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The condit ions leading to fo rmat ion  of the metas tab le  co-phase in Ti, Zr,  and /if a l loys are  
desc r ibed  and e a r l i e r  expe r imen ta l  obse rva t ions  d i rec t ly  r e l a t ed  to co-phase fo rmat ion  a re  
s u m m a r i z e d .  New exper imen ta l  r e su l t s  a re  p resen ted  which show that i nc r e a se d  oxygen 
content  supp re s se s  a the rma l  co-phase fo rmat ion  in T i -V al loys .  A m e c h a n i s m  of co-phase 
fo rmat ion  based  on the fo rmat ion  of a l i nea r  d i sp lacement  defect is de sc r ibed  and it is 
shown that both the e a r l i e r  and new expe r imen ta l  r e su l t s  a re  cons i s t en t  with this mecha-  
n i sm .  Addit ional  expe r imen ta l  r e s u l t s  on va r i a t i ons  in e l ec t r i ca l  and phys ica l  p rope r t i e s  
in Ti a l loys a re  also shown to be cons i s ten t  with the l inear  d i sp lacement  defect model.  

T H E  co-phase is a metas tab le  decomposi t ion  product  
which fo rms  in bcc (fl-phase) al loys based  on Ti, Zr, 
and I-If which have been  pa r t i a l l y  s tab i l i zed  by sui table  
a l loying addi t ions.  Occur rence  of the phase was f i r s t  
encountered  by Fros t ,  et al .  ~ who found that aged T i - C r  
al loys conta in ing ~ 8 wt pct Cr were  unexpectedly b r i t -  
t le .  Subsequent X- r ay  dif f ract ion pa t t e rns  obtained 
f rom these  al loys showed that a second phase was p r e s -  
ent which was des ignated  the co-phase. Since these ea r ly  
expe r imen t s  of Fros t ,  et  a l . ,  the w-phase has r ece ived  
extens ive  study, in i t i a l ly  because  of its de le te r ious  ef-  
fects  on mechan ica l  p rope r t i e s ,  l a t e r  because  of its i n -  
f luence on such phys ica l  p rope r t i e s  as superconduc t iv -  
ity and mos t  r ecen t ly  because  the fl ~ co t r a n s f o r m a t i o n  
exempl i f ies  an i n t e r e s t i ng  c lass  of phase t r a n s f o r m a -  
t ions.  

In this  paper  we will a t tempt  to recount  b r ie f ly  the 
pe r t inen t  background in format ion  with r e g a r d  to the 
va r ious  aspects  of co format ion ,  including the r e m a i n -  
ing unreso lved  i s sue s ;  we will then p r e s e n t  some r e -  
cent expe r imen ta l  r e su l t s ,  together  with our views r e -  
garding the t r a n s f o r m a t i o n  and show how these  views 
help unify the subject .  

BACKGROUND 

It is wel l -known that the co-phase can be fo rmed  in 
metas tab le  bcc al loys of Ti, Zr,  and Hf dur ing  quench-  
ing (a thermal  co) or dur ing  aging ( i so thermal  co); f u r -  
ther ,  these two fo rms  of co-phase have been separa ted  
in many e a r l i e r  t r e a t m e n t s  of the subjectf1-4 Such sep-  
a ra t ion  has l a rge ly  been based  on observed  va r i a t i ons  
in in tens i ty  and b read th  of the co-phase X - r a y  d i f f rac-  
t ion l ines  leading to the t e r m  "diffuse  w" for a t h e r m a l  
co. As will  be demons t r a t ed  below, no phys ica l  bas i s  
ex is t s  to jus t i fy  such a separa t ion .  Thus, in the follow- 
ing por t ions  of this  paper  the t e r m s  a the rma l  and i so-  
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METALLURGICAL TRANSACTIONS 

t he r ma l  will only be used to desc r ibe  the t he rma l  con- 
di t ions whereby the co under  d i scuss ion  has been formed.  

The composi t ion  range over  which a the rma l  co-phase 
fo rms  has been shown to depend on the type of solute 
and, accord ing  to some Inves t iga tors ,  5'8 on the e l ec t ron -  
atom ra t io  of the al loy which is cont ro l led  by the solute 
va lence  and concen t ra t ion .  The jus t i f ica t ion  for the l a t -  
t e r  point is not c l ea r  s ince  s e ve r a l  s chemes  have been 
employed to a s s ign  va lence  to t r a n s i t i o n  e lement  so l -  
utes and al l  s eem to produce a co r re l a t ion .  F u r t h e r -  
more ,  the s o l u t e - r i c h  composi t ion l imi t  for a the rma l  
co-phase fo rma t ion  has been subject  to d i s ag reemen t ;  
the bulk of these  d i s a g r e e m e n t s  a re  l a rge ly  t r aceab le  
to the r e l a t ive  de tec tabi l i ty  of a the rma l  co by var ious  
exper imen ta l  techniques .  For  example,  e a r l y  worke r s  
usua l ly  employed va r i a t i ons  in ha rdnes s  to indicate the 
p r e sence  of a the rma l  co-phase. Recent  s tudies  have 
shown that l i t t le  or no hardening  accompanies  co fo r -  
mat ion unti l  the vol f rac t ion  exceeds 0.2 to 0.25; ~ thus 
the use of ha rdnes s  m e a s u r e m e n t s  in t roduces  a s i g -  
ni f icant  unde re s t ima te  of the composi t ion  l imi t  for 
a the rma l  co fo rmat ion .  X - r a y  di f f ract ion has probably  
been  the mos t  success fu l  technique for co detect ion a l -  
though many r ecen t  s tudies  have employed se lec ted  
a r ea  e l ec t ron  dif f ract ion for this  purpose .  Compar i son  
of the e l ec t ron  and X - r a y  dif f ract ion r e su l t s  have been  
complicated by two fac tors .  F i r s t l y ,  the detect ion of 
sma l l  vol f rac t ions  of co can only be re l i ab ly  accom-  
pl ished us ing s ingle  c r y s t a l  X - r a y  techniques,  such 
techniques  have not gained wide acceptance due to the 
re la t ive  s c a r c i t y  of s ingle  c rys t a l s .  Secondly, the e l ec -  
t ron  dif f ract ion pa t t e rns  contain complex networks of 
diffuse in tens i ty ,  the na ture  of which will be desc r ibed  
below. 8'9 The diffuse in tens i ty  over laps  the co d i f f rac-  
t ion max ima  pos i t ions ,  caus ing  the detect ion of r in 
such pa t t e rns  to become somewhat  subjec t ive .  Thus, 
while the fl ~ co t r a n s f o r m a t i o n  in p r inc ip le  occurs  at 
a wel l -def ined  t e m p e r a t u r e  (cos) for a given concen t r a -  
t ion, in p rac t i ce  the expe r imen ta l  diff icul t ies  e n u m e r -  
ated above have caused the solute r ich  composi t ion  
l imi t  to be i l l -def lned .  

In addit ion to the above expe r imen ta l  diff icul t ies ,  it 
has r ecen t l y  been  shown by Paton and Wi l l i ams  I~ that 
minor  a l loying e l emen t  concen t ra t ion  can have a large 
effect on co s . They found that the amount  of oxygen in 
a s e r i e s  of T i -V al loys  could change co s by more  than 
100~ over  a range  of oxygen commonly  encountered  
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in l abo ra to ry  heats .  These r e su l t s  are  shown in Fig. 1. 
Much of the d i s a g r e e m e n t  over  the composi t ion depen-  
dence of w s may thus be a t t r ibuted  to va r i a t ions  in con-  
cen t ra t ion  of m ino r  a l loying e lements  such as i n t e r s t i -  
t ia l  O. This  effect of t n t e r s t i t t a l s  on w s may a lso  have 
impor t an t  impl ica t ions  in t e r m s  of the t r a n s f o r m a t i o n  
i tsel f ,  as d i s cus sed  l a te r .  

The diffuse s t r eak ing  in e l ec t ron  diffract ion pa t t e rns  
has been  r epor t ed  in a wide va r i e ty  of bcc Ti, Zr ,  and 
I-If base  a l loys .  This  s t reak ing ,  which roughly can be 
desc r ibed  as sheets  of in tens i ty  lying on (111) r e l -  
p lanes ,  is i l l u s t r a t ed  in Fig. 2. As e i ther  the t e m p e r -  
a ture  or the solute concen t ra t ion  i nc r ea se s ,  the s t r eaks  
become more  curved (Fig. 3). The or ig in  of this  s t r e a k -  
ing has been analyzed in a prev ious  a r t i c le  and this 
ana lys i s  will  be desc r ibed  and e labora ted  in a la te r  
sec t ion  of this  paper .  

In al loys which exhibit  wel l -def ined  a the rma l  w in-  
t ens i ty  maxima,  the phase has been shown to occur  as 
20 to 40A diam pa r t i c l e s  of roughly equiaxed morphol -  
ogy. Sass 11 has r epor t ed  that the pa r t i c l e s  often form 
in rows,  however the gene ra l i ty  of this effect is not 
c l ea r  at p r e sen t .  

Recent  cooling stage expe r imen t s  pe r fo rmed  in the 
e l ec t ron  mic roscope  have also demons t ra t ed  that w 
can form a the rma l ly  at t e m p e r a t u r e s  as low as 90 K; 12 
these  expe r imen t s  have a lso  demons t r a t ed  the total  r e -  
v e r s i b i l i t y  of the a the rmal /3  ~- w t r ans fo rma t ion .  E a r -  
l i e r  Russ ian  work TM showed that ex t r eme ly  fast  quench 
r a t e s  as high as l l ,000~ per  s were  insuff ic ient  to 
supp re s s  the a t h e r m a l  fo rma t ion  of w. The combined 
obse rva t ion  of ve ry  rapid  k ine t ics  and low t e m p e r a t u r e  
t r a n s f o r m a t i o n  lead to an e a r l i e r  suggest ion that w 
fo rmed  m a r t e n s i t i c a l l y ;  ~4 however the product  phase 
does not conform to the r e q u i r e m e n t s  of a c l a s s i ca l  
m a r t e n s i t i c  product .  It has been suggested r ecen t ly  
that/3 ~ w t r a n s f o r m a t i o n  occurs  by co r r e l a t ed  d i s -  
p l acemen t s  ;25 the de ta i l s  of this  l a t t e r  t r e a tme n t  will 
be desc r ibed  in a subsequent  sect ion s ince  they com-  
p r i s e  the cen t r a l  theme of this  paper .  

The s t r u c t u r e  of a t h e r m a l  w-phase has been  the sub-  
jec t  of an e a r l i e r  dispute between Silcock, ~6 who c la imed 
it belonged to space group D61H(P6/mmm) and Baga r i -  
a tskt i  ~7 who c la imed  it belonged to D3D (P3ml) .  Re-  
cent ly  Sass and Boric  ~8 have shown that i nc r ea s ing  so l -  
ute concen t ra t ion  causes  the sixfold s y m m e t r y  c h a r a c -  
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Fig. 1 - -Omega  s t a r t  t e m p e r a t u r e  (Ws) plotted vs  oxygen c o m -  
posi t ion for a series of Ti-V alloys. 

Fig. 2--Selected area diffraction patterns of a Ti-12 wt pct Fe 
alloy illustrating (iii) rel-plane streaking. (a) [ll0]fl zone nor- 
mal, (b) [102]/3 zone normal, (c) [111]/3 zone normal. 
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Fig. 3--Selected area diffraction patterns 
of a Ti-12 wt pet Mo alloy over a range of 
temperatures showing the increased cur-  
vature of the streaks as temperature in-  
creases. 

t e r i s t i c  of D 61H to degenera te  into the threefold  s y m m e -  
t ry  c h a r a c t e r i s t i c  of D33D . Thus, it has been  concluded 
that the d i f fe rences  in space group r epor t ed  by Silcock 
and Bagar ia t sk i i  s t em from the p a r t i c u l a r  al loy com-  
posi t ions  each inves t iga tor  studied.  Silcock has also 
examined  the s t r u c t u r e  of w-phase in aged Ti al loys 
and reported it as DIH (P6/mmm). 

The isothermal w-phase has two distinct morpholo- 
gies; cuboldal and ellipsoidal z9 (Fig. 4). Hickman 2~ has 
shown that the vol fraction of c0-phase increases rap- 
idly during aging and stabilizes before compositional 
changes are complete. He also has shown that the iso- 
thermally formed w-phase rejects solute during forma- 
tion; the w and fi-phases reach metastable equilibrium 
compositions, leading to a varying misfit between the 
w and the matrix. The prevailing morphology is deter- 
mined by the misfit between the/3-phase matrix and 
the w-phase which in turn is controlled by the varia- 
tions in fl-phase lattice parameter with the particular 
solute type in question. This point has been convinc- 
ingly demonstrated in Ti-V-Zr alloys where the misfit 
has been adjusted by ternary additions of Zr. 21 The 
kinetics of isothermal w-phase formation are extremely 
rapid, even in solute-rich alloys which do not contain 
preexisting athermal w-phase. For example, the vol 
fraction w can reach 0.7 in a Ti-25 pct V alloy aged 
10 min  at 350~ 2~ 

TRANSFORMATION MECHANISM 

A crystallographic and atomistic description of the 13 
to w transformation is useful in order to obtain a pic- 

ture  of the w s t ruc tu r e ,  and is a n e c e s s a r y  par t  of un-  
de r s tand ing  the t r a n s f o r m a t i o n  me c ha n i sm  i tself .  In 
d i scuss ing  the t r a n s f o r m a t i o n  of the bcc /~-phase to the 
hexagonal w-phase,  let  us f i r s t  neglect  composi t iona l  
effects and cons ide r  all  a toms in a bcc Ti, Zr ,  or Hf- 
based  sol id solut ion as undifferent ia ted.  This point  of 
view is adequate for the desc r ip t ion  of the a the rma l  w 
t r a n s f o r ma t i on ,  as this  t r a n s f o r m a t i o n  is not diffusion 
cont ro l led  and no composi t ion  changes a re  involved. 
As f i r s t  suggested by Hatt and Roberts  22 and la te r  de-  
veloped by de Fontaine ,  23 a the rma l  fl ~ w t r a n s f o r m a -  
t ion can be accompl i shed  fo rma l ly  by col laps ing a pai r  
of ne ighbor ing (111) p lanes  to the in t e rmed ia t e  pos i -  
tion, leaving the next plane unal te red ,  col laps ing the 
next pa i r  and so on. This opera t ion  produces  a s t r u c -  
tu re  of hexagonal  s y m m e t r y  which, in the l imi t  of com-  
plete double plane col lapse,  will be cal led the " idea l  
w s t r u c t u r e "  which co r re sponds  to the s t r uc tu r e  r e -  
por ted by Silcock as de sc r ibed  above. A schemat ic  
r ep re sen t a t i on  of the fo rma l  me c ha n i sm  of the t9 to w 
t r a n s f o r m a t i o n  is shown in Fig. 5 where (111) p lanes  
a re  shown on edge. Note that submi t t ing  the la t t ice  to 
a ~ [111] longi tudinal  d i sp lacemen t  wave of p roper  a m -  
pli tude and phase produces  the r equ i r ed  t r ans fo rma t ion .  
This viewpoint  has led to the in t e rp re t a t ion  of in te rna l  
f r i c t ion  peaks found in T i -V al loys in t e r m s  of an i n t e r -  
act ion between an ex te rna l  s t r e s s  f ield and the [111] 
longi tudinal  d i sp lacement  waves.  ~ 

An a tomis t i c  desc r ip t ion  of the fl to w t r a n s f o r m a t i o n  
is given in Fig. 6. As in Fig. 5, Fig. 6(b) shows (111) 
la t t ice  p lanes  on edge. The bcc s tacking sequence 
A B C A B C .  �9 �9 is indicated.  The pro jec ted  bcc s t ruc tu re  
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Fig. 4 - - I so the rma l  omega  phase  morphol-  
ogy. (a) Cuboidal in a Ti-8 wt pct Fe alloy, 
solution t r ea t ed  900~ 30 rain and aged 
400~ 4 h. (b) El l ipsoidal  in  a Ti-11.5 wt 
pct Mo-5.5 wt pct Zr-4 .5  wt pct Sn alloy 
(fl-III), solution treated 900~ 30 min  and 
aged 480~ 5 min. 

is shown on the left (Fig. 6(a)) symbols  �9 representing 
atoms in the plane of the figure, (+) above, and ( - )  be -  
low the plane. Upon double plane col lapse,  the w s truc-  
ture is  formed and the result ing structure,  projected 
on (111) planes,  is shown on the right (Fig. 6(c)). The 
stacking sequence is now A B ' A B '  �9 � 9  with filled c ir -  
c les  representing atoms in the col lapsed B' plane. Ac- 
cording to this atomist ic  (rather than planar) descr ip-  
tion, the ~ to w transformation can be accomplished 
formal ly  by allowing all atoms in the (+) plane, say, 
to move by -} the nearest  neighbor distance along each 
corresponding [111] c lose -packed row. This operation 
changes the (+) symbols  of Fig. 6(a) to ( - )  symbols ,  

I -  
z 
LU 
~E 
LU 

_1 
t"t 
t/) 
r~ 

I 

I 
o =/e i/4 va v'z 

I N E C U R V E  

f 

[,11] 
D I S T A N C E  

Fig. 5--Schemat ic  r ep re sen t a t i on  of the m e c h a n i s m  of the fl-w 
transformation shewing (111) planes on edge. 
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(a) 

A BIG A BIC A 
B' B' 

(b) 

~ . ~ r r / / i .  ~ _~_ Fig. 6--Atomistic representation of the fl-w 
~ transformation. (a) bcc structure projected 

on (111) plane, (�9 atoms in the plane of the 
_ _ _ ~ _  ~ figure, (+) above, and (-) below the plane. 

(b) (111) planes on edge showing bcc stack- 
-. .- -. ing sequence ABCABC. (C) (111) plane pro- 

"~ ~ " jection after double plane collapse to give ~ ~ ~  wstructurewithstackingsequencenow AB'AB', filled circles representing the B' 
1 / . . )  . ~ . . . l .  ~ . ~  plane. 

(c) 
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Fig. 7- -Schemat ic  r e p r e s en t a t i on  of the l inear  defect  showing 
displaced row segments. 

making projection 6(a) resemble projection 6(c). The 
(-) plane is now the collapsed one. Relaxation will, of 
course,  occur so that the double (-) plane will take up 
the Intermediate B' position. Note the change of three-  
fold symmetry  around the [111] direction in the/3 s t ruc-  
ture, to sixfold symmetry  in the ideal w structure (Fig. 
6(c)). If an atom is displaced along [111] by ~ of the 
unit distance, it becomes captured in a neighboring 
(111) plane and establishes trigonal coordination in the 
plane of capture. 

It is reasonable to assume that displacement of one 
atom along a nearest  neighbor direction will induce 
like displacements of its neighbors along the atomic 
row, creating a displaced row segment or linear de- 
fect, a schematic representation of which is given in 
Fig. 7. Dots represent  atomic positions, the vertical  
lines denoting the equilibrium/3 positions of the bcc 
lattice. The atomic positions at + } and - ~  of the 
nearest-neighbor distance are  denoted w+ and r r e -  
spectively. Row segments in r positions are separated 
from row segments in/3 positions by transition regions 
of compression and dilatation, as indicated. These r e -  
gions of dilatation and compression have prompted de 
Fontaine and Buck :5 to compare the linear defect to the 
vacancy and crowdion type defects postulated as a dif- 
fusion mechanism in other bcc metals and applied to 
the interpretation of radiation damage. 

If partially covalent trigonal bonds are relatively 
favored in Ti, Zr, and Hf alloys, it is expected that 
linear defects of the type described will be prevalent 
over a wide range of temperatures ,  i.e., longitudinal 
dtsplacive correlations will exist up to relatively high 

temperatures.  By contrast, interrow correlations 
should make their appearance at relatively low temper-  
atures. Since the Interrow correlations are two-dimen- 
sional, crit ical behavior is expected. The possible ex- 
istence of a phase transition corresponding to the ap- 
propriate ordering of neighboring parallel  linear de- 
fects was demonstrated elsewhere by Monte-Carlo 
simulation. The temperature at which long-range two- 
dimensional correlat ions set in is marked by the ap- 
pearance, on diffraction patterns, of the extra w ref lec-  
ttorls, as shown for example in the electron diffraction 
patterns of Fig. 8. The transition temperature is 
around 0~ in this example for Ti-15 wt pet Me. A 
plausible rea l -space  picture of the structure (relative 
to a single (111) variant) Is offered by the Monte- 
Carlo computer simulation of a (111) projection of the 
alloy below the transition temperature,  Fig. 9. This 
figure shows two interpenetrating conjugate w domains, 
one consisting of minus symbols surrounding zeros,  
the other (with trigonal bonds outlined) consisting of 
zeros  surrounding minus~w Two-dimensional order  
is, tn this case, practically complete. 

From the foregoing, it is possible to predict quali- 
tatively the diffraction patterns expected at various 
temperatures.  Above the w transition, the linear de- 
fects belonging to a given (111) variant are uncorre-  
lated and each displaced row thus diffracts practically 
independently of its neighbors. The diffuse intensity 
should therefore be concentrated In ~111} rel-planes 
perpendicular to the variant in question. As two- 
dimensional correlat ions make their appearance in 
the vicinity of the w transition temperature,  the diffuse 
intensity must become modulated within the {111} re l -  

(111) positions planes and must eventually peak at the : 
and other crystal lographtcally equivalent points in r e -  
ciprocal space. These effects are illustrated in Fig. 8. 

2 (111) longitudinal displacement wave Recall that the : 
is precisely the one which formally converts the/3 to 
the w structure.  Thus, the two points of view, one of 
lattice displacement plane waves and one of two-dimen- 
sional correlat ions of linear defect are complementary: 
the local ordering of parallel row displacements c re -  
ates an embryonic r region which, in turn, can be re -  

2 [111] static dlsplacive mode. garded as a local : 
Thus far,  only a single (111) (or w) variant was con- 

sidered. Interactions between variants must also be 
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Fig. 8--Cooling ser ies  of a Ti-15 wt pet Mo 
alloy showing appearance of w reflections 
(marked w} at -4~ 

0oc 
AVERAGE MATRIX 

o;%-_~-_o_. ~_+o-+O_-o-_ 

__o__ 

o-_~-_ o _  :;_ _5- ~ ~.-~_+ 

Fig. 9--Monte Carlo computer simulation of a {111) projection 
below Ws, (O} atoms in the plane, (+) above, (-} below, and { ?} 
in transition. 

t aken  into account ,  however .  For  ins tance ,  a [111] d i s -  
p l aced  row segmen t  wi l l  tend  to p roduce  a longi tudinal  
d i s p l a c e m e n t  along an i n t e r s e c t i n g  [111] row,  which 
wil l  induce fu r t he r  d i s p l a c e m e n t s  along [ l l i ] ,  and so 
for th .  An example  of the r e s u l t i n g  z i g - z a g  defec t  is  
i l l u s t r a t e d  in F ig .  10. I n t e r v a r i a n t  c o r r e l a t i o n s  have 
now been  e s t a b l i s h e d  so that ,  as  shown in another  con-  
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Fig. 10--Zig-zag defect resulting from interaction of linear 
displacement defects along intersecting [111] rows. 

nect ton by  Cowley,  e5 the diffuse in tens i ty  wi l l  tend to 
avoid the i n t e r s e c t i o n s  of {111} r e l - p l a n e s ,  lus t  as  a 
h y p e r b o l a  avoids  the i n t e r s e c t i o n  of i ts  a s y m p t o t e s .  
Thus,  as  was p r e v i o u s l y  s u r m i s e d ,  when i n t e r v a r i a n t  
i n t e r ac t i ons  a r e  s ign i f ican t ,  diffuse in tens i ty  wi l l  tend 
to d e p a r t  f r o m  the o c t a h e d r a  f o r m e d  by  <111) r e l -  
p lanes  and l i e ,  ins tead ,  in s p h e r o i d s  i n s c r i b e d  in the 
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Fig. l l - -Ree iproca l  space showing the sphere of diffuse inten- 
sity inscribed in the (111) rel-planes.  

o c t a h e d r a .  One such r e s u l t i n g  " s p h e r e  of i n t e n s i t y "  
is  shown in Fig .  11. C o r r e s p o n d i n g  d i f f r ac t ion  p a t t e r n s  
should then exhib i t  q u a s i c i r c u l a r  s t r e a k i n g  as  shown 
for  e x a m p l e ,  in Fig.  2. 

I n t e r v a r i a n t  i n t e r a c t i o n s  a r e  expec ted  to be  s ign i f i -  
cant  when w domains  a r e  s m a l l .  A highly  d i s t o r t e d  
s t r u c t u r e  wi l l  then r e s u l t ;  in such a c a s e  the double 
p lane  c o l l a p s e  of the idea l  co s t r u c t u r e  is  not expec ted  
to go to comple t ion .  The r e s u l t i n g  a v e r a g e  s t r u c t u r e  
wil l  t h e r e f o r e  exhib i t  t h r ee fo ld  r a t h e r  than s ixfo ld  
s y m m e t r y ,  a s  d i s c u s s e d  r e c e n t l y  by Sass  and Bor i c .  z8 

T h e r e  has  been  a tendency,  in the m e t a l l u r g i c a l  l i t -  
e r a t u r e ,  to d i s t i ngu i sh  c a r e f u l l y  be tween  the a t h e r m a l  
and the aged co v a r i e t i e s .  Actua l ly ,  we b e l i e v e  that  the 
b a s i c  m e c h a n i s m  of f o r m a t i o n  of t he se  p h a s e s  is  unique. 
It can be shown, f rom qua l i t a t ive  f r e e  e n e r g y  c o n s i d e r -  
a t ions ,  that  d i r e c t  c o n v e r s i o n  of/3 to r without compo-  
s i t i ona l  changes  can only lower  the f r ee  e n e r g y  of the 
a l loy  if the so lu te  concen t ra t ion  is  su f f i c i en t ly  lean  (if 
i t  i s  too lean,  a d i r e c t  13 to ~ m a r t e n s i t i c  r e a c t i o n  is 
f avored ) .  Thus,  d i f fus lon les s  /3 to co t r a n s f o r m a t i o n  is 
t h e r m o d y n a m i c a l l y  f avo red  only in a f a i r l y  n a r r o w  
compos i t i ona l  r ange  (as can be seen  in Fig.  12). If, 
however ,  a m e t a s t a b l e  13 so l id  so lu t ion  of concen t r a t i on  
somewha t  beyond the a t h e r m a l  r ange  is  ma in ta ined  for  
a suf f ic ien t  length of t ime  at  t e m p e r a t u r e s  for  which 
dif fus ion r a t e s  a r e  a p p r e c i a b l e ,  f a v o r a b l e  c o n c e n t r a -  
t ion f luc tua t ions  can occu r  in the/3 m a t r i x  c r e a t i n g  
s o l u t e - l e a n  e m b r y o s  of compos i t i on  l oca t ed  within the 
a t h e r m a l  r ange ,  whereupon the e m b r y o s  wi l l  t r a n s f o r m  
spon taneous ly  to co by the a t h e r m a l  m e c h a n i s m  d i s -  
c u s s e d  above.  Solute pa r t i t i on ing  can then follow to 
conform to the phase  b o u n d a r i e s  of the m e t a s t a b l e  
13 + co phase  d i a g r a m .  

DISC USSION 

The fo rego ing  has  a t t e m p t e d  to d e s c r i b e  the deve lop -  
ment  of the c u r r e n t  s t a t e  of unde r s t and ing  of the 13 ~- co 
t r a n s f o r m a t i o n  and then to p r e s e n t  a model  of the t r a n s -  
f o r m a t i o n  which a p p e a r s  to account  for  the o b s e r v e d  
f e a t u r e s  of it .  The mode l  is  add i t i ona l ly  a t t r a c t i v e  b e -  
cause  i t  p r o v i d e s  a common b a s i s  for  d e s c r i b i n g  both 
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Fig. 12--Typical  me tas t ab le  phase  d iag ram (from Ref. 3) i l l u s -  
t r a t ing  the nar row composi t ion  range  for  a t h e r m a l  w format ion.  
T w  s is  the omega s t a r t  t empe ra tu r e .  

a t h e r m a l l y  and i s o t h e r m a l l y  f o r m e d  co-phase.  The fo l -  
lowing d i s c u s s i o n  is  in tended to ampl i fy  s e v e r a l  f e a -  
t u r e s  of the mode l  and to r e i n t e r p r e t  s e v e r a l  e a r l i e r  
e x p e r i m e n t a l  o b s e r v a t i o n s  in t e r m s  of it .  

The damping  peaks  which a r e  o b s e r v e d  in bee  Ti and 
Zr  a l l oys ,  in the a l loy  c o m p o s i t i o n - t e m p e r a t u r e  r e g i m e  
ove r  which a t h e r m a l  co f o r m s ,  have been  r e c e n t l y  a s -  
c r i b e d  to the o c c u r r e n c e  of s t r e s s  induced a tomic  d i s -  
p l a c e m e n t s  z4 s i m i l a r  to those  a s s o c i a t e d  with the l i n e a r  
d i s p l a c e m e n t  de fec t s  d e s c r i b e d  above.  The t e m p e r a t u r e  
and f r equency  dependence  of such damping  peaks  a r e  
c ons i s t e n t  with t h e r m a l l y  ac t iva t ed  f o r m a t i o n  a n d / o r  
m i g r a t i o n  of l i n e a r  de fec t s .  15 While the o c c u r r e n c e  of 
a damping  m a x i m u m  does  not e luc ida te  the de t a i l ed  n a -  
t u r e  of the de fec t s ,  tt  i s  p roof  that  the defec t s ,  wha t -  
e v e r  t h e i r  na tu re ,  have an a s s o c i a t e d  s t r e s s  f i e ld  which 
can I n t e r a c t  with the app l ied  o s c i l l a t i n g  s t r e s s .  F u r -  
t he r ,  Paton and W i l l i a m s  z6 have r e c e n t l y  shown that  
oxygen In amounts  up to ~ 2000 wt ppm s ign i f i can t ly  
s t r e n g t h e n s  the 13-phase. It i s ,  t h e r e f o r e ,  r e a s o n a b l e  
to pos tu l a t e  that  the s t r e s s  f i e lds  of the l i n e a r  de fec t s  
and those  of the i n t e r s t i t i a l  oxygen a t o m s  wil l  i n t e r a c t .  
Accord ing ly ,  the o b s e r v e d  ef fec ts  of oxygen on cos can 
be  accounted  for  s ince  the I n t e r s t i t i a l  oxygen is ex -  
pec ted  to I n t e r a c t  with the l i n e a r  defec t s ,  t h e r e b y  p in-  
ning them at  t h e i r  e x t r e m i t i e s ;  such i n t e r a c t i o ns  wil l  
impede  the o r d e r i n g  of ne ighbor ing  l i n e a r  de fec t s  r e -  
qu i r ed  for  o c c u r r e n c e  of the 13 ~ co t r a n s f o r m a t i o n .  
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The t r lgonal  coordination bonds which accompany the 
exis tence of l inear  d isplacement  defects have been sug- 
gested to be pa r t i a l ly  covalent in nature.  Format ion of 
such bonds may be re la ted  to the anomalous negative 
t empera tu re  coefficient of e l ec t r i ca l  r e s i s t i v i t y  z7 r e -  
por ted  in many metas table  bcc Ti al loys since any ten-  
dency toward covalent bonding removes  e lec t rons  f rom 
the conduction band. The increased  density of covalent 
t r igonal  bonds with dec reas ing  t empera tu re  is cons i s -  
tent with the inc reased  res i s t iv i ty ,  p resumably  because 
more  e lec t rons  a re  involved in the t r igonal  bonding. 

We have suggested that i so thermal  co formation is 
p receded  by a composit ion fluctuation which provides  
a so lu te- lean  region which can subsequently t r ans fo rm 
to w by the l inear  defect co r re la t ion  mechanism. In 
this connection, Hickman 2~ has shown that the i so the r -  
mal ly  formed w does not immedia te ly  achieve meta -  
stable equi l ibr ium composit ion,  ra ther ,  the co-phase 
vol f rac t ion quickly s tab i l izes  and the solute s eg rega -  
tion occurs  subsequently by diffusion. The rapid  k i -  
net ics  of i so thermal  w formation coupled with the ob- 
serva t ion  of lagging solute segregat ion suggests  that 
the phase is eas i ly  nucleated and that subsequent growth 
is not diffusion control led.  We suggest  that the long 
t imes  requi red  to achieve metas table  equil ibr ium com- 
posit ion of the w-phase a re  due to an increase  in p a r -  
t ic le  s ize after  format ion which is rapid  compared  to 
segregat ion and the attendant inc rease  in diffusion d i s -  
tance. Thus, the c h a r a c t e r i s t i c s  of i so thermal  w-for -  
mation more c lose ly  r e s e m b l e s  a thermal  co formation 
than those of a c l a s s i ca l  nucleation and growth react ion.  
Such c h a r a c t e r i s t i c s  also a re  consistent  with the occur -  
rence of a fluctuation as descr ibed  above. 

The sheets  of diffuse intensi ty which lie on {111} r e l -  
planes have been repor ted  in wide range of bcc al loys 
by seve ra l  inves t iga tors ,  n'21 Sass 8 has a sc r ibed  this 
diffuse intensi ty to the occur rence  of w-phase pa r t i c l e s  
which a re  aligned in rows and has presented  t r a n s m i s -  
sion e lec t ron mic roscopy  evidence to support  his point 
of view. However, in a la te r  publication, Balcerzak  and 
Sass 3 have repor ted  the pe r s i s t ence  of comparable  dif-  
fuse s t reak ing  effects in Ti-Nb al loys containing up to 
57 at. pct Nb, yet they were not able to image rows of 
c0-phase pa r t i c l e s  in a l loys containing 34, 47, and 57 
at. pct Nb. We suggest  that the diffuse s t reaking may 
be due to the p resence  of l inear  d isplacement  defects 
which can exis t  over  the ent i re  composition range.  
Since the l inear  defects  l ie along (111>3 they should 
produce a sheet  of diffuse intensi ty normal  to them-  
se lves  or along {111} r e l - p l a n e s .  This suggestion p r e -  
dicts diffraction effects consis tent  with the exper imen-  
tal  observat ions ,  yet obviates the difficulty assoc ia ted  
with a model which r equ i r e s  rows of co pa r t i c l e s  since 
existence of such rows have not always been shown to 
accompany diffuse s t reaking.  

Final ly,  it is useful to inquire about the genera l i ty  
of l inear  d isp lacements  along (111> in bcc metals  other 
than Ti, Zr,  and Hf a l loys .  In this connection it has 
been repor ted  that the co r re la t ion  of longitudinal atomic 
d isplacements  along (111) rows appears  to be a general  
feature  of the bcc meta ls ,  evidenced by intense t e m p e r -  
a ture  defect sca t te r ing  located in (111) r ec ip roca l  la t -  

rice planes,  z8 Thus, the extension of l a rge-ampl i tude  
longitudinal osci l la t ions  of close packed atomic row 
segments  appears  to be a d i rec t  consequence of geom- 
e t ry  of the bcc lat t ice.  In " n o r m a l "  bcc meta ls  row 
osci l la t ions  are  about the equi l ibr ium posit ions dictated 
by the bcc lat t ice,  and this pecul iar  di latat ional  effect 
does not lead to s ta t ic  s t ruc tura l  changes. 

In the "anomalous"  Ti, Zr, Hf meta ls  and al loys 
there  appears  to be a second " m e t a s t a b l e "  posit ion 
for the osci l la t ing rows:  namely, the " o m e g a "  posit ion 
(see Fig. 7) which leads to t r igonal  bonding, as indi-  
cated in Figs .  6(c) and 9. It must, therefore ,  be con- 
cluded that this t r igonal  pa r t i a l  covalent s t ruc ture  is 
favored in the anomalous bcc, which is perhaps  not 
surpr i s ing ,  considering that Ti, Zr,  and Hf are  group 
IV t ransi t ion metals ,  that is, the meta l l ic  counterpar ts  
of C, Si, and Ge. Fur the rmore ,  it is su re ly  no accident  
that the basa l  plane of the omega has the same honey- 
comb s t ruc ture  as the basa l  plane of graphite.  
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