined  at room t e m p e r a t u r e  
even af ter  furnace  cooling. The p r e l i m i n a r y  r epo r t  
on this  al loy by Wood and Ogden 4 shows that the high 
vanadium content  of the alloy,  although it makes  a 
s igni f icant  contr ibut ion to the s tab i l iza t ion  of the /3 
phase ,  does not influence the T i - C r  eutectoid r e a c -  
t ion.  However,  the inves t iga t ions  by Imgram e t  a l . ~  
of s e v e r a l  /3-Ti al loys containing vanadium,  chro-  
mium,  and a luminum,  indicate  that i nc reas ing  addi -  
t ions  of vanadium tend to soften the m a t e r i a l  dur ing  
aging t r e a t m e n t s  through a tendency for i nc r e a se d  
re jec t ion  of the in t e rmed ia t e  phase TiCr2. Aluminum,  
which is an ~ s t ab i l i ze r ,  has been  shown to improve  
the aging response  of the al loy by shift ing the aging 
c h a r a c t e r i s t i c s  to those obse rved  in l ow-ch romium 
t e r n a r y  al loys .  4'5 The p r e s e n t  alloy, therefore ,  be -  
haves  like a hypoeutectoidal  T i - C r  alloy in many 
r e spec t s .  

E a r l i e r  inves t iga t ions  of the i so the rma l  aging c h a r -  
a c t e r i s t i c s  of the T i -13 -11 -3  al loy 4'6-8 suggest  that  
the decomposi t ion  of the me tas t ab le  /3 phase at t e m -  
p e r a t u r e s  in the range 300 ~ to 500~ proceeds  through 
the fo rmat ion  of the t r a n s i t i o n  phase w, as has been  
obse rved  in s eve ra l  /3 s tab i l i zed  b ina ry  and t e r n a r y  
t i t an ium al loys .  The evidence p resen ted  in these  
s tudies  was based  ma in ly  on optical  meta l lography 
and X- r ay  ana lys i s  and was inadequate for the p o s i -  
t ive ident i f icat ion of the w phase .  Attempts to r e so lve  
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this p rob lem by use of rep l i ca  techniques  9 did not 
yield fu r the r  useful  informat ion.  Consequently,  the 
reac t ion  sequence dur ing the decomposi t ion  of the 
metas tab le  /3 phase in this t e m p e r a t u r e  range has been 
bel ieved to be:  

/3rn ~ /3r + w ~ /3r + 09 + ot ~ /3r + Ot ~ /3e + Ot + WiCr 2 

where /3m,  /3r and, f ie  re fe r  to the metas tab le ,  enr iched,  
and equ i l ib r ium /3 phases ,  r e spec t ive ly .  

In the p r e s e n t  s tudies ,  the authors  have examined 
this reac t ion  sequence using t r a n s m i s s i o n  e lec t ron  
microscopy ,  X - r a y  diffract ion ana lys i s ,  e l ec t r i ca l  r e -  
s i s t iv i ty ,  and ha rdnes s  m e a s u r e m e n t  techniques .  

EXPERIMENTAL PROCEDURE 

The T i - 1 3 V - l l C r - 3 A 1  alloy was rece ived  in the form 
of mi l l  annealed ,  0.045 in. thick sheet .  The compos i -  
tion in weight pe r c e n t  of the a s - r e c e i v e d  m a t e r i a l  was: 
13.2 pct  V, 11.2 pct  C r ,  3.15 p c t  Al, 0.19 pct Fe, 51 
ppm N2, 97 ppm H2, and 1090 ppm Oa. Str ips cut f rom 
the sheet  were  vacuum annealed at 850~ for approxi -  
mate ly  4 hr  and cold ro l led  to a th ickness  of 0.015 in. 
Specimens in the fo rm of coupons were  p r e p a r e d  f rom 
ro l led  m a t e r i a l  and solut ion t r ea ted  at  800~ for 1 • 2 hr 
in pur i f ied  he l ium using t i t an ium foil as  a " g e t t e r . "  
Solution t r ea t ed  spec imens  were  quenched in water ,  oil, 
or  a i r  in o r de r  to examine  the effect of cooling ra te  on 
subsequent  aging reac t ions .  A number  of spec imens  
were solut ion t r ea t ed  at 900~ and water  quenched so 
as to study the effect of the solut ion t r e a t m e n t  t e m p e r -  
a ture .  Aging was done in sal t  baths  held at t e m p e r a -  
t u re s  in the range  250 ~ to 500~ for t i m e s  exceeding 
1000 hr .  A few spec imens  were deformed 5, 10, and 
15 pct in c ompr e s s i on  p r i o r  to aging in o r de r  to ex-  
amine  the inf luence  of cold work on aging c h a r a c t e r -  
i s t ics .  

In o rde r  to inves t iga te  the ro le  of a luminum in the 
decomposi t ion  reac t ions  of the me tas t ab le  t ,  a t e r n a r y  
t i t an ium al loy containing 13 pct V and 11 pct Cr was 
p repa red  by a r c  mel t ing  in a pur i f ied  he l ium a tmo-  
sphere .  The a s - c a s t  m a t e r i a l  was homogenized at 
850~ for 24 hr  in vacuum and cold ro l led  into 0.015 in. 
thick s t r i p s .  The ro l led  al loy contained 860 ppm O~ and 
122 ppm H~. Heat t r e a t me n t  p r o c e d u r e s  were ident ical  
to those given to T i -13V-11Cr-3AI  al loy spec imens .  

Thin foils  for t r a n s m i s s i o n  e lec t ron  mic roscopy  
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were  p r epa red  using a modif ied Bol lman technique x~ 
with the opera t ing condi t ions  p r e s c r i b e d  by Blackburn  
and Wil l iams  xx to avoid hydrogen contaminat ion .  

Needle spec imens  for D e b y e - S c h e r r e r  X - r a y  d i f f r ac -  
t ion exper imen t s  were p r e p a r e d  f rom both the bulk and 
the thin foil ma te r i a l .  All X - r a y  samples  were  c h e m i -  
cal ly pol ished following heat  t r e a t m e n t s ,  us ing a so l u -  
t ion of 2 pa r t s  of HNOs and 1 pa r t  HF cooled by l iquid 
n i t rogen .  Lattice p a r a m e t e r  m e a s u r e m e n t s  of the 
phase  were made with the aid of a 114.6 mm c a m e r a  
using Cu-Ka  radia t ion.  Step scanning over  se lec ted  
fl-phase ref lec t ions  was pe r fo rmed  on flat bulk s a m -  
p les  with a Siemens X - r a y  d i f f rac tomete r  unit .  Changes 
in e l ec t r i c a l  r e s i s t a n c e s  dur ing  i so the rma l  aging t r e a t -  
ments  were measu red  at  -196~ using rod s amp l e s  ap-  
p rox ima te ly  3 in. long and 0.075 by 0.05 in. in c ros s  
sec t ion .  

RESULTS 

A) E lec t ron  Microscopy 

Spontaneous t r a n s f o r m a t i o n  was found to occur  d u r -  
ing thin foil p repa ra t ion  of a lmos t  all  of the T i - 13V -  
l l C r - 3 A 1  and T i -13V-11Cr  spec imens .  A s i m i l a r  phe-  
nomenon  has been r epor t ed  for s eve ra l  b i n a r y  t i t an ium 
al loys  3'xz and a few c o m m e r c i a l  a l loys,  x3 The o r ig in  of 
this  t r ans fo rma t ion  and the deta i ls  of the s t r u c t u r e  and 
morphology of the t r a n s f o r m a t i o n  products  have been  
d i s cus sed  e lsewhere .  3~4 The spontaneous t r a n s f o r m a -  
t ion not only compl ica tes  the ana lys i s  of other  s t r u c -  
t u r e s  p resen t ,  but also poses  p rob lems  in thin foil 
p r epa ra t i on  through its  embr i t t l i ng  effect. In o rde r  to 
e l imina te  the influence of spontaneous t r a n s f o r m a t i o n  
on subsequent  i n t e rp re t a t i ons ,  al l  e lec t ron  d i f f rac t ion  
obse rva t ions  were made in th icker  regions  of the foils  
where  this  t r a n s f o r m a t i o n  was absent .  

In the as -quenched  condit ion the T i -13V-11Cr -3AI  
al loy has a s ingle phase s t r uc tu r e  with va ry ing  amounts  
of the spontaneous t r a n s f o r m a t i o n  product  be ing p r e s -  
ent along the th inner  r eg ions  of the foil. No evidence  
of the t r ans i t i on  phase w could be detected in the a s -  
quenched and aged condit ion e i ther  f rom the e l ec t ron  

Fig. 1--Bright field electron micrograph showing the fine dis- 
persion of precipitates in Ti-13V-11Cr-3A1 alloy following 
solution treatment at 800~ water quench, and aging for 75 hr 
at 250~ (ll l)t  3 zone normal. 

Fig. 2--Bright field electron micrograph from the Ti-13V-1ICr- 
3AI alloy aged at 350~ for 25 hr following solution treatment at 
800~ and water quench. (1tl)/3 zone normal. 

Fig. 3--Bright field electron micrograph from the Ti-13V-11Cr 
alloy, water quench following solution treatment at 800~ 
(120)/~ zone normal. 

d i f f ract ion pa t t e rn s  or  f rom the e l ec t ron  mic rographs .  
However,  a f ter  aging for shor t  pe r iods  of t ime  at t e m -  
p e r a t u r e s  below 500~ a fine p rec ip i t a t e  was observed  
to be d i s p e r s e d  throughout the ma t r ix .  The p rec ip i t a te  
pa r t i c l e s  a t ta ined  a size of approx imate ly  150A after  
aging for 75 hr  at 250~ Fig. 1. Cons iderab ly  less  
t ime  was r equ i r ed  for the pa r t i c l e s  to a t ta in  a de tec-  
table s ize  dur ing  aging at the higher  t e m p e r a t u r e s ,  
Fig. 2. 

The T i -13V-11Cr  alloy spec imens ,  in addition to the 
spontaneous t r a n s f o r m a t i o n  along the thin regions ,  ex-  
hibited the p r e s e n c e  of an ex t r eme ly  fine d i spe r s ion  of 
pa r t i c l e s  in the as -quenched  condit ion,  Fig. 3. No addi-  
t ional  r e f l ec t ions  which could be a t t r ibu ted  to a second 
phase were  p r e s e n t  in the e lec t ron  di f f ract ion pa t t e rn s ,  
thus d iscount ing  the poss ib i l i ty  that  these  pa r t i c l e s  
could be quenched- in  w, Fig. 4. The inf luence of the 
aging t e m p e r a t u r e  on the size and d i s t r ibu t ion  of these  
pa r t i c l e s  and the sequence of the i r  growth with t ime at 
any fixed aging t e mpe r a t u r e  were ident ica l  to those ob-  
se rved  in the T i -13V-11Cr-3AI  al loy.  
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It was d i f f icul t  to d i s c e r n  the  shapes  of t h e s e  p a r t i -  
c l e s  dur ing  the e a r l y  s t a g e s  of t he i r  growth;  g e n e r a l l y ,  
t hey  a p p e a r e d  as  equ iaxed  p a r t i c l e s .  At h ighe r  ag ing  
t e m p e r a t u r e s  o r  a f t e r  p r o l o n g e d  aging at  l ower  t e m -  
p e r a t u r e s ,  the  p a r t i c l e s  we re  a p p r o x i m a t e l y  d i s c  
shaped  o r  p l a t e - l i k e ,  with t h r e e  d i s t i nc t  o r i e n t a t i o n s ,  
F i g s .  5 and 6. T r a c e  a n a l y s i s  has  shown that  the  d i s c s  
l ie  a p p r o x i m a t e l y  p a r a l l e l  to the {100} p l anes  of the  
bcc  m a t r i x ,  F ig .  6. The a p p e a r a n c e  of d i s p l a c e m e n t  
f r i n g e s ,  Fig .  7, and ' d i s l o c a t i o n  r i ng '  c o n t r a s t ,  F ig .  
11 a, i nd ica t e s  that  s o m e  cohe rency  e x i s t s  be tween  the 
p r e c i p i t a t e s  and the m a t r i x .  The p r e s e n t  o b s e r v a t i o n ,  
F ig .  6, of the  b l a c k - t o - w h i t e  c o n t r a s t  changes  a s s o c i -  
a t ed  with p r e c i p i t a t e  d i s c s  which l ie  p a r a l l e l  to the  in-  
c iden t  b e a m  is  insuff ic ient  is for  a conc lus ive  d e t e r m i -  
na t ion  of the na tu re  of the  e l a s t i c  d i s p l a c e m e n t s .  

Se lec ted  a r e a  d i f f r ac t ion  p a t t e r n s  t aken  f r o m  r eg ions  
conta in ing a p p r e c i a b l e  amounts  of the p r e c i p i t a t e  show 
o n l y / 3 - p h a s e  r e f l e c t i o n s  and no addi t iona l  spo ts  due to 
a second  phase  in both T i -13V-11Cr-3A1 and T i - 1 3 V -  
l l C r  a l l oys ,  Fig.  8. However ,  the m a t r i x  spo t s  t h e m -  
s e l v e s  were  sp l i t ;  th is  sp l i t t i ng  was m o r e  p ronounced  
for  h i g h e r - o r d e r  r e f l e c t i o n s .  The s t r e a k  d i r e c t i o n s  in 
F ig .  8 a r e  i ncons i s t en t  with the p a r t i c l e  shape e f fec t s  
expec ted  f rom thin d i s c s  p a r a l l e l  to {100}. Since the  
o b s e r v e d  s t r e a k s  do not  p a s s  through the o r i g i n  of the  
r e c i p r o c a l  l a t t i ce ,  and they  a r e  a s y m m e t r i c  about  
each  spot ,  i t  i s  concluded tha t  the s t r e a k s  a r e  due to 
c o h e r e n c y  s t r a i n s .  V e r y  di f fuse  s t r eak ing ,  F ig .  4, 
with no appa ren t  m a x i m a  cons t i tu ted  a backg round  to 
the  d i f f r ac t ion  p a t t e r n s .  The na ture  of th i s  d i f fuse  in -  
t e n s i t y  ne twork  was c h a r a c t e r i s t i c  of the zone be ing  
examined ;  these  s t r e a k s  a r e  along <110> d i r e c t i o n s  in 
(100>/~ and (111>/~ zone p a t t e r n s  and along (112> d i r e c -  
t ions  in a (110>~ zone p a t t e r n .  The diffuse ne twork  is  
a t t r i bu t ed  to cohe rency  s t r a i n  ef fec ts  in view of the  
a b s e n c e  of the expec ted  p a r t i c l e  shape e f fec t s .  

Since the only o b s e r v a b l e  f e a t u r e  of the e l e c t r o n  
d i f f r ac t ion  p a t t e r n s ,  a p a r t  f r om the dif fuse  s t r e a k i n g ,  
which could be a s s o c i a t e d  with the unident i f ied  p r e c i p i -  
t a t e s  was the sp l i t t ing  of the  m a t r i x  spo ts ,  i t  was a s -  
s u m e d  tha t  the p r e c i p i t a t e s  have the s a m e  s t r u c t u r e  
a s  the  p a r e n t  phase .  This  i m p l i e s  that  the m a t r i x  and 
the p r e c i p i t a t e  d i f fer  only  in t h e i r  'd' spac ings ,  and 
t h e r e f o r e  in compos i t i on .  Thomas  16 and van Torne  and 

Fig. 4--Selected area diffraction pattern from the general area  
corresponding to the mierograph in Fig. 3. (120>~ zone normal. 

(a) 

(b) 

Fig. 5--(a) Bright field electron mierograph showing the d i s t r i -  
bution of precipitates in the Ti-13V-11Cr-3A1 alloy aged at 
400~ for 6 hr following solution treatment at 1050~ and air  
cooling. (100>~ zone normal. (b) Dark field micrograph cor-  
responding to the area  in Fig. 5(a). 

Thomas 17 have shown that Kikuchi line analysis can be 
applied to the study of phase transformations involving 
clustering or spinodal decomposition. They suggest 
this analysis as the only means to detect localized 
compositional variations occurring over relatively 
short distances in a solid solution. A Kikuehi line 
analysis was performed on the present samples which 
contain the unidentified precipitate. Kikuchi lines were 
found to be paired, Fig. 9, as would be expected from a 
system in which solute segregation has occurred. The 
pairing of the Kikuchi lines was observed for all speci- 
mens which had been heat treated to produce the pre- 
cipitate, in both Ti-13V-11Cr-3AI and Ti-13V-11Cr 
alloys. 

When the 'd' spacings of the precipitate and parent 
phases are nearly the same, the precipitate and matrix 
reflections often coincide in a normal diffraction pat- 
tern, and hence the precipitate reflections may not be 
resolvable. However, the precipitates themselves may 
be revealed by forming dark field images of a common 
reflection. Better resolution is obtained under a two 
beam situation where the beam is tilted so as to bring 
the negative of the operating reflection along the optic 
axis. :6 Dark field examination showed the precipitate 
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p a r t i c l e s  to be c lea r ly  r e so lved  as i l l u s t r a t ed  in Fig.  
5 (b). The symbol  ~ wil l  be used to designate  th is  p r e -  
c ipi tate  in the r e m a i n d e r  of th is  paper .  

The p r e s e n c e  of p rec ip i t a t e  f ree  zones adjacent  to 
the/3 g ra in  boundar ies ,  Fig.  10, suggests  that a v a -  
cancy mechan i sm mus t  be r e spons ib le  for the n u c l e a -  
t ion and growth of the fla p a r t i c l e s .  In o rder  to e x a m -  
ine fu r the r  the role  of vacanc i e s  in the fo rmat ion  of 
/32, addi t ional  coupons were  cooled at va r ious  r a t e s  
f rom 800 ~ 900 ~ or  1050~ All spec imens  were  then 
aged at  400~ for 6 hr to produce  the /32 p rec ip i t a te .  
The s ize  and d i s t r ibu t ion  of ~a a re  influenced s t rong ly  
by the solut ion t r e a t m e n t  t e m p e r a t u r e  and the s u b s e -  
quent  cooling ra te .  Specimens  quenched f rom a higher  
so lu t ion  t r e a tmen t  t e m p e r a t u r e  exhibit  s m a l l e r  p r e -  
c ip i ta tes ,  Fig. 11 (a) and (b). Also, for a given so lu t ion  
t r e a t m e n t  t e m p e r a t u r e ,  s m a l l e r  p rec ip i t a tes ,  Fig.  
11 (a), (c), and (d), and n a r r o w e r  p rec ip i ta te  f ree  zones ,  
Fig.  11 (e) and (f), a re  obse rved  for the fas te r  cooling 
r a t e s .  

Fig. 8--Selected area diffraction pattern taken from Ti-13V- 
llCr-3A1 alloy aged at 400~ for 6 hr following solution treat-  
ment at 800~ and water quench. The matrix reflections are 
split and diffuse streaks lie along (110) directions. (111)~ 
zone normal. 

Fig. 6--Dark field electron micrograph taken from the (011) 
matrix reflection for Ti-13V-11Cr alloy aged for 24 hr at 
400 ~ C following solution treatment at 800~ and water quench. 
Close to (100)~ zone normal. 

Fig. 9--Selected area diffraction pattern showing the pairing 
of the Kikuchi lines in Ti-13V-11Cr-3AI alloy aged for 6 hr 
at 400~ following solution treatment at 800~ Close to [111]~ 
zone normal. 

Fig. 7--Bright field electron micrographs illustrating the dis- 
placement fringes observed when the specimen was tilted from 
the orientation corresponding to Fig. 6. 

A s i m i l a r  r ange  in the s ize  and d i s t r i bu t ion  of ~2 was 
observed  with va r i a t i ons  in the aging t e m p e r a t u r e ,  with 
the p rec ip i t a te  be ing s m a l l e r  af ter  aging at the lower 
t e m p e r a t u r e s .  For  a p a r t i c u l a r  heat  t r e a t m e n t  p r o -  
cedure,  the vo lume f rac t ion  of the f12 p rec ip i t a t e s  p r e s -  
ent was h igher  for the t e r n a r y  al loy as  compared  with 
the q u a r t e r n a r y  al loy in which a l u m i n u m  was p re sen t .  

Although a p r e f e r e n t i a l  nuc lea t ion  on d is locat ions  
was obse rved  in a few spec imens ,  Fig.  12, the fl~ p r e -  
c ipi ta tes  in ge ne r a l  show l i t t le  t endency  for he te ro -  
geneous nuc lea t ion .  This has been  conf i rmed  by ex-  
amining  the aging k ine t ics  of T i - 1 3 V - 1 1 C r - 3 A i  al loy 
spec imens  which were  deformed 5, 10, and 15 pct by 
ro l l ing  p r i o r  to aging. The incubat ion  per iod  for p r e -  
c ipi tat ion of the a phase was reduced  apprec iab ly  by 
cold work p r i o r  to aging, while the re  was l i t t le  inf lu-  
ence on the p rec ip i t a t i on  k ine t ics  of the ~2 phase.  
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Fig. 10--Bright field e lectron micrograph  showing the p r ec i p i -  
ta te  f ree  zone adjacent to a fl-grain boundary in Ti -13V-11Cr-  
3A1 alloy,'solution treated at 800~ water quenched, and aged 
at 400~ for 10 hr. 

The s t ab i l i ty  of the fi2 phase was examined  by con-  
ducting r e v e r s i o n  expe r imen t s .  Ti -13V-11Cr-3A1 spe-  
c imens ,  water  quenched f rom the solut ion t r ea tmen t  
t e m p e r a t u r e ,  were  f i r s t  aged at 400~ for 6, 10, or  
18 hr and then rehea ted  to 550 ~ 600 ~ or  800~ for 
t imes  up to 3 hr .  In samples  reheated  to 550~ the 
p rec ip i t a t ion  of the ~ phase s t a r t ed  p r i o r  to the com-  
plet ion of the red i sso lu t ion  of/32 p a r t i c l e s .  At 600 ~ 
and 8000C, on the other  hand, rehea t ing  for a per iod  
less  than 3 hr  was adequate to cause complete r e v e r -  
sion of the /32 phase .  

Prolonged aging at al l  t e m p e r a t u r e s  r e su l t ed  in the 
growth of the /3~ pa r t i c l e s  to consume a major  por t ion 
of the m a t r i x  before  the p rec ip i ta t ion  of the a phase 
begins .  For  the Ti-13V-11Cr-3A1 al loy spec imens ,  
the p rec ip i t a t ion  of ~ could be f i r s t  detected only after  
aging at 300~ for per iods  up to approx imate ly  250 hr ;  
the ~ phase  appeared  after  approx imate ly  10 hr  of 
aging at 450~ The prec ip i ta t ion  of the a phase was 
re t a rded  cons ide rab ly  in the t e r n a r y  a l loy Ti -13V-11Cr .  
The p r e s e n c e  of the a prec ip i ta te  could be detected 
only af ter  aging for approximate ly  100 hr  at 400~ as 

(a) (c) 

(b) (d) 
Fig. l l - - E l e c t r o n  micrograph  showing the size and distr ibution of the prec ip i ta tes  and width of precipi ta te  f ree  zones as a 
function of hea t - t rea tment  var iables .  (a} Solution t r ea ted  at 800~ water  quenched, and aged at 400~ for  6 hr .  (b) Solution 
t rea ted  at 900~ water  quenched, and aged at 400~ for  6 hr.  (c) Solution t rea ted  at 800~ oil quenched, and aged at 400~ 
for 6 hr .  (d) Solution t rea ted  at 800~ air  cooled, and aged at 400~ for 6 h r .  (e) Solution t rea ted  at 1050~ br ine quenched, 
and aged at 400~ for 6 hr .  (/3 Solution t rea ted  at 1050~ air  cooled, and aged at 400~ for 6 hr,  also see Fig. 5(a), (b). 

METALLURGICAL TRANSACTIONS VOLUME 1,AUGUST 1970-2285 



Fig. 1 l-Continued. (e) 

T i - 2 0 p c t  V a l l o y s  at  t e m p e r a t u r e s  be low 270~ p r o -  
ceeds  th rough  a phase  s e p a r a t i o n  r e a c t i o n  leading  to 
the f o r m a t i o n  of so lu te  r i ch  and so lu te  l ean  bcc  p h a s e s .  
The ev idence  for  such a r e a c t i o n  was  the sp l i t t ing  of 
the B-phase  r e f l e c t i o n s  into sha rp  componen t s .  In the 
p r e s e n t  i nves t i ga t i ons  the B-peak sp l i t t i ng  was e x a m -  
ined using s t ep  scanning  ove r  s e l e c t e d  h ighe r  angle  
r e f l e c t i o n s .  Although sp l i t t ing  was o b s e r v e d  in some  
c a s e s ,  no r e p r o d u c i b l e  r e s u l t s  w e r e  obta ined .  The /3-  
phase  r e f l e c t i o n s  b e c a m e  too b r o a d  and diffuse,  p a r -  
t i c u l a r l y  for  s p e c i m e n s  aged for  s h o r t  p e r i o d s  of t ime  
at  t e m p e r a t u r e s  be tween 300 ~ and 450~ S i m i l a r  b l u r -  
r ing  of the h ighe r  angle  /3 r e f l e c t i o n s  has  been  r e p o r t e d  
by Ageyev and Novik x9 in the aged/3 a l l oy  Ti -9Mo-TMn 
containing 1 to 2 pc t  A1, and a l so  by B lackburn  and 
W i l l i a m s  s in a T i -20  pct  V a l loy  a f t e r  ag ing  for  100 h r  
at  200~ 

The method  of g r a p h i c a l  e x t r a p o l a t i o n  was used  to 
d e t e r m i n e  the changes  in the l a t t i c e  p a r a m e t e r  of the 

if) 

c o m p a r e d  to the 25 h r  r e q u i r e d  to p roduce  c~ in the  
q u a r t e r n a r y  a l loy  at  the s a m e  aging t e m p e r a t u r e .  

The p r e c i p i t a t i o n  of the a phase  in i t i a t e s  s i m u l t a -  
neous ly  a t  the g r a i n  b o u n d a r i e s  and within the g r a i n s ,  
a l though g ra in  boundary  r e g i o n s  appea r  to be p r e f e r r e d  
nuc lea t ion  s i t e s ,  Fig .  13. In s a m p l e s  of the T i - 1 3 V -  
l l C r - 3 A l  a l loy  aged at  350 ~ 400 ~ o r  450~ it  was  o b -  
s e r v e d  that  the nuc lea t ion  of the ~ phase  within a g r a i n  
o c c u r s  nea r  the i n t e r f a c e s  be tween Bz and the m a t r i x  
o r  in r eg ions  be tween  B2 p a r t i c l e s ,  Fig .  14. The 
p r e c i p i t a t e s  a r e  needle  shaped ,  and they exhib i t  a 
Widmans t~ t ten  morpho logy  with t he i r  needle  axes  ly ing  
a long <110)/~ d i r e c t i o n s ,  F ig .  15. 

The hcp s t r u c t u r e  of the ~ phase  was c o n f i r m e d  by  
e l e c t r o n  d i f f rac t ion ,  F ig .  16, and X - r a y  d i f f r ac t ion  
a n a l y s i s .  The o r i en t a t i on  r e l a t i onsh ip  be tween  the  (~ 
and the B p h a s e s  was found to be the expec ted  B u r g e r s '  
r e l a t i o n :  

(110)8 / / (0001)o  

[ i11],e// [i 19.0] o~ 

B) X-ray Diffraction Studies 

Harmon and Troiano x8 proposed that the decomposi- 
tion of the metastable /3 in Ti-16pctV-2.5pctA1 and 

Fig. 12--Bright field electron micrograph from Ti-13V-IICr- 
3AI alloy aged at 500~ for 2 hr following solution treatment at 
800~ and water quench, showing the precipitation of f12 phase 
on dislocations. 

Fig. 13--Bright field micrograph showing the nucleation of 
phase on the grain boundary in Ti-13V-11Cr-3AI alloy aged at 
500~ for 4 hr following solution treatment at 800~ and water 
quench. 
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r e t a ined  fl phase in the Ti -13V-11Cr-3A1 alloy as a 
funct ion of t ime dur ing i s o t h e r m a l  t r e a t m e n t s  at t e m -  
p e r a t u r e s  between 300 ~ and 500~ Only the f i r s t  five 
re f l ec t ions  in the low angle reg ions  were used s ince  
the higher  angle re f lec t ions  were  too b l u r r e d  to make 
p r e c i s e  m e a s u r e m e n t s .  The la t t ice  p a r a m e t e r  shows 
an i n c r e a s e  dur ing the e a r l y  s tages  of the decompos i -  
t ion at each of the t e m p e r a t u r e s ,  and this i n c r e a s e  is 
followed by rapid  dec rease ,  Fig.  17. I so the rmal  aging 
at 400~ of the t e r n a r y  al loy T i -13V-11Cr  exhibi ted a 
s i m i l a r  behavior .  It is  i n t e r e s t i ng  to note that the d i l a -  
t o m e t r i c  data p r e sen t ed  by Harmon and Troiano 18 was 
c h a r a c t e r i z e d  by an in i t i a l  expansion followed by a con-  
t r a c t i on  in volume.  They a t t r ibu ted  this  peak effect  to 
the onse t  of the /3rn ~ flrich + fllean reac t ion .  

The appl icat ion of the X - r a y  diffuse s ca t t e r ing  t ech -  
n iques  to yield a quant i ta t ive  m e a s u r e  of local  o r d e r  
wil l  be of l i t t le  a s s i s t a n c e  in the case of T i - V - C r  a l -  
loys because  of the s i m i l a r  a tomic  sca t t e r ing  fac to rs  

,L ,l~ 
�9 5 

�9 �9 �9 

�9 1"!113 p - Z O N E  . . . . .  M A T R I X  

�9 [112"0.~ (~- Z O N E  . . . . .  3 V A R I A N T S  
( .)  

Fig. 14--Electron micrograph  showing th~ nucleation of the a 
phase at the fl2-matrix in ter face  in the Ti-13V-11Cr-3A1 alloy 
aged at 450~ for 10 hr following solution t rea tment  at 800~ 
and water  quench. 

(b) 

Fig. 16--Selected a rea  diffraction pat tern  f rom Ti-13V-11Cr-  
3A1 alloy aged at 300~ for 1000 h r  showing the super imposed 
pa t te rns  f rom fl and (~ phases .  

for these  e l e me n t s .  Hence, no a t tempt  was made to 
m e a s u r e  local  composi t ional  va r i a t i ons  using this  
technique.  

Fig. 15--Widmanst~tten morphology of the t~-phase p r e c i p i -  
ta tes  in Ti-13V-11Cr-3A1 alloy aged at 400~ for 350 hr .  
(100>/~ zone normal. 

C) E l ec t r i c a l  Res is t iv i ty  M e a s u r e m e n t s  

Changes in e l e c t r i c a l  r e s i s t i v i t y  have been used as 
a success fu l  tool to follow c lus te r ing  reac t ions  and 
zone fo rmat ionf l  ~ As c lus t e r s  form,  the e l ec t r i ca l  
r e s i s t i v i t y  r i s e s  to a max imum and then d e c r e a s e s .  
There  is evidence that this r e s i s t i v i t y  peak is re la ted  
to a c h a r a c t e r i s t i c  s tate  of the al loy which is the same 
i r r e s p e c t i v e  of the aging t e m p e r a t u r e .  21,22 

Res i s t iv i ty  changes were m e a s u r e d  dur ing  i so the r -  
mal  aging e xpe r i me n t s  at 300 ~ 350 ~ and 400~ in the 
Ti -13V-11Cr-3A1 alloy.  At each of the th ree  t e m p e r a -  
tu re s ,  the r e s i s t i v i t y  of the samples  i nc r e a se d  above �9 
the a s -quenched  value dur ing the e a r l y  s tages  of i so -  
t he rma l  aging. The r e s i s t i v i t y  change r e m a i n e d  pos i -  
t ive unti l  the in i t ia t ion  of the p rec ip i t a t ion  of the a 
phase,  Fig. 18 (a). A plot of the r e s i s t a n c e  change vs 
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aging t ime showed the p r e s e n c e  of maxima  af ter  shor t  
aging t imes  at each of the th ree  t e m p e r a t u r e s ,  Fig.  18 
(b); the peaks shift to longer  t imes  for lower aging t e m -  
p e r a t u r e s .  With the p rec ip i t a t ion  of the ~ phase,  the r e -  
s i s t iv i ty  value dec reased  below the as -quenched  value .  
This dec rea se  in r e s i s t i v i t y  followed a s igmoida l  v a r i -  
a t ion with aging t ime,  which is cha rac t e r i s t i c  of phase 
t r a n s f o r m a t i o n  r eac t ions  involving nucleat ion and 
growth p r o c e s s e s .  F u r t h e r ,  as  the aging t e m p e r a t u r e  
was inc reased ,  the shape of the plot  of r e s i s t i v i t y  vs  
aging t ime r e m a i n e d  una l t e red ,  but the curve  i t se l f  
was shifted to sho r t e r  t i m e s .  The r e s i s t i v i t y  r e s u l t s  
a r e  included here  as suppor t ing  evidence for the c l u s -  
t e r i n g  tendency in this  a l loy.  

D) Hardness  M e a s u r e m e n t s  

Fig. 19 shows the v a r i a t i o n  of ha rdness  of bulk spe -  
c imens  dur ing i s o t h e r m a l  aging t r e a t m e n t s  at 300 ~ , 
350 ~ 400 ~ 450 ~ and 500~ for per iods  up to 1000 hr  
following solution t r e a t m e n t  at 800~ and a rap id  
quench in water .  No s ign i f ican t  i nc r ea se  in h a r d n e s s  
was not iced dur ing  the in i t i a l  s tages  of aging.  The 
rap id  i nc r ea se  in h a r d n e s s  which follows the in i t i a l  
s tages  occur s  at t i m e s  cor respond ing  to the a p p e a r -  
ance of the a phase.  Overaging  does not occur  up to 
1000 hr  at the lower aging t e m p e r a t u r e s ,  although it 
does occur  af ter  approx imate ly  750 hr at 500~ The 
heat  t r e a t m e n t  v a r i a b l e s  such as the solut ion t r e a t -  
men t  t e m p e r a t u r e  and the cooling ra te  do not a l t e r  
the ha rdness  s igni f icant ly  dur ing  aging, Fig. 20. 

DISCUSSION 

The results of the present investigation show that 
the decomposition of the metastable/3 phase in the 
Ti-13V-11Cr-3Al alloy does not proceed through the 
precipitation of the transition phase w as has been 
proposed by earlier investigators. 4'6'a This result is 
not surprising since increasing additions of fl-stabil- 
izing elements to titanium have been found to retard 
the w reaction. When present in sufficient amounts 
they have been found to suppress completely w, and 
the observation that no w phase appears in the ternary 
alloy Ti-13V-11Cr substantiates this argument. The 
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Fig. 17--Lattice parameter of the retained fl phase as a func- 
tion of aging time for Ti-13V-11Cr-3AI alloy. 
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Fig. 18--(a) Changes in electrical resistivity as a function of 
time during isothermal aging of Ti-13V-11Cr-3A1 alloy water 
quenched from 800~ (b) Changes in electrical resistivity 
during the early stages of decomposition of the metastable 
phase in Ti-13V-11Cr-3A1 alloy water quenched from 800~ 

a luminum addi t ion is expected to inhibi t  ~ format ion  
fur ther ,  s ince  a luminum has been shown to be a s t rong  
s u p p r e s s o r  of w. ~8'23 

All of the obse rva t ions  indicate  that  the decompos i -  
t ion of the metas tab le /3  in the p r e s e n t  a l loys at t e m -  
p e r a t u r e s  below ~ 550~ proceeds  through a phase 
separa t ion  reac t ion  leading to the fo rmat ion  of solute 
r ich  and solute  lean phase,  i . e . :  [3 m ~ ~rich + fllean- 

Two aspec t s  of the proposed r eac t ion  dese rve  p a r -  
t i cu la r  a t ten t ion :  1) the pa ren t  and the product  phases  
a re  c rys t a l log raph ica l ly  ident ical ,  and they main ta in  
a compos i t iona l  di f ference,  and 2) the new phase fo rms  
through a p r o c e s s  involving nuc lea t ion  and growth. The 
f o r m e r  of the two aspects  sugges ts  that  it is poss ib le  
to i n t e r p r e t  the mode of decompos i t ion  with the aid of 
an inf lected curve  on a hypothet ical  f ree  e n e r g y - c o m -  
posi t ion d i a g r a m .  The second aspec t  immedia t e ly  i m -  
p l ies  that  a spinodal  type of decompos i t ion  mode is  not 
probable  although the composi t ion of the pa ren t  phase 
might be within the misc ib i l i t y  region .  Thus,  the p r o -  
posed phase  separa t ion  should occur  through s table  
composi t ion  f luctuat ions  leading to the format ion  of 
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Fig. 19--Roekwell-C hardness vs aging time for Ti-13V-IICr- 
3A] alloy, with aging temperature as a parameter. 

s table  solute r ich  regions  which subsequent ly  grow in 
s ize  and a l te r  in composi t ion on continued aging, unt i l  
the composi t ion reaches  the va lues  de te rmined  by the 
common tangent  condit ion.  Since the decomposi t ion  of 
the metas tab le  /3 probably  p roceeds  by a diffusional  
c lu s t e r i ng  mechan i sm,  the s ize  and d i s t r ibu t ion  of the 
p a r t i c l e s  of the product  phase should ref lec t  the inf lu-  
ence of excess  vacanc ies  on the nucleat ion and growth 
p r o c e s s .  A slower ra te  of quench yields a lower s u p e r -  
s a tu ra t ion  of vacancies  and hence an in i t ia l  coarse  d i s -  
t r ibu t ion  of c lus t e r s .  Higher solut ion t r ea tmen t  t e m -  
p e r a t u r e s  and rapid quenches r e su l t  in higher s u p e r -  
sa tu ra t ion  of vacanc ies  and a fine d i spers ion  of 
c l u s t e r s .  Final ly ,  for a given solut ion t r e a tmen t  
t e m p e r a t u r e  and quenching p rocedure ,  the s u p e r s a t u -  
ra t ion  of vacanc ies  as well  as solute a toms will be 
higher  for lower aging t e m p e r a t u r e s .  As has been  
pointed out by Embury  and Nicholson, ~4 these two fac-  
t o r s  lead to a reduct ion in the c r i t i ca l  nucleus  s ize  
and the act ivat ion energy  for nuclea t ion  and thus in -  
c r e a s e s  the probabi l i ty  of fo rming  stable c lus te r  nu -  
clei .  The resu l t  is a fine d i spe r s ion  of p rec ip i t a t e s .  
The p r e s e n t  obse rva t ions  r ega rd ing  the p rec ip i t a te  
f ree  zone, Figs.  10 and 11 (e), lend fur ther  evidence 
for the vacancy / so lu t e  atom model  for the nuc lea t ion  
of the c lu s t e r s .  The fact that d is locat ions  do not act  
as p r e f e r r e d  nucleat ion s i tes  for these c lus t e r s  in 
rap id ly  quenched spec imens  sugges ts  that excess  
vacanc ies  provide easy nuclea t ion  condit ions within 
the ma t r ix .  

The pa ren t  and product  phases  differ in the i r  la t t ice  
p a r a m e t e r s  due to the composi t ional  d i f fe rences .  Since 
the new phase a t tempts  to ma in ta in  coherency with the 
ma t r ix ,  an e las t ic  energy  t e r m  is in t roduced into the 
ene rge t i c s  of the reac t ion  which is equal in magni tude 
to the r e v e r s i b l e  work n e c e s s a r y  to match the l a t t i ces .  
An impor tan t  outcome of this  e las t ic  an iso t ropy of the 
m a t r i x  inf luences  the habit  p lane and morphology of 
the p rec ip i ta te .  The prec ip i ta te  tends to follow e l a s -  
t i ca l ly  soft p lanes  of the mat r ix ,  which for cubic c r y s -  
ta ls  have been shown to be {I00} or {111}. 25 The 
{100}fl habit observed in the current investigation is, 
therefore, in agreement with what would be expected 
from theory. The choice of the {100} habit and cohe- 

ren t  matching often d i s to r t s  the p rec ip i t a t e s  giving 
the i m p r e s s i o n  that they are s l ight ly  te t ragonal .  2s 
This d i s to r t ion  may account for the p l a t e - l i ke  or d i sc -  
shaped morphology observed  in the p r e s e n t  study. 

The appropr ia te  the rmodynamic  data r equ i r ed  for a 
more  complete  p red ic t ion  of the fl t r a n s f o r m a t i o n  be -  
havior  in the T i - V - C r - A 1  sys t em are  not ava i lab le .  
On the other  hand, i so the rma l  sec t ions  at 1000~ and 
700~ for the t e r n a r y  sys tem T i - V - C r  exhibit  a p seu -  
domisc ib i l i ty  gap which extends f rom the T i - C r  b ina ry  
into the t e r n a r y ;  this  gap is wider  at 700~ than at 
1000~ 28 A tendency  toward phase separa t ion  may be-  
come inc rea s ing ly  pronounced at s t i l l  lower  t e m p e r a -  
tu res  to give r i s e  to a metas tab le  mi sc ib i l i t y  gap which 
is  always below the equ i l ib r ium solubi l i ty  sur face .  The 
proposed ex is tence  of such a gap is suppor ted  by the 
e lec t ron  mic roscope  studies of the decomposi t ion  be -  
havior  at 400~ of the T i -13V-11Cr  al loy whose com-  
posi t ion l ies  jus t  outside the t e r n a r y  mi sc ib i l i t y  gap 
at 700~ The obse rved  occu r rence  of the phase sepa-  
ra t ion  reac t ion  at 400~ suggests  that the metas tab le  
misc ib i l i t y  gap in the t e r n a r y  sys t em expands as the 
t e mpe r a t u r e  is lowered and that the composi t ion of the 
alloy T i -13V-11Cr  l ies  within this  gap at 400~ Thus, 
at t e m p e r a t u r e s  above ~ 550~ the composi t ion of the 
p r e se n t  t e r n a r y  al loy is probably  outside a metas tab le  
misc ib i l i ty  gap. A s i m i l a r  gap should appear  in the 
p r e se n t  q u a t e r n a r y  sys tem.  

The in i t ia t ion  of the prec ip i ta t ion  of the a - p h a s e  
particles adjacent to fi2 precipitates or in regions 
between f12 precipitates suggests that the fie is the 
solute rich bcc phase. The clustering of solute atoms 
also explains the initial increases in lattice parameter 27 
and electrical resistivity. 29 With copious precipitation 
of a, the fi2 precipitates tend to vanish, which might be 
through either a redissolution process or by merging 
with the/~ matrix which becomes increasingly enriched 
with the precipitation of the a phase. 

A comparison of the aging kinetics of the Ti-13V- 
1 ICr and the Ti-13V-IICr-3AI all~s-sug-gus~stha-t-th"~ 
addition of aluminum to the ternary alloy tends to in- 
crease the aging response by accelerating the precipi- 
tation of the equilibrium a phase. The initial phase 
separation reaction, on the other hand, is retarded by 
the presence of aluminum. 

- - - - -  SOLUTION TEMP 800 "C  - AIR  COOLED / ~ - - ~  

- - , - -  SOLUTION TEMP l~)Ct'C - OIL  QUENCH 

SOLUTION TEMP 800 "C  - WATER Q~JENCH 

Y /  
03 

2'~ , , , , . . . .  i i , I t t i I . . . . . . . . . . .  

AGEING TIME (HOURS) AT 400 ~ C 

Fig. 20--Roekwell-C hardness vs aging time for Ti-13V-11Cr- 
3Al alloy with solution temperature and quench rate as vari- 
ables. 
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O t h e r  w o r k e r s  h a v e  p r o p o s e d  tha t  so lu t e  s e g r e g a t i o n  
o r  /3 -phase  s e p a r a t i o n  o c c u r s  d u r i n g  low t e m p e r a t u r e  
a g i n g  in  T i - 1 6 V - 2 . 5 A 1 ,  l s 'm T i - 8 A I - I V - 1 M o ,  3~ T i - 2 0 V ,  xs 
and  T i - 9 M o - 7 M n - ( 1  to  2)A119 a l l o y s .  A l so ,  a d d i t i o n a l  
X - r a y  l i n e s  have  b e e n  r e p o r t e d  to be  p r e s e n t  n e a r  /3- 
m a t r i x  r e f l e c t i o n s  in T i - F e - C r  z8 and  T i - C r  31 a l l o y s .  

It i s  r e a s o n a b l e  to b e l i e v e  t h a t  the  d e c o m p o s i t i o n  
m e c h a n i s m  p r e s e n t e d  h e r e ,  b a s e d  on the  o b s e r v a t i o n s  
m a d e  on T i - 1 3 V - 1 1 C r  and  T i - 1 3 V - 1 1 C r - 3 A i  a l l o y s ,  
m a y  be  e x p e c t e d  in o t h e r  t i t a n i u m  a l l o y s  w h e n  s u f f i -  
c i e n t / 3  s t a b i l i z i n g  a d d i t i o n s  a r e  p r e s e n t  to r e t a i n / 3  
a t  r o o m  t e m p e r a t u r e .  It c a n  b e  s h o w n  by t h e r m o d y -  
n a m i c  a r g u m e n t s  aa t h a t  t he  t h e r m o d y n a m i c  p r o p e r t i e s  
of a t e r n a r y  s o l i d  s o l u t i o n  A - B - C  in t he  v i c i n i t y  of one  
of t h e  p u r e  c o m p o n e n t s ,  e . g .  B, a p p r o a c h  the  w e i g h t e d  
a v e r a g e  of t h o s e  p r o p e r t i e s  e x h i b i t e d  by the  b i n a r i e s  
B - A  and  B - C .  Thus ,  in t he  c a s e  of the  T i - 1 3 V - 1 1 C r  
a l loy ,  the  o b s e r v e d  t e n d e n c y  f o r  d e m i x i n g  o r  p h a s e  
s e p a r a t i o n  shou ld  be  a r e f l e c t i o n  of the  t e n d e n c i e s  e x -  
h i b i t e d  by the  b i n a r i e s  T i - C r  and T i - V .  An e x a m i n a -  
t i on  of t he  t h e r m o d y n a m i c  d a t a  a v a i l a b l e  in t h e  l i t e r a -  
t u r e  f o r  t h e s e  s y s t e m s  s y b s t a n t i a t e s  the  a b o v e  a r g u -  
m e n t .  The a c t i v i t i e s  of c h r o m i u m  and  t i t a n i u m  i n / 3 -  
T i - C r  s o l i d  s o l u t i o n s  in  t he  r a n g e  1250 ~ to  1380~ s3 
s h o w  a p o s i t i v e  d e v i a t i o n  f r o m  R a o u l t ' s  l aw.  The  d e -  
v i a t i o n s  b e c o m e  m o r e  s i g n i f i c a n t  a s  the  t e m p e r a t u r e  
i s  l o w e r e d  f r o m  1380 ~ to  1250~ R e c e n t  s u p e r c o n -  
d u c t i n g  m e a s u r e m e n t s  34 of t he  low t e m p e r a t u r e  p h a s e  
t r a n s f o r m a t i o n s  in T i - C r  a l l o y s  wi th  c h r o m i u m  c o n -  
t e n t s  > 10 p c t  (by w e i g h t )  s h o w  tha t  c o m p o s i t i o n a l  f l u c -  
t u a t i o n s  in f ac t  e x i s t  in t h i s  s y s t e m .  K r i s e m e n t  ~ h a s  
p r o p o s e d  a m i s c i b i l i t y  gap  in t he  T i - V  b i n a r y  s y s t e m  
w h i c h  i s  b a s e d  on the  p o s i t i v e  h e a t s  of m i x i n g  of t h e  
/ 3 -T i -V  s o l i d  s o l u t i o n s .  T h u s ,  a t e n d e n c y  f o r  c l u s t e r -  
ing  e x i s t s  in  bo th  the  T i - C r  and  t h e  T i - V  b i n a r y  s y s -  
t e m s  a l though  l i t t l e  e x p e r i m e n t a l  e v i d e n c e  i s  a v a i l -  
ab l e  a t  p r e s e n t .  

CONCLUSIONS 

1) The  d e c o m p o s i t i o n  of t he  m e t a s t a b l e  /3 p h a s e  in 
T i - 1 3 V - 1 1 C r - 3 A 1  and  T i - 1 3 V - 1 1 C r  a l l o y s  a t  t e m p e r a -  
t u r e s  b e l o w  ~ 500~ d o e s  no t  p r o c e e d  t h r o u g h  the  p r e -  
c i p i t a t i o n  of the  t r a n s i t i o n  p h a s e  w. 

2) H o w e v e r ,  in  t h i s  t e m p e r a t u r e  r a n g e ,  t he  s u p e r -  
s a t u r a t e d / 3  p h a s e  u n d e r g o e s  a t r a n s i t i o n  r e a c t i o n  l e a d -  
ing to  the  f o r m a t i o n  of two  b c c  p h a s e s :  a s o l u t e  r i c h  
p r e c i p i t a t e  /32 and  a s o l u t e  l e a n  m a t r i x / 3 1 .  The  u p p e r  
l i m i t  of t he  s t a b i l i t y  of  fi2 p h a s e  i s  a p p r o x i m a t e l y  
550~ 

3) The a l u m i n u m  a d d i t i o n  i m p r o v e s  t he  a g i n g  r e -  
s p o n s e  of the  T i - 1 3 V - 1 1 C r  a l loy  by  a c c e l e r a t i n g  the  
a p r e c i p i t a t i o n  r e a c t i o n  and  r e t a r d s  the  p h a s e  s e p a -  
r a t i o n  r e a c t i o n .  

4) Cold  w o r k  p r i o r  to  ag ing  e n h a n c e s  t he  p r e c i p i t a -  
t i on  of a p h a s e  d u r i n g  s u b s e q u e n t  ag i n g ,  bu t  i t  h a s  
l i t t l e  o r  no  i n f l u e n c e  on t h e  p r e c i p i t a t i o n  of/32 p h a s e .  
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