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The s t r uc tu r e  and p r o p e r t i e s  of/3 IH t i t an ium alloy (nominal  composi t ion:  11.5 pct Mo, 6 pct 
Z r ,  4.5 pct Sn, bal  Ti) were  s tudied as a function of combined high and low t e m p e r a t u r e  t h e r -  
momechan ica l  p roces s ing .  A water  quenched ex t rus ion  was deformed va r ious  amounts  by 
swaging at room t e m p e r a t u r e  p r i o r  to the aging t r e a t m e n t .  No r e - s o l u t i o n  heat  t r e a t m e n t  was 
employed.  The swaging int roduced mechan ica l  twinning and a s m a l l  amount  of s t r e s s  induced 
or thorhombic  m a r t e n s i t e .  Fol lowing a 900~ 8 hr aging t r ea tmen t ,  subs tan t i a l  i n c r e a s e s  in 
yield and tens i le  s t rength  were  observed ,  combined with a seve re  dec rea se  in tens i le  duct i l i ty  
in s amples  with sma l l  amounts  of swaging.  The or ien ta t ion  and morphology of the d e f o r m a -  
t ion products  have a c r i t i c a l  inf luence on tens i le  duct i l i ty .  A dec rea se  in the plane s t r a i n  f rac-  
ture  toughness accompanied  the la rge  i n c r e a s e  in tens i le  s t rength .  

THE ~ HI titanium alloy (nominal composition: 11.5 
pct Mo, 6 pct Zr, 4.5 pct Sn) is cold formable in the 
solution-treated condition and in the overaged condi- 
tion. The formability of this alloy has been described 
in detail by Guernsey, Peterson, and Dulis I and by 
Peterson, Guernsey, and Johnsonf High temperature 
thermomechanical processing of round to round 13 Ill 
extrusions has been described by Adair and Roberson, 3 
who found a direct influence of the hot-worked struc- 
ture on the properties after aging. The effects were 
more pronounced when a re-solution treatment was 
omitted. Feeney and Blackburnl 4 and Blackburn and 
Feeney 5 have discussed the effects of cold deforma- 
tion on the microstructure and properties of ~ III, and 
they have presented some quantitative information on 
the effects of cold deformation on aged properties. 

The dependence of the aged properties on the mi- 
crostructure resulting from both hot and cold defor- 
mation is of considerable importance in the utilization 
of the /3 Ill titanium alloy. The present investigation 
was undertaken to determine the properties resulting 
from the combined effects of hot and cold deformation 
without an intermediate solution treatment prior to 
aging. 

Our previous results 3 for high temperature defor- 
mation alone indicated that water quenching imme- 
diately following extrusion was beneficial to mechan- 
ical properties. Aging of samples from these extru- 
sions without a solution heat treatment resulted in 
superior mechanical properties over either water 
quenched or air-cooled extrusions which were solu- 
tion heat-treated and water quenched prior to aging. 
These results were interpreted to mean that at least a 
part of the hot-worked dislocation structure was re- 
tained by quenching, and that this microstructure 
promoted a more favorable aging response. Silcock 6 
has reported a similar effect in cold-worked Ti-Mo 
alloys. 
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EXPERIMENTAL PROCEDURE 

A 3 in. diam by 6 in. long billet of the ~ III titanium 
alloy was extruded to a 0.97 in. round from a billet 
preheat temperature of 1800~ and water quenched, 
using the same procedures as previously described. 3 
This billet was from the same heat of material, and 
the reduction ratio was nearly the same. The reduc- 
tion in area was 89.5 pct vs 90.7 pct for the previous 
work. The extruded bar was sectioned to appropriate 
lengths, and pieces exclusive of the nose and tail re- 
gions were swaged at room temperature to produce 
reductions in area of 5, 24, 41, and 58 pct. Following 
machining of fracture toughness specimens and rough 
machining of tensile specimens, all specimens were 
aged in protective envelopes for 8 hr at 900~ and air 
cooled. The cylindrical tensile specimens were then 
finish machined to a 1 in. gage length and a gage sec- 
tion diameter of 0.252 in. Load-strain curves were 
determined through the use of a clip-on extensometer. 
A crosshead speed of 0.05 ipm was used. Plain strain 
fracture toughness values (KIC) were determined from 
slow bend testing, with three point loading, as dis- 
cussed  by Ste igerwald.  7 Specimens  with the s tandard  
Charpy geomet ry  were  used.  They were  p r ec r acked  
by fatigue loading.  

Metal lographic  spec imens  were abraded through 
600 gr i t  paper ,  then e lec t ropol i shed  at -30~ in a so -  
lution of 64 pct methanol ,  15 pct 2-butoxyethanol ,  and 
21 pct pe rch lo r i c  acid.  The pol ishing potent ia l  was 
30 v. Specimens  were  etched in an aqueous solut ion 
of 1 pct HF and 50 pct HNOa. 

RESULTS AND DISCUSSION 

Cold deformat ion  of the 1800~ water  quenched ~ III 
ex t rus ion  p r i o r  to the 900~ 8 hr aging t r e a t m e n t  
produced s igni f icant  changes in mechan ica l  p r o p e r -  
t i es ,  cons ide rab ly  g rea te r  than those a t t r ibuted  to the 
inf luence of the re ta ined  hot-worked s t r u c t u r e  alone,  a 
The observed va r i a t ion  in p rope r t i e s  is not p r o p o r -  
t ional  to the amount  of swaging.  The tens i le  and KIC 
r e s u l t s  for deformed and aged spec imens  are  p r e -  
sented in Fig.  1. The data shown for zero  cold de fo r -  
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Fig. 1--Mechanical properties of the/3 III titanium alloy after 
cold swaging and aging at 900~ for 8 hr. 

marion a re  f rom prev ious  r e s u l t s .  3 Note f rom Fig .  1 
that the tens i le  duct i l i ty  r e t u r n s  to n o r m a l  levels  as 
the amount  of cold deformat ion  i n c r e a s e s ,  while KIC 
does not continue to dec r ea se .  

Since both the s t rength  level  and the KtC values  a re  
r ea sonab ly  cons tan t  at the g r ea t e r  pe rcen t  reduc t ions  
by swaging,  the KIC values  a re  less  sens i t ive  to the 
m i c r o s t r u c t u r a l  va r i a t ions  induced by this p roces s ing  
h is tory  than is the t ens i l e  duct i l i ty .  Since plane s t r a i n  
f r ac tu re  n e c e s s a r i l y  p roceeds  with a m i n i m u m  of 
p las t ic  flow, the fac tors  inf luencing f r ac tu re  tough- 
nes s  and t ens i l e  duct i l i ty  a re  not always the same .  
Our prev ious  r e s u l t s  3 for f r ac tu r e  toughness vs u l t i -  
mate  tens i le  s t reng th ,  when extrapola ted to the p r e s -  
ent  s t rength  level ,  co r r e spond  to the p r e s e n t  values  
of f r ac tu re  toughness .  However,  we suspect  that the 
r e l a t ionsh ip  is for tui tous  because  when the al loy is  
p roces sed  by forging ~ r a the r  than by ex t rus ion ,  the 
p r o p e r t i e s  do not fit  this r e la t ionsh ip .  For  the p r e s -  
ent  inves t iga t ion ,  the low tens i le  duct i l i ty  at the 5 and 
24 pct cold reduc t ion  level  is bel ieved to r e s u l t  f rom 
solute segrega t ion  upon aging, which occurs  at the 
boundar ies  of the deformat ion  products  which are  
fo rmed  dur ing the room t empe ra tu r e  swaging.  

P rev ious  worke r s  4'9 have not observed  a t h e r m a l l y -  
induced m a r t e n s i t i c  t r a n s f o r m a t i o n  in the/3 III al loy.  
Rack,  Ka l i sh ,  and Fike 7 have p re sen t ed  c lear  evidence 
that the spontaneous  r eac t ion  in thin foils  is a twin-  
ning p roce s s  in the bcc 13 phase .  In the p r e s e n t  work,  
o r thorhombic  m a r t e n s i t e  was observed  as a r e s u l t  of 
room t e m p e r a t u r e  deformat ion  of thick sec t ions  by 
swaging.  However,  the bulk of the deformat ion  p rod-  
ucts  were  mechan ica l  twins,  s i m i l a r  to those ob- 
se rved  by o thers  4'5'9 following cold deformat ion  by 
ro l l ing .  The minor  cons t i tuent  was ident if ied by e l e c -  

t ron dif f ract ion to be an or thorhombic  m a r t e n s i t e  
s i m i l a r  to that observed by Wi l l i ams  and Hickman I~ 
and Bagar i a t sk i i ,  Nosova,  and Tagunova 1~ in T i -Mo 
al loys .  

The r e su l t s  of t r a n s m i s s i o n  e lec t ron  mic roscopy  on 
an as - swaged  spec imen  are  shown in Fig .  2. Because 
of the sma l l  volume f rac t ion  of o r thorhombic  m a r t e n -  
s i te ,  the ana lys i s  of the e lec t ron  di f f ract ion pa t t e rn ,  
Fig .  2(d), was only weakly supported by the r e s u l t s  of 
X - r a y  dif f ract ion in cold-worked,  nonaged spec imens .  

The dif f ract ion pa t t e rn  of Fig .  2(c) was indexed on 
the bas i s  of an or thorhombic  ce l l  with a = 3.01, b 
= 4.82, and c = 4.54/~. The a and b values  co r re spond  
to the va lues  r epor ted  by Bagar ia t sk i i  et  al. ~ for T i -  
Mo al loys when extrapola ted to the p r e s e n t  molybde-  
num content .  The value for c repor ted  here is about 2 
pct  l e s s  than the extrapola ted value.  In view of the 
d i f fe rences  in alloy content ,  the a g r e e me n t  s eems  quite 
r ea sonab le .  At tempts  to index this pa t t e rn  on va r ious  
other uni t  ce l l s  were  unsuccess fu l .  B lackburn  and 
Feeney  5 repor ted  the observa t ion  of or thorhombic  
m a r t e n s i t e  in/3 III with la t t ice  p a r a m e t e r s  of a = 3.12, 
b = 4.86, and c = 4.71~,. 

The loss  of t ens i le  duct i l i ty  which was observed to 
accompany sma l l  amounts  of cold deformat ion  p r i o r  to 
aging,  Fig .  1, is  be l ieved to be an ind i rec t  r e s u l t  of 
the s t r e s s - i n d u c e d  t r a n s f o r m a t i o n s .  When the 900~ 
aging t r e a t m e n t  is pe r fo rmed ,  the heav i ly -de fo rmed  
a reas  age more  rapid ly  than the ma t r ix .  Dur ing  this  
p r o c e s s  they r e j e c t  la rge  quant i t ies  of molybdenum 
which should s tab i l ize  the adjacent/3 phase .  A s i m i l a r  
r eac t ion  occurs  in non-co ld  deformed/3 III dur ing  aging,  
but the c~ pa r t i c l e s  in this case  are  much s m a l l e r .  
Since the /3 phase is  much weaker  than the n o r m a l  two 
phase mix tu re ,  a fa i r ly  long, na r row path of easy f r a c -  
ture  may be c rea ted  between the twins,  which have an 
abnorma l ly  high concen t ra t ion  of large ot p a r t i c l e s .  
The or ien ta t ion  of the twins should,  the re fore ,  have a 
pronounced effect on the tens i le  duct i l i ty  of cold-  
worked and aged m a t e r i a l .  The amount  and morphology 
of a within the twins are  a r e s u l t  of an i nc rea sed  ag-  
ing ra te ,  e i ther  by he terogeneous  nuc lea t ion  or by pipe 
diffusion in the heavily dislocated regions. Either 
process would allow the mechanical twins and ortho- 
rhombic martensite to approach equilibrium composi- 
tion much more rapidly than the surrounding matrix. 12 

The variation in the orientation and morphology of 
the twins in cold deformed and aged specimens is 
shown in Fig. 3. The first twins which are formed 
seem to be preferentially aligned at an angle of about 
60 deg to the tensile (or swaging) axis; as deformation 
continues, they seem to rotate to become preferentially 
aligned parallel to the tensile axis. Thus, if a plane of 
easy f rac tu re  does exis t ,  as postulated e a r l i e r ,  i ts ef-  
fect  on tens i le  duct i l i ty  should dec rea se  with l a rge r  
amounts  of p r io r  cold work as shown in F ig .  1. It may 
also be noted that the twins become twisted,  bent ,  
b ranched ,  and in ter twined  at l a rge r  amounts  of de for -  
mat ion .  These  observa t ions  indicate  that the f i r s t  
twins which form are  actual ly r e o r i e n t e d  and deformed 
as swaging p roceeds .  Also,  it  is expected that s ign i f -  
icant  amounts  of s l ip in the m a t r i x  would accompany 
the l a rge r  amounts  of deformat ion .  

The r e s u l t s  of i nve r s e  pole f igure de t e rmina t i ons  on 
t r a n s v e r s e  sec t ions  of these spec imens  are  p resen ted  
in Table  I. 
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Fig. 2(a)--Transmission electron mierograph, longitudinal seetion from specimen swaged to 5 pet RA, no aging treatment. 
Bright field; magnification 17,050 times. (b) Same area as above, dark field, magnification 17,050 times. Operating refleetion 
indicated in 2(d) as M002. (c) Selected area diffraction pattern of second platelet from the right, 1 in. from the top. Operating 
reflection for 2(b) indicated by spot with halo. (d) Schematic analysis of 2(c). 

In this table ,  the in tegra ted  in tens i ty  for any r e f l e c -  
t ion is shown as the ra t io  of Ihk l  to the total  in tegra ted  
in tens i ty  for the spec imen .  Since each spec imen  was 
scanned  over  the s a m e  angular  range ,  the r e s u l t s  a re  
d i rec t ly  comparab le .  This  technique has been de-  
s c r ibed  by H a r r i s  #3 If we r e s t r i c t  our a t tent ion to 
the re f lec t ions  f rom the a p lanes  alone,  then the data 
may be t r a n s f o r m e d  as follows: I h k l / ~ I a  = 0.23, 0.27, 
0.28, 0.35 for 010, and 0.56, 0.50, 0.46, 0.47 for a011 
and for A, B, C, and D, r e spec t ive ly .  These  r e s u l t s  
show that as deformat ion  p roceeds ,  the p r i s m  p lanes  
of the a fo rmed  on aging a re  more  p r e f e r en t i a l l y  o r i -  
ented in the t r a n s v e r s e  d i rec t ion .  As this occurs ,  the 
basa l  p lanes  wil l  favor the longi tudinal  d i r ec t ion .  

Since these va r i a t ions  in texture  were  accompanied  
by va r i a t i ons  in g ra in  shape and s t r e s s  induced t r a n s -  

fo rmat ion  morphology,  it  is not poss ib le  to i sola te  the 
inf luence of c rys ta l log raph ic  texture  on mechan ica l  
pr  oper t i es .  

The r e s u l t s  of t r a n s m i s s i o n  e l ec t ron  mic roscopy  on 
an aged spec imen  with a 5 pct  reduc t ion  by swaging 
a re  shown in F ig .  4. Bas ica l ly ,  two d i f fe rent  morph -  
ologies of a within the twins a re  shown. In the b r igh t  
f ield mic rog raph ,  Fig .  4(a), s e ve r a l  d i f fe rent  o r i e n t a -  
t ions  and s i zes  of a a re  seen  within the twin. This  
s t r u c t u r e  of a was more  f requent ly  observed  than the 
f i ne r ,  more  un i fo rm a shown in the dark  f ield images  
of F igs .  4(b) and 4(c). The di f f ract ion pa t t e rn  a s s o c i -  
ated with these dark  field images  and a schemat ic  of 
i t  a re  shown in F igs .  4(d) and 4(e) r e spec t ive ly .  The 
ana lys i s  of the di f f ract ion pa t t e rn ,  Fig.  4(e), shows 
three  a o r i en ta t ions .  Two of these have zone axes 
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Fig. 3--Photomicrographs of longitudinal sections of deformed and aged specimens,  magnification 261 times.  Bar axis and ten- 
si le axis is f rom left to right in each case. Amount of cold swaging pr ior  to aging at 900~ for 8 hr: (a)--5 pct, (b)--24 pct, 
(c)--41 pct, (d)--58 pct. 

[121] and a r e  t w i n - r e l a t e d  in the m a t r i x .  T h e  t h i r d  
o r i e n t a t i o n  of ot i s  p r e s e n t  in the twin .  T h e  e x p l a n a -  
t ion  f o r  the  twin  r e l a t i o n  of c~ in the  m a t r i x  i s  unknown 
at  th i s  t i m e .  The  d a r k  f i e ld  i m a g e  showing  the twin in 
b r i g h t  r e f l e c t i o n ,  F i g .  4(b), i s  t aken  f r o m  the spo t  i n -  
d i c a t e d  as  (002) in the s c h e m a t i c .  No  o t h e r  spo t  e x -  
c e p t  (002) p r o d u c e d  b r i g h t  r e f l e c t i o n s  in the twin .  Al l  
of the o t h e r  s p o t s  a r e ,  t h e r e f o r e ,  a s s o c i a t e d  wi th  ~ in 
the  m a t r i x .  T h e  o t h e r  d a r k  f i e ld  i m a g e ,  F i g .  4(c) ,  i s  
t aken  f r o m  the  spo t  i n d i c a t e d  as  (101) in the  s c h e -  
m a t i c .  T h e s e  r e s u l t s  show a high v o l u m e  f r a c t i o n  of 
ot wi th in  the twins .  T h i s  ~ s e e m s  con t inuous  when  
c o m p a r e d  wi th  the s m a l l e r  ~ p a r t i c l e s  in the m a t r i x .  

I t  s e e m s  un l ike ly  tha t  the low t e n s i l e  d u c t i l i t y  a s s o -  
c i a t e d  wi th  the  5 and 24 p c t  co ld  s w a g e d  and aged  
s p e c i m e n s  can  be  a t t r i b u t e d  to the f o r m a t i o n  of w 
d u r i n g  ag ing .  P r e v i o u s  w o r k  3 has  shown tha t  the p r e s -  
e n c e  of the r e t a i n e d  h o t - w o r k e d  s t r u c t u r e  t ends  to r e -  
t a r d  co f o r m a t i o n  and p r o m o t e  c~ f o r m a t i o n  upon ag ing  
a t  900~ 

r i s  a h e x a g o n a l  p h a s e  c o m m o n l y  p r e s e n t  in s e v -  
e r a l  t i t a n i u m  b i n a r y  a l l o y s .  I t  w a s  f i r s t  r e p o r t e d  in 
T i - M o  a l l o y s  by S i l c o c k .  6 I t  i s  p r e c i p i t a t e d  d u r i n g  
q u e n c h i n g ,  and i t  has  the o r i e n t a t i o n  [0001] w II [111]/3, 

Table I. Inverse Pole Figure Results Ihkl/~l 

hkl  A-5 Pct B-24 Pct C-4I Pet D-58 Pct 

aO10 0.0764 0.1223 0.1407 0.1287 
110 0.6658 0.5474 0.4984 0.632 

a011 0.1873 0.2294 0.2323 0.173 
a 103 0.0270 0.0358 0.014 0.000 
a I 12 0.0435 0.0649 O. 1145 0.065 

[1120]~o ,I [110]~.  T h e  l a t t i c e  s p a c i n g  of r i s  r e l a t e d  
to tha t  of ~3 by aw = ~/-2-a~, cw = 4 - ~ a ~ 3 .  T h e  o c c u r -  
r e n c e  of ~o in/3 HI has  b e e n  r e p o r t e d  by p r e v i o u s  
w o r k e r s  .3 -5,9 

S ince  the o v e r a l l  s t r u c t u r e  b e c o m e s  m o r e  u n i f o r m l y  
s t r a i n e d  a s  the a m o u n t  of r o o m  t e m p e r a t u r e  swag ing  
i n c r e a s e s ,  i t  i s  e x p e c t e d  tha t  the ag ing  would  be  m o r e  
u n i f o r m  a l s o .  T h i s  i s  in add i t ion  to the r e o r i e n t a t i o n  
of the  twins  f o r m e d  e a r l i e r .  T h e  c o m b i n e d  e f f e c t  
cou ld  a c c o u n t  fo r  the r e c o v e r y  of t e n s i l e  d u c t i l i t y  
e v e n  though the s t r e n g t h  l e v e l  r e m a i n s  qu i te  h igh.  

O b s e r v a t i o n s  of the f r a c t u r e  b e h a v i o r  of the t e n s i l e  
s p e c i m e n s  w e r e  m a d e .  P o l i s h e d  and e t c h e d  s u r f a c e s  
w h o s e  p lane  is  p a r a l l e l  to the t e n s i l e  ax i s  a r e  shown 
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Fig. 4--Transmission electron micrographs, magnification 
18,700 times. (a) Bright field. (b) Dark field image, operating 
reflection indicated as (002) in 4(e). (c) Dark field image, 
operating reflection indicated as (101) in 4(e). (d) Diffraction 
pattern. (e) Analysis of 4(d). 
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in F ig .  5 for spec imens  having 5 and 58 pct  cold r e -  
duct ion by swaging p r io r  to the aging t r ea tmen t .  The 
f r ac tu r e  path is f rom left  to r ight  on the upper  s u r -  
faces  shown. F i g s .  5(a) and 5(b) a re  f rom a 5 pct  r e -  
duction spec imen ,  and Fig.  5(c) is f rom a 58 pct r e -  
duction spec imen .  It  may be seen that a la rge  amount  
of void nuc lea t ion  and growth has occu r red  in the a rea  
adjacent  to the f r ac tu r e  sur face  in the spec imen  with 
the unfavorable  twin morphology,  F igs .  5(a) and 5(b). 
F u r t h e r m o r e ,  much of the void a rea  is s t r a igh t -  
sided and p a r a l l e l  to the twins.  It  is r easonab le  to 
bel ieve  that the void nuclea t ion  and growth was much 
more  in tense  in the f r ac tu re  path. In the spec imen  
with the more  favorable  twin morphology,  Fig .  5(c), 
some void nuclea t ion  s t i l l  occur red .  In this  case ,  
however ,  the or ien ta t ion  of the tens i le  s t r e s s  was 
such that only minor  amounts  of void growth oc-  
curredo Also,  there  is no d i r ec t  evidence in Fig .  5(c) 
that the voids are  assoc ia ted  with the boundar ies  of 
the twins.  These  obse rva t ions  are  cons ide red  to sub -  
s tant ia te  the prev ious  d i scus s ion  on the role  of the 
morphology of the s t r e s s - i n d u c e d  t r a n s f o r m a t i o n  
products  on the tens i le  duct i l i ty .  It  should be noted 
that these twins do not promote  low duct i l i ty  in u n a g e d  
spec imens .  
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(a) (c) 

(b) 

Fig. 5--]?hotomicrographs of broken tensile specimens, 5(a) 
and 5(b), 5 pct reduction prior to aging, magnification 260 
times; (c) 58 pct reduction prior to aging, magnification 260 
times. 

F e e n e y  and B l a c k b u r n  4 and W i l l i a m s ,  H i c k m a n ,  and  
M a r c u s  14 have  r e p o r t e d  t h a t  vo id  n u c l e a t i o n  and g r o w t h  
i s  in f a c t  the  d o m i n a n t  f r a c t u r e  m o d e  in/3 HI,  T h i s  
s o r t  of p r o c e s s  w a s  f i r s t  s u g g e s t e d  by S i l c o c k  6 a s  a 
f r a c t u r e  m o d e  in T i - M o  a l l o y s  c o n t a i n i n g  the i n t e r -  
m e d i a t e  r p h a s e ,  T h e  p r o c e s s  h a s  b e e n  s u b s e q u e n t l y  
i n v e s t i g a t e d  bo th  t h e o r e t i c a l l y  and e x p e r i m e n t a l l y  by 
o t h e r s ,  and i t  h a s  b e e n  found  to be  a c o m m o n  o c c u r -  
r e n c e  in d u c t i l e  m a t e r i a l s  c o n t a i n i n g  h a r d  p a r t i c l e s ,  15 

SUMMARY AND CONCLUSIONS 

I) The response of the /3 III titanium alloy to a 900~ 
8 hr aging treatment after combined high and low tem- 
perature thermomechanical processing results in ex- 
ceptionally high strength levels, somewhat at the ex- 
pense of tensile ductility and fracture toughness. 

2) Room temperature swaging of a/3 Ill titanium 

e x t r u s i o n  w h i c h  had  b e e n  w a t e r  q u e n c h e d  i m m e d i a t e l y  
f o l l o w i n g  the 1800~ e x t r u s i o n  o p e r a t i o n  c a u s e d  m u c h  
m e c h a n i c a l  tw inn ing  and  s o m e  s t r e s s - i n d u c e d  o r t h o -  
r h o m b i c  m a r t e n s i t e .  T h e  q u an t i t y  and o r i e n t a t i o n  of 
the  s t r e s s - i n d u c e d  t r a n s f o r m a t i o n  p r o d u c t s  w a s  i n f l u -  
e n c e d  by the  a m o u n t  of r e d u c t i o n  by s w a g i n g .  

3) The  o r i e n t a t i o n  of the  s t r e s s - i n d u c e d  t r a n s f o r -  
m a t i o n  p r o d u c t s  w i t h  r e s p e c t  to the  t e n s i l e  ax i s  c o u -  
p l e d  w i t h  s o l u t e  s e g r e g a t i o n  d u r i n g  ag ing  i s  b e l i e v e d  
to be  r e s p o n s i b l e  f o r  the  low t e n s i l e  d u c t i l i t y  o b s e r v e d  
in s p e c i m e n s  wi th  s m a l l  a m o u n t s  of s w a g i n g  p r i o r  to 
the  ag ing  t r e a t m e n t .  
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