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In T i - 6 - 2 - 4 - 6  a l loys ,  be ta  t r a n s f o r m s  to or thorhombic  mar t ens i t e  when quenched f rom a 
t empe ra tu r e  of 1188 K or  above,  X - r a y  ana lys i s  showed that aging at 773 or  873 K gradu-  
al ly reduces  the degree  of o r thorhombic i ty  unt i l  a hexagonal s t ruc tu re  equivalent  to alpha,  
but having the morphologica l  c h a r a c t e r i s t i c s  of the p r i o r  m a r t e n s i t e ,  i s  produced.  The 
or thorhombic i ty  is  reduced by solute re jec t ion  to beta  which fo rms  as pa r t i c l e s  both 
homogeneously  and he te rogeneous ly  within the ma r t e ns i t i c  s t r uc tu r e .  The s t r uc t u r e  at 
max imum hardness  is a fine d i s t r ibu t ion  of B u r g e r ' s  or iented  beta  pa r t i c l e s  in a ma t r ix  
of m a r t e n s i t e  of great ly  reduced or thorhombic i ty .  Overaging  appears  to occur  as a r e su l t  
of coa r sen ing  of the homogeneous beta  pa r t i c l e s .  It is  shown that aging at t e m p e r a t u r e s  
f rom 873 to 1083 K r e su l t s  in  growth of one p a r t i c u l a r  va r i en t  of the beta  which is  located 
at the in te r face  between twin re la ted  regions  composing a m a r t e n s i t e  lath. This  beta along 
with s i m i l a r l y  or ien ted  beta  at lath in te r faces  fo rms  a cont inuous beta  ma t r ix  by a gradual  
growth p rocess .  It is  shown that this  ma t r ix  has the ident ica l  o r ien ta t ion  and shape of the 
o r ig ina l  beta  g ra in  p r i o r  to quenching.  A me c ha n i sm  is proposed to account  for  this 
" m e m o r y  ef fec t . "  

S I M I L A R  to most  other  t i t an ium a l loys ,  a range of 
t e m p e r a t u r e s  exis t s  for the T i -6A1-2Sn-4Zr -6Mo 
alloy (6 -2 -4 -6  in  wt. pct) where /3 t r a n s f o r m s  to 
m a r t e n s i t e  on quenching.  Unlike other  sy s t em s  i t  
has been  repor ted  that the m a r t e n s i t e  has an o r -  
thorhombic  s t ruc tu re  ~ r a t h e r  than the usua l  hexagonal 
va r i e ty .  Most aging s tudies  have been conducted on 
the hexagonal fo rm of m a r t e n s i t e  where  it has been 
found that be ta  p rec ip i ta tes  he terogeneous ly  within 
the m a r t e n s i t e  plates.2 Wi l l i ams  and Hickman ~ have 
d i scussed  aging m e c h a n i s m s  in  or thorhombic  m a r t e n -  
s i te  (a" ) .  They repor ted  that the f i r s t  s tage cons i s t s  
of the homogeneous p rec ip i t a t ion  of alpha needles  in  
the a".  These  needles  were  observed  to co -ex i s t  
with he te rogeneous ly  prec ip i ta ted  pa r t i c l e s  of beta  
for aging t imes  of 150 h at 873 K. 

Bywater  and Chr i s t i an  s have examined  the aging 
p roces s  of o r thorhombic  m a r t e n s i t e  formed in  the 
T i - T a  sys tem.  They observed  that aging occur red  by 
p rec ip i t a t ion  of the beta  phase.  These  s tudies  l-s did 
not a t tempt  in  any extens ive  way to co r r e l a t e  the 
aged s t r uc tu r e  with mechan ica l  p rope r t i e s  nor  did 
they examine  the s y s t e m ' s  approach to the equ i l ib r ium 
a plus /3 s t ruc tu re  at h igher  aging t e m p e r a t u r e s .  

This  inves t iga t ion  has been concerned  with the ag- 
ing behavior  of o r thorhombic  m a r t e n s i t e  in  the t em-  
p e r a t u r e  range of 773 to 1083 K. In this range the 
s t r u c t u r e  changes f rom that c h a r a c t e r i s t i c  of maxi -  
mum s t reng th  to overaged and gross ly  overaged.  

EXPERIMENTAL PROCEDURE 

The p r inc ipa l  6 - 2 - 4 - 6  m a t e r i a l  inves t iga ted  was in 
the fo rm of flat  ba r  stock which has been prev ious ly  
w a r m  worked in  the a + fl field. I ts  chemica l  ana ly-  
s i s  i s  shown in Table  I. 
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The flat ba r  stock was sect ioned,  pol ished and 
analyzed in an X - r a y  d i f f rac tomete r  with a pulse  
height ana lyze r .  Or thorhombic  la t t ice  p a r a m e t e r  
va lues  were obtained by ca lcula t ion  f rom high index 
re f lec t ions .  

Hardness  was obtained f rom e lec t ropol i shed  spec i -  
mens  us ing a Zwick diamond py ramid  ha rdness  
t e s t e r  at a load of 10 kg. Tens i l e  spec imens  of 0.318 
cm diam,  2.54 cm gage length were  machined f rom 
the flat ba r  stock af ter  va r ious  heat t r e a t m e n t s .  The 
t ens i l e  r e su l t s  were  obtained us ing a T in iu s  Olsen  
tes t ing  machine  with a m i c r o f o r m e r  ex t ensome te r  
and s t r a i n  ra te  pacer .  The s t r a in  ra te  employed 
was in  the range 0.003 to 0.005 cm//cm//min.  All  heat 
t r e a t m e n t s  were  done in  quar tz  capsu les  which were  
f i l led with argon so as to reach  2 a tm.  p r e s s u r e  at 
the heat t r e a t me n t  t e m p e r a t u r e .  At the end of the heat 
t r e a t m e n t  the capsu les  were  quenched and b roken  
under  water .  The beta t r a n s u s  t e m p e r a t u r e  was de-  
t e rmined  to be 1211 K. 

Thin  foil pol ishing for e l ec t ron  mic roscope  s tudies  
was done with a s tandard  solut ion 4 but with a potent io-  
s tat ic  power source .  This  resu l t ed  in ex t r eme ly  la rge  
thin a r e a s  sui table  for obse rva t ion  at 120 kv. 

RESULTS AND DISCUSSION 

Mechanical  P r o p e r t i e s  

I s o t h e r m a l  aging curves  obtained at 873 and 773 K 
for  an in i t i a l  or thorhombic  m a r t e n s i t e  s t r uc tu r e  
produced by water  quenching f rom the beta  f ield a re  
shown in Fig.  1. F o r  both aging t e m p e r a t u r e s  a rapid 
i n c r e a s e  in  ha rdness  was observed in  the f i r s t  1 min.  
followed by a gradual  i n c r e a s e  to a ha rdness  of ap- 

Table I. Chemical Composition of Ti-6-2-4-6 (wt pct) 

AI Sn Zr Mo Fe N O Ti 

5.48 1.94 4.00 6.35 0.072 0.004 0.083 bal 
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Fig. 1--Isothermal aging curve for orthorhombic martensite 
aged at 773 K and 873 K after quenching from the ~ field. 
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Fig. 2--Schematic of diffractometer scan between 32 and 46 
deg. 20 showing first five peaks of orthorhombic martensite. 
CuI~ radiation with Ni filter. Quenched from the 8 field. 

proximately 475 VHN. Increased aging temperature 
(873 K) both decreased the t ime necessary to attain 
this maximum and in addition resulted in a Significant 
overaging trend for t imes of 5 h or  more.  

Tensile tests were performed for an alioy quenched 
from the beta field and aged at temperatures  of 873 K 
and above; the results  are shown in Table II, It can be 
seen that aging resulted both ;m an increase in strength 
and a drastic reduction in ductility. This decrease in 
ductility has previously been reported for 6-2-4-6.  5 

The final tensile test  was conducted after the 
quenched alloy was aged for 2 h at 1083 K. After this 
t reatment ,  the strength level dropped and the ductility 
returned to its original as-quenched value. 

S t ruc tu r e -As  Quenched 

A typical partial  diffractometer  scan observed in 
specimens quenched from the /3 field i s  shown in Fig. 
2, Instead of the three peaks expected in this range of 
28 for hexagonal martensite there are five peaks 
character is t ic  of orthorhombic c~". The lattice para-  
meters  determined from the full diffraction pattern 
are  a = 3.02, b = 4.96 and c = 4.68A. The degree Of 
orthorhombicity is conveniently given by the ratio of 
blab-3 which for hexagonal symmetry  is equal to 
unity. This ratio for specimens quenched from the 13 
field is 0.948. 
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Table II, Tensile Properties o f  As Quenched and Aged Orthorhombie 
Martensite. Quenched from the Beta Field 

Yield Stress Ultimate Tensile Fracture 
0.2 pct (ksi) Strength (ksi) Strength (ksi) Elongation 

As Quenched 55.7 155 155 6 pct 
1 rain Aged at 
873 K 191 0 

50 h Aged at 200 0 
873 K 
2 h Aged at 
1083 K 141 148 148 6 pct 
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Fig. 3--Reduction in degree of orthorhombicity as a function 
of aging time. Quenched from the ~ field. 

In order  to ascertain the effect of increased beta 
solute content on the degree of orthorhombicity of the 
martensite,  a specimen was heat treated in the ~ + 
field (1182 K) so as to enrich the beta phase. On 
quenching, martensite was observed having an or-  
thorhombicity ratio of 0.941. This was manifested by 
an increased peak splitting in the X-ray  Scan. 

Optical microscopy of the as-quenched structure 
showed clear  evidence of a martensitic t ransformation 
with no indication of retained beta. This is in agree-  
ment with the absence of /3 peaks in the X-ray  pat- 
tern. 

Due to the poor delineation of the as-quenched 
martensitic structure sat isfactory replicas could not 
be obtained. In addition, spontaneous transformation 
of thin foils prevented verification of this structure 
by t ransmission electron microscopy. 

Structural Analysis of the Low Temperature 
Aging Products 

X- ray  and electron microscopic analysis was per-  
formed on specimens aged at 773 and 873 K for vari-  
ous timeS. The X-ray  analysis revealed a gradual 
reduction in the degree of orthorhombicity as a func- 
tion of aging time as summarized in Fig. 3. No phases 
other than the original martensit ic s tructure were 
apparent in the X-ray  scan until the appearance of 
beta after 50 h aging at 773 K or 5 rain. at 873 K. The 
beta peaks were very  broad, suggesting fine particles,  
but gradually sharpened with time. By the time of ini- 
tial appearance of these broad peaks the degree of 
orth0rhombicity had been significantly reduced. It is 
probable that t3 part icles were present pr ior  to their 
visibility in the X-ray  scan but due to small particle 
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Fig. 4 - - D a r k  f ie ld  m i c r o g r a p h  on 1101 a l pha  r e f l e c t i o n  
s h o w i n g  two p a r a l l e l  l a t h s  with i den t i ca l  o r i en t a t i on .  
Q u e n c h e d  f r o m  the ~ f ield,  aged  at  873 K for  50 h. 

s ize  effects they would be difficult  to observe  in a 
d i f f r ac tome te r  scan.  Subsequent aging at 773 and 
873 K s e r v e s  to accentuate  the /3 peaks as growth 
occurs  and the m a r t e n s i t e  c l ea r ly  a t ta ins  hexagonal 
s y m m e t r y  and la t t ice  p a r a m e t e r s  more  c h a r a c t e r i s -  
t ic of alpha. 

In view of the e a r l i e r  r e su l t s  which showed that 
i n c r e a s e d  solute content  i n c r e a s e s  the o r tho rhombi -  
ci ty,  it is  c l ea r  that the solute content  of the m a r t e n -  
si te  is reduced by aging. Since only ~,  ~" and /3 
phases  have been observed ,  this  sugges ts  that the 
or thorhombic  m a r t e n s i t e  is  gradual ly  conver ted  to 
equ i l i b r ium alpha by the p rec ip i ta t ion  of /3 and 
concomitant  solute r ed i s t r ibu t ion .  The following 
r e su l t s  wil l  se rve  to ver i fy  and expand on this  con- 
c lus ion  with t r a n s m i s s i o n  e l ec t ron  mic roscopy  
techniques .  

Because  of the spontaneous t r a n s f o r m a t i o n  men-  
t ioned p rev ious ly  in  connect ion  with as -quenched  
foils i t  was decided to s t a r t  the thin f i lm t r a n s m i s -  
s ion e lec t ron  mic roscopy  inves t iga t ion  of the decom-  
pos i t ion  s t r uc tu r e  af ter  50 h aging at 873 K. In this 
way the na tu re  of the decomposi t ion  products  could 
be es tab l i shed  and compared  with rep l i cas  to a s s u r e  
that the s t r uc tu r e  was re ta ined .  Once this  s t r uc t u r e  
was es tab l i shed ,  developments  at o ther  aging t imes  
could be t r aced ,  with the view that the s t r u c t u r e  ob- 
se rved  at any stage mus t  be cons i s t en t  with the m a r -  
t ens i t e  morphology observed  in  the fully s tab i l ized  
s ta te ,  and with a sur face  r ep l i ca  of the stage of aging 
under  inves t iga t ion .  

Examina t ion  of thin foils  of spec imens  aged for 
50 h at 873 K showed two dis t inc t  types of aged m a r -  
t ens i t i c  s t r u c t u r e s ,  namely  mar t ens i t i c  la ths conta in-  
ing i n t e r n a l  twins and a second s t r uc tu r e  which wil l  
be cal led the s t r i a ted  plate s t r uc tu r e .  Both s t ruc -  
t u r e s  were  usual ly  observed  within one foil,  but the 
i n t e rna l l y  twinned s t r uc tu r e  appeared to p r edom-  
ina te .  Indeed in  some foils only the i n t e rna l ly  twinned 
s t r u c t u r e  was v i s ib le .  In the following the aging be-  
havior  of each s t ruc tu re  wil l  be analyzed.  

Fig.  5 - - S u r f a c e  r e p l i c a  m i c r o g r a p h .  Q u e n c h e d  f r o m  the  
f ield,  aged  a t  873 K for  50 h. 

Twinned Mar t ens i t e  

Fig.  4 shows the genera l  morphology of the i n t e r -  
nal ly  twinned p la tes .  This  mic rog raph  was taken in  
dark  field us ing a 1101 c~ ref lect ion.* It c l ea r ly  shows 

*The structures will be referred to as a due to the reduced orthorhombicity 
at this aging time. However, both the morphological and X-ray observations 
clearly indicate that they were originally a". 

two long laths each of which cons i s t s  of a l t e rna t ing  
twin re la ted  reg ions  which appear  to c h a r a c t e r i z e  
this  form of m a r t e n s i t e .  In this mic rograph ,  only one 
of tile regions  within the lath was in con t ras t .  The 
f ine r  black l ines  in between a re  twin re la ted  to the 
light s t r uc tu r e .  These  fea tu res  as well  as the t r ace  
of m a r t e n s i t e  habit  plane are  indicated on the m i c r o -  
graph. In the a r e a  between these laths another  m a r -  
t ens i t i c  sys t em,  which was twinned on a di f ferent  
{1011} plane,  was v is ib le  in  br ight  f ield.  This  a r ea  
was not in  con t ras t  under  the opera t ing  dark  field 
imaging  condi t ions .  Also it  can be noted that in the 
lower  lath,  fine p rec ip i t a t e s  a re  apparent  within the 
region  in con t ras t .  These  will  be cons idered  in de- 
ta i l  in  a l a t e r  sect ion.  

Fig.  5 shows a r ep l i ca  of the r e s idua l  ma r t ens i t i c  
s t r uc t u r e  af ter  50 hours  aging at 873 K. The rep l i ca  
conta ins  long na r row laths s i m i l a r  in  appearance  
and s ize to those shown in  Fig.  4. F r o m  the 
s i m i l a r i t y  of s t r u c t u r e  observed  by thin f i lm 
t r a n s m i s s i o n  e l ec t ron  mic roscopy ,  r ep l i cas  and 
optical  mic roscopy  at this  and sho r t e r  aging t imes  
it  was concluded that the s t ruc tu re  under  obse rva t ion  
is  t ru ly  indica t ive  of the bulk t r a n s f o r m a t i o n  product .  

It  thus follows that examina t ion  of the lath s t r u c -  
t u re s  at this aging t ime should pe rmi t  one to deduce 
the morphologica l  c h a r a c t e r i s t i c s  of the as -quenched  
m a r t e n s i t e  as well  as the aged s t ruc tu re .  

Fig.  6 c l ea r ly  shows the c h a r a c t e r i s t i c s  of this type 
lath.  The i n s e r t  in Fig.  6 is  the di f f ract ion pa t t e rn  
f rom the lath. This  m ic rog raph  taken with a 1101 
re f lec t ion  shows that the bulk of the lath is  of one 
or ien ta t ion .  The n a r r o w e r  dark  bands a re  twin r e -  
lated to those in  con t ras t .  The ra t io  of volume f rac -  
t ion of these twin re la ted  regions  was approximate ly  
3:1 to 4:1. The twinning plane of this lath was also of 
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Fig. 6 - - D a r k  f ie ld  m i c r o g r a p h  on 1101 a lpha  r e f l e c t i o n ,  
q u e n c h e d  f r o m  the 13 f ield,  aged  a t  873 K for  50 h. 

the {1011} type. No twin planes o ther  than {10il} type 
were  found in this study. These  c h a r a c t e r i s t i c s  a re  
consis tent  with prev ious  invest igat ions of both hex- 
agonal and o r thorhombic  mar tens i t e  plates.  1'6 Bowles 
and Mackenzie 7 suggested  that the {1011} type twin- 
ning plane should be act ive s ince it meets  the r e -  
qu i rements  that a m i r r o r  plane in the parent  BCC 
becomes  a twinning plane in the product  mar tens i t e .  
In this ease the lat t ice co r respondence  for  min imum 
atomic  d i sp lacements  is such that the {1011} twinning 
plane is equivalent  to a {110} parent  beta  plane. This 
fact  will become impor tan t  in subsequent analys is  
of the beta  prec ip i ta te .  

It  can be seen in Fig.  6 that the n a r r o w e r  twinned 
regions  appear  i r r egu l a r .  Dark  field analys is  using 
a 103 beta  ref lec t ion  c l ea r ly  lit up pa r t i c l e s  of beta  
at twin in te r faces  (Fig.  7, Ar row 1) which were  r e -  
sponsible for  this i r r egu l a r i t y .  The complete  d i f f rac-  
t ion pat tern  f r o m  the lath is shown schemat ica l ly  in 
F igs .  8(a) and (b), which a re  separa ted  for  c la r i ty .  
Dark  field techniques showed that the 013 and 110 re -  
f lect ions both belong to the same zone,  i .e. ,  that of the 
in ter face  beta p rec ip i t a tes .  The in ter face  par t i c les  
were  thus identified as  beta  in a [331] or ientat ion.  

A compar i son  of the in te r face  beta  precipi ta te  
image to that of Fig.  6 showed that the beta is con- 
suming both twin re la ted  regions  equally but because  
of the na r rowness  of one region it alone appeared 
i r r egu l a r .  It was also noted that prec ip i ta tes  of s im-  
i la r  or ienta t ion were  in con t ras t  in adjacent laths 
(a r row 2, Fig.  7) and a lso  at la th- la th  in te r faces  
para l l e l  to the obse rved  habit plane t race  (at a r r o w  
3). The la t t e r  p rec ip i ta tes  were  l a r g e r  than the in- 
t e r face  beta.  

It can be shown by s t e reograph ic  analys is  that the 
in ter face  beta  has a B u r g e r ' s  or ientat ion re la t ion-  
ship, ({0001}~11 {110}/3, (1120)~11 (111)/3) with r e spec t  
to the twin re la ted  regions  to e i ther  side of it. It is 
thus not su rp r i s ing  to obse rve  that these  prec ip i ta tes  
grow equally into both reg ions .  

It  is  of in te res t  that  no other  or ienta t ion of beta  
was observed  at the twin in te r faces  both within a 
lath and within o ther  adjacent  laths in the su r round-  
ing regions .  This point will be cons idered  in more  
detai l  in a la te r  sect ion.  

Fig.  7 - - D a r k  f ie ld  m i c r o g r a p h  on 103 be t a  r e f l e c t i o n  in [ 331] 
zone  a x i s  showing  be t a  p r e c i p i t a t i n g  on twin and la th  i n t e r -  
f a ce s .  A r r o w  1 s h o w s  i n t e r f a c e  /3 on the  s a m e  la th  a s  sh o wn  
in Fig. 6. A r r o w  2 s h o w s  i n t e r f a c e  /3 in a d j a c e n t  lath.  A r r o w  
3 s h o w s  /3 loca ted  b e t w e e n  la ths .  Al l  /3 p r e c i p i t a t e s  have  the  
s a m e  o r i en ta t ion .  Same  h e a t  t r e a t m e n t s  and  loca t ion  a s  
shown  in Fig.  6. 

In addition to the in ter face  beta  p rec ip i t a tes ,  
homogeneously  dis t r ibuted /3 pa r t i c l e s  were  observed  
within the twin re la ted  regions  compr i s ing  a lath. 
Unlike the he terogeneous  prec ip i ta tes  at the twin in-  
t e r f aces  where only one var ian t  was p resen t ,  at leas t  
five B u r g e r ' s  or iented var ian ts  of the prec ip i ta te  were  
observed  in each region.  Fig.  9, a dark field m i c r o -  
graph of one var ian t ,  shows the smal l  s ize  of these 
prec ip i ta tes  (200A) compared  to the in ter face  p re -  
cipi tates .  

The in te rpar t i c le  spacing of one var ian t  is es t i -  
mated at 250A. Since all the va r i an t s  were  homo-  
geneously dis t r ibuted it is  probable  that the actual  
in te rpar t i c le  spacing was c lo se r  to 1//4 to 1//6 of 
this spacing.  

Long t ime aging (500 h) at 873 K resu l t s  in a gen- 
e ra l  coarsen ing  of the s t ruc tu re .  Thus ,  Fig.  10 shows 
that the in te r face  /3 exists  as e i ther  isola ted sausage-  
like pa r t i c l e s  o r  long plates with a habit plane of 
{110}/3 It{ll01}a. Dark  field techniques revea led  that 
ve ry  little of the n a r r o w e r  regions  within a lath r e -  
mained at this aging t ime and t empe ra tu r e .  Also the 
edges of the remaining  plates  take on an i nc r ea sed  
i r r egu la r i ty  as they a re  consumed by ~3. At this 
stage of aging the remaining  por t ions  Of mar tens i t e  
plate a re  ve ry  easi ly  dist inguished f rom the p rec ip -  
i tated in ter face  /3 by the p resence  of in terna l  /3 p r e -  
cipi tates.  The s ize  and in te rpar t i c le  spacing of all 
var ian ts  of in ternal  ~3 prec ip i ta tes  had cons iderably  
inc reased .  One var ian t  of the /3 is shown in Fig.  11 
with the /3 indicated by a r rows .  The spacing has in- 
c r ea sed  to approximate ly  1000A, however  due to the 
in termixing of o ther  var ian ts  which a re  not in con-  
t r a s t  this spacing could be as smal l  as  200 to 250A. 

The above desc r ibed  resu l t s  were  obtained af ter  
50 h and 500 h aging at 873 K. Compar i son  to Fig.  1, 
the aging curve ,  shows that the s t ruc tu re  at this t ime 
is cha rac t e r i s t i c  of the overaged state .  S imi lar  analy-  
sis  pe r fo rmed  af ter  1 and 5 h of aging (maximum ag-  
ing condition) showed essent ia l ly  the same s t ruc tu ra l  
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Fig. 8--(a) and (b) separa ted  fo r s imp l i c i t y .  Schematic dif- 
f ract ion pat tern of zone axis [ 1011] alpha with all poss ib le  
Burgers  /3 var iants  and the twin pat tern  of a .  T.A. r e f e r s  
to twin axis,  twin ref lect ions  are  indicated by subscr ip t  T. 

c h a r a c t e r i s t i c  except  that  the s i ze  of the b e t a  p r e c i p i -  
t a t e s  was much f ine r .  

An a t t empt  was made to ana lyze  s p e c i m e n s  aged fo r  
1 and 5 min.  at 873 K, but  the r e s u l t s  w e r e  not r e l i -  
ab le  s ince  the  fo i l s  did  not have the s a m e  s t r u c t u r e  
a s  the r e p l i c a s  of the s a m e  s p e c i m e n s .  

S t r i a t ed  M a r t e n s i t e  

The s t r i a t e d  m a r t e n s i t e  p la t e  s t r u c t u r e  has  a d i s -  
t i nc t ly  d i f fe ren t  morpho logy  than the i n t e r n a l l y  twinned 
la th  j u s t  d i s c u s s e d .  A b r i g h t  f ie ld  m i c r o g r a p h  of th is  
s t r u c t u r e ,  aged at 873 K for  50 h i s  shown in F ig .  
12(a) (note the  i n t e r n a l l y  twinned la ths  i n t e r m i x e d  
with th is  s t r u c t u r e ) .  The s e l e c t e d  a r e a  d i f f r ac t ion  

Fig. 9--Dark field micrograph on a 110 beta ref lect ion show- 
ing internal  beta precipi ta tes .  Quenched from the ~ field, 
aged at 873 K for 50 h. 

Fig._ 10--Dark field micrograph taken on 103 beta ref lect ion 
in [331] zone axis showing interface beta prec ip i ta tes  in an 
overaged s t ructure .  Quenched from the /3 field, aged at 
873 K for 500 h. 

p a t t e r n  of th i s  s t r u c t u r e  i s  shown in F ig .  12(b) and 
i s  l abe l ed  as  an HCP s t r u c t u r e  in a (ll20)oZOne 
ax i s .  The  s t r i a t i o n s  a r e  spaced  about 200A a p a r t  and 
a r e  p a r a l l e l  to the [0001]~ d i r e c t i o n  as  ind ica t ed  on 
the m i c r o g r a p h .  

D a r k  f ie ld  a n a l y s i s  showed that  the s t r i a t i o n s  a r e  
a l t e r n a t e  bands  of a lpha  and be ta .  A d a r k  f ie ld  m i -  
c r o g r a p h  on an a lpha  r e f l ec t i on  i s  shown in F ig .  13. 
The  r eg ions  of /3 which a r e  d a r k  in th i s  m i c r o g r a p h  
a r e  much n a r r o w e r  than the a lpha .  No twins o r  o t h e r  
p l a n a r  defec t  s t r u c t u r e s  we re  o b s e r v e d  within the 
s t r u c t u r e  at th i s  s t age  of aging.  However ,  in add i t ion  
to the a l t e r n a t e  s t r i a t i o n s  of a and t3, i n t e r n a l  r ods  
of /3 we re  o b s e r v e d  which a r e  shown in F ig .  14. The 
rods  a r e  25A by 200/~ long and they have a B u r g e r ' s  
o r i en t a t i on  r e l a t i o n s h i p  with the a phase .  

Unlike the m a r t e n s i t e  la ths  conta ining twin r e l a t e d  
r e g i o n s ,  the p r i o r  s t r u c t u r e  of th is  type of m a r t e n -  
s i t e  could not be  a s c e r t a i n e d .  At a l l  aging t i m e s  
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w h e r e  s t r u c t u r a l  a n a l y s i s  was  c o n s i d e r e d  r e l i a b l e ,  
i t  c o n s i s t e d  of ~ and fl, the  l a t t e r  both  as  p a r t i c l e s  
and n a r r o w  bands .  F u r t h e r ,  the  t r a c e  of t he  a bands  
w e r e  not  c o n s i s t e n t  wi th  any p o s s i b l e  tw inn ing  p l ane  
of the  o r t h o r h o m b i c  m a r t e n s i t e .  W i l l i a m s  1 has  o b -  
w  a s i m i l a r  s t r u c t u r e  in h i s  s tudy  of o r t h o -  
r h o m b i c  m a r t e n s i t e  and a t t r i b u t e d  i t  to  ~ and a "  
c o e x i s t e n c e .  No e v i d e n c e  to s u p p o r t  t h i s  c o n t e n t i o n  
was  ob t a ined  in t h i s  s tudy .  In  any c a s e  the  r e l a t i v e l y  
s m a l l  a m o u n t  of t h i s  s t r u c t u r e  s u g g e s t s  tha t  i t s  c o n -  
t r i b u t i o n  to  h a r d e n i n g  wou ld  be  s m a l l .  

High  T e m p e r a t u r e  Ag ing  

S ince  a s i g n i f i c a n t  i n c r e a s e  in  d u c t i l i t y  w a s  found 
to o c c u r  in  s p e c i m e n s  hea t  t r e a t e d  f o r  2 h a t  1083 K 
i t  was  of i n t e r e s t  to d e t e r m i n e  the  a s s o c i a t e d  s t r u c -  

Fig. 11--Dark field micrograph on a 110 beta ref lect ion 
, showing one var iant  of Burge r ' s  beta in the twin related 

alpha phase. Same heat t reatments  as Fig. 10. 

(a) 

Fig. 13--Dark field micrograph on 1210 alpha reflection. 
Quenched from the /~ field, aged at 873 K for 50 h. 

(b) 

Fig. 12--(a) Bright field micrograph showing s tr ia ted mar -  
tensite plate and internally twinned structure.  Quenched 
from the /3 field, aged at 873 K for 50 h. (b) Selected a rea  
diffraction pattern of a rea  indicated by " A " .  

Fig. 14--Dark field micrograph showing rod- l ike  fl precipi -  
tates in the s t r ia ted martensi te  plate. Quenched from the /~ 
field, aged at 873 K for 50 h. 
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f o r m e r  fl o r i en t a t i on ,  i t  is  p o s s i b l e  to d e t e r m i n e  the 
habi t  p lane  of the m a r t e n s i t e .  Such a d e t e r m i n a t i o n  
y i e ld s  the n o r m a l  {334} and {344} habi t  p lanes  and at  
once c o n f i r m s  the sugges t ion  that  the o r i g i n a l  
g r a i n  i s  r e p r o d u c e d  by growth of t he se  i n t e r f a c e  
p r e c i p i t a t e s .  

Fig.  1 5 - - D a r k  f ie ld  m i c r o g r a p h  on a 1101 a l pha  r e f l e c t i o n .  
Q u e n c h e d  f r o m  the /~ f ield,  aged  fo r  160 h a t  873 K + 12 h 
a t  1023 K. 

t u r a l  changes .  At th is  h ighe r  aging t e m p e r a t u r e  the 
i n t e r f a c e  /3 th ickened  and i n c r e a s e d  in vo lume f r a c -  
t ion to the extent  that  a c l e a r  ~ m a t r i x  was  e s t a b -  
l i shed .  Examina t i on  of l a r g e  a r e a s  of the  foi l  showed 
that  the  o r i en t a t i on  of ~ was  e s s e n t i a l l y  the s a m e .  
Some r e s i d u a l  a r e a s  with t r a p p e d  fl r e m a i n e d  as  
shown in the d a r k  f ie ld  m i c r o g r a p h ,  F ig .  15, which 
was  taken  with an a r e f l ec t ion .  The  ~ r eg ions  in 
th i s  m i c r o g r a p h  a r e  the  d a r k  e n t r a p p e d  a r e a s .  In ad-  
d i t ion  th is  m i c r o g r a p h  c l e a r l y  r e v e a l s  the s i m i l a r i t y  
of the p r e s e n t  ~ morpho logy  to that  of the p r i o r  
m a r t e n s i t e ,  al though i t s  compos i t i on  i s  i den t i ca l  to 
that  of the e q u i l i b r i u m  ~.  

The above d e s c r i b e d  g e n e r a l  c h a r a c t e r i s t i c s  at th is  
ag ing  t ime  and the c o u r s e  of deve lopmen t  at  lower  
aging  t e m p e r a t u r e s  c l e a r l y  sugges t s  that  the e s t a b -  
l i s h m e n t  of a fl m a t r i x  i s  a consequence  of the growth 
p r o c e s s  of the  i n t e r f a c e  fl a s  wel l  a s  the ~ o b s e r v e d  
at  l a t h - l a t h  i n t e r f a c e s .  As  s t a t ed  p r e v i o u s l y ,  the in-  
t e r f a c e  ~ has  the s a m e  o r i en t a t i on  both wi thin  a 
s ing le  la th  and f rom la th  to la th.  The growth of th is  
b e t a  would thus e s t a b l i s h  a l a r g e  cont inuous r eg ion  
of fl and the r e m a i n i n g  a would s t i l l  have a s i m i l a r  
morpho logy  to the m a r t e n s i t e  f o r m e d  on quenching.  

I t  r e m a i n e d  to show that  the ~ a f t e r  aging at  1083 K 
has  the s a m e  o r i en t a t i on  and g r a i n  s i ze  as  the p r i o r  

g ra in .  L a r g e  ~ g r a i n s  (about  0.5 cm.)  w e r e  grown 
at  a so lu t ion  t r e a t m e n t  of 1473 K for  48 h and 
quenched into w a t e r .  The m a r t e n s i t e  was  aged at  
1083 K fo r  2 h and Laue  back  r e f l e c t i on  pho tographs  
w e r e  taken  of two l a r g e  g r a i n s .  The  s a m p l e  was then 
r e h e a t e d  to 1373 K fo r  1 h, w a t e r  quenched and aged 
at  1083 K for  2 h. Laue  pho tographs  we re  taken  of 
the s a m e  two g r a i n s  which could be r e c o g n i z e d  f rom 
t h e i r  v i sua l  a p p e a r a n c e .  The Laue  pho tographs  showed 
that  a f t e r  the second  hea t  t r e a t m e n t  at 1373 K and 
aging  at  1083 K the s a m e  ~ o r i en t a t i ons  we re  found. 
I t  a p p e a r s ,  t h e r e f o r e ,  that  the he t e rogeneous  fl p r e -  
c ip i t a t i on  f o r m i n g  when o r t h o r h o m b i c  m a r t e n s i t e  i s  
aged  in the  a + ~ f ie ld  r e p r o d u c e s  the o r i g i n a l  be t a  
o r i e n t a t i o n  which even tua l ly  c o n v e r t s  the e n t i r e  
g r a i n  to i t s  o r i g i n a l  s i ze  and o r i en ta t ion .  

One f ina l  point  should be ment ioned .  Now that  i t  i s  
known that  the  i n t e r f a c e  ~ p r e c i p i t a t e s  r e f l e c t  the 

GENERAL DISCUSSION 

The low y ie ld  s t r e s s  a s s o c i a t e d  with the a s -  
quenched m a r t e n s i t e  s t r u c t u r e  (Table  II) sugges t s  
that  the s t r a i n  induced m a r t e n s i t i c  f o r m a t i o n  o r  bound-  
a r y  movemen t  may be involved  in the d e f o r m a t i o n  
p r o c e s s .  Since no be t a  was r e v e a l e d  by op t i ca l  m i -  
c r o s c o p y  o r  X - r a y  a n a l y s i s  i t  i s  p robab le  that  g l i s s i l e  
boundary  movemen t s  o r  the growth of f avo rab ly  o r i -  
ented twins  within m a r t e n s i t e  i s  the o p e r a t i v e  d e f o r -  
ma t ion  mode .  Some suppor t  for  th is  l a t t e r  sugges t ion  
i s  given by the m a r k e d  i n c r e a s e  in the de l inea t ion  of 
m a r t e n s i t e  p l a t e s  in the v ic in i ty  of a h a r d n e s s  inden-  
ta t ion  p l aced  within the  a s - q u e n c h e d  m a r t e n s i t i c  
s t r u c t u r e .  The twinned r eg ions  of t he se  m a r t e n s i t e  
p l a t e s  were  found to be much l a r g e r  than those  seen  
in the a s - q u e n c h e d  m a r t e n s i t e  not sub jec t ed  to d e f o r -  
mat ion .  F u r t h e r ,  the o b s e r v e d  s i ze  of t he se  la ths  was 
i ncompa t ib l e  with t r a n s f o r m a t i o n  of s m a l l  unde tec ted  
r e s i d u a l  r eg ions  of ~. 

The  f o r m a t i o n  of he te rogeneous  boundary  p r e c i p i -  
t a t e s  of ~ on aging would lock both twin and m a r t e n -  
s i t e  la th  bounda r i e s  and thus r e s t r a i n  the a s - q u e n c h e d  
m a r t e n s i t e  d e f o r m a t i o n  mode f rom o p e r a t i n g ,  thus a c -  
count ing for  the i n i t i a l  r a p i d  i n c r e a s e  in h a r d n e s s .  

As aging cont inues ,  homogeneous  ~ p r e c i p i t a t e s  
w e r e  o b s e r v e d  within the m a r t e n s i t e  p l a t e s .  The in-  
t e r p a r t i c l e  spac ing  of the i n t e r n a l  ~ i s  p robab ly  l e s s  
than 50A at the m a x i m u m  h a r d n e s s  if one c o n s i d e r s  
a l l  v a r i a n t s  of the ft. Th is  would make Orowan bowing 
a round  these  p a r t i c l e s  e x t r e m e l y  di f f icul t .  The ~ i s  
p robab ly  h a r d e r  than the r e s i d u a l  m a r t e n s i t e ,  p o s -  
s ib ly  b e c a u s e  of the d i f f icu l ty  of nuc lea t ing  s l ip  in 
such s m a l l  p a r t i c l e s .  The  combina t ion  of these  two 
ef fec ts  would s ign i f i can t ly  s t r eng then  the m a r t e n s i t e  
p l a t e s  s ince  a l l  d e f o r m a t i o n  i s  now r e s t r i c t e d  to d i s -  
loca t ion  mot ion  within the la ths  which n e c e s s i t a t e s  
s h e a r i n g  of the fine ~ p a r t i c l e s .  Aging for  500 h at  
873 K r e s u l t s  in c o a r s e n i n g  of these  ~ p a r t i c l e s  and 
the h a r d n e s s  of the a l loy  d e c r e a s e s .  The l a r g e r  in-  
t e r p a r t i c l e  spac ings  o b s e r v e d  a f t e r  th i s  aging t r e a t -  
ment  could p e r m i t  a b y - p a s s  m e c h a n i s m s  to become  
o p e r a t i v e .  

I t  i s  i n t e r e s t i n g  to note that  s ign i f ican t  duc t i l i ty  
was not o b s e r v e d  unt i l  a f t e r  the high t e m p e r a t u r e  
aging t r e a t m e n t s .  Th is  f inal  hea t  t r e a t m e n t  at  
1083 K p roduced  a l a r g e  g ra ined  fl m a t r i x  s t r u c t u r e  
f r e e  of homogeneous  p r e c i p i t a t i o n  which could sup-  
p o r t  a s ign i f i can t  d e g r e e  of de fo rma t ion  without  
f r a c t u r e .  

I t  i s  n e c e s s a r y  to c o n s i d e r  why the o r i en t a t i on  of 
the  i n t e r f a c e  ~ i s  cons tant  both within la ths  and be -  
tween  d i f fe ren t  m a r t e n s i t e  la ths  fo r  th is  l i e s  at  the 
h e a r t  of why a l a r g e  g r a ined  ~ m a t r i x  i s  p roduced  
on high t e m p e r a t u r e  aging.  In fac t  i t  has  been shown 
that  the  o r i g i n a l  g r a i n  s t r u c t u r e  i s  r e p r o d u c e d  even 
though it  i s  c l e a r  that  a compe t i t i ve  growth p r o c e s s  
i s  o c c u r r i n g .  
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(a) 

(b) 

Fig. 16 - -Schema t i c  p lane  ma tch ing  showing [111] II [2i10]; 
(a) [111] a p p r o x i m a t e l y  pa r a l l e l  to [ i i23] ;  (b) [ i l l ]  a p p r o x -  
ima te ly  p a r a l l e l  to [1213]. Solid l ines  {1011}~ plane.  Dotted 
l ines  {110}/9 plane.  

One can postulate that the initial precipitation oc- 
curs by a nucleation and growth process .  In this 
case the twin boundaries which were found to be 
only of the {1011} type would be a preferred hetero- 

geneous nucleation site. Converting this {lOJ.1} twin 
plane into a {110} beta plane would eliminate the twin 
interface and also satisfy the Burgers  orientation re-  
lationship. A comparison of the detailed atomic re-  
lationship associated with overlapping these two 
planes is shown in Fig. 16. It should be noted that 
two possibilities exist. Due to the orthorhombicity 
of the parent phase both possibilities are not equiva- 
lent. It is clear  that a better lattice match is ob- 
tained in case b and thus only one orientation of beta 
would be favored assuming that minimization of lat- 
tice mismatch is important in the nucleation process.  

One could also consider that the formation of inter- 
face /3 may be a result of a reverse  martensit ic shear 
movement. The twin interface would be a favored site 
for this reverse  shear since the principal strains of 
the lattice deformation involved would partially cancel 
across  this interface. However, if this were the case 
one would expect a habit plane parallel  to {334} or  
{344} type plane which has a t race parallel to the side 
of the martensite lath. This habit plane was found for 
the /3 precipitates observed at lath-lath interfaces 
(Fig. 7, arrow 3) but not within a lath (Fig. 7, arrow 
1). However, it is possible that the initial /3 nucleus 
formed at the twin interface could have had a habit 
plane parallel to {334} or {344} type plane, but since 
it would grow faster  along the twin interface, at some 
later aging time it would appear to have a habit 
plane parallel to {110}/3. 

The net result  of all these processes  favors a re-  
turn to the original /3 orientation and prevents cyclic 
grain refinement in these alloys. Based on this infor- 
mation, the only possibility for grain refinement in 
this alloy would be by further cold work of the struc- 
ture in order  to disrupt these favored sites for 
original /3 orientation precipitates.  
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