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A combina t ion  of X - r a y  m e t a l l o g r a p h i c  and t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  techniques  
have been  used  to inves t iga te  de fo rma t ion  modes  and de fo rma t ion  p roduc t s  in Beta  IT[ Ti  
a l l oy  s ingle  c r y s t a l s .  C r y s t a l l o g r a p h i c  s l ip  was o b s e r v e d  on {110}, {112} and {113} p lanes .  
Twinning o c c u r r e d  on ~112}, {332} and {2, 4.8, 4.8} p lanes .  A 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  
of the type  p r o p o s e d  by  B lackburn  and F e e n e y  I took p lace ;  t h e r e  was a l so  twinning in th is  
m a r t e n s i t i c  p roduc t .  

M E C H A N I C A L  twinning has  been  o b s e r v e d  to p l ay  an 
impor t an t  r o l e  in the  de fo rma t ion  of be ta  s t a b i l i z e d  Ti 
a l l oys .  1-2 This  b e h a v i o r  has  a l so  been  r e p o r t e d  in the 
c o m m e r c i a l  a l loy  Beta  HI, which has  the nomina l  c o m -  
pos i t ion  ( T i - l l . 5  pc t  Mo-5.5 pct  Z r - 4 . 5  pc t  Sn). This  
c h a r a c t e r i s t i c  is  mos t  c l e a r l y  ev ident  when the a l loy  
is  d e f o r m e d  in the so lu t ion  t r e a t e d  and quenched con-  
d t t i o n J  'a'4 Rack e t  a l  4 r e p o r t  that  de fo rma t ion  by  cold  
r o l l i n g  p roduced  {112} twins,  w h e r e a s  Blackburn  and 
F e e n e y  x found a l e s s  common twinning s y s t e m ,  {332} 
(113) ,  to be ope ra t i ve .  These  s y s t e m s  were  d e t e r -  
mined  by  s ing le  s u r f a c e  t r a c e  a n a l y s e s .  R o b e r s o n  and 
Ada i r  s in a r e c e n t  communica t ion  have r e p o r t e d  that  
twinning inf luences  the  subsequen t  behav io r  of Beta  III 
t i t an ium a l loy .  

In X - r a y / m e t a l l o g r a p h i c  t r a c e  a n a l y s i s ,  one has  to 
r e l y  on the c r y s t a l l o g r a p h i c  o r i en t a t i on  of s ingle  c r y s -  
t a l s  which has  been  d e t e r m i n e d  p r i o r  to de fo rmat ion .  
Thus,  t h e r e  i s  a l w a y s  some  i n a c c u r a c y  in the r e f e r -  
ence d i r ec t i on  of the c r y s t a l s  b e c a u s e  p r e c e d i n g  and 
c o n c u r r e n t  s l i p  inev i t ab ly  c a u s e s  ro ta t ion  of the c r y s -  
t a l s  ad j acen t  to the twins .  Because  t r a c e s  a r e  s o m e -  
t i m e s  a s s o c i a t e d  with the p roduc t s  of s t r a i n - i n d u c e d  
a n d / o r  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 ,  i t  is  n e c e s s a r y  to 
r e v e a l  the c r y s t a l l o g r a p h i c  s t r u c t u r e  of such produc ts  
by  a d i f f rac t ion  method.  However ,  X - r a y  d i f f r ac t ion  
is  not su i t ab le  for  th is  pu rpose  b e c a u s e  the d e f o r m a -  
t ion p roduc t s  a r e  u sua l ly  s m a l l  in s i z e  and heav i ly  d i s -  
t o r t ed .  Thus,  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  (TEM), 
coupled with e l e c t r o n  d i f f r ac t ion  has  been  employed  to 
supp lemen t  and to suppor t  the op t i ca l  t r a c e  a n a l y s i s .  

EXPERIMENTAL PROCEDURE 

Single c r y s t a l  o r  c o a r s e  g r a ined  s a m p l e s  of Beta  III 
t i t an ium a l loy  were  p r e p a r e d  by  annea l ing  p r e - m a c h i n e d  
t e n s i l e  s p e c i m e n s  in a pur i f i ed  dynamic  a t m o s p h e r e  of 
he l ium at 1400~ for  24 h. The s p e c i m e n s  were  then 
quenched in wa te r ,  e l e c t r o p o l i s h e d ,  and e tched  to r e -  
vea l  g r a i n  b o u n d a r i e s .  In many  c a s e s  the g r a i n  bound-  
a r i e s  we re  n o r m a l  to the t e n s i l e  ax i s  and extended 
c o m p l e t e l y  a c r o s s  the  gage sec t ion  of the t e n s i l e  s p e c -  
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imen.  Some of the s p e c i m e n s  we re  t e s t e d  in t ens ion  
in th is  condi t ion,  and s o m e  of them were  s ec t ioned  
t r a n s v e r s e l y  to p roduce  s ingle  c r y s t a l  c o m p r e s s i o n  
s p e c i m e n s .  The o r i e n t a t i ons  of the c r y s t a l s  we re  d e -  
t e r m i n e d  by  Laue back  r e f l e c t i o n  X - r a y  d i f f r ac t ion  
p r i o r  to t e s t ing .  Tes t ing  was done at  r o o m  t e m p e r a -  
t u r e  at  a s t r a i n  r a t e  of about 0 .01/ ra in .  The s i ze  of 
the  c r y s t a l s  v a r i e d  somewhat  but  was about 2.5 • 4 • 4 
ram. The ends  of the c o m p r e s s i o n  s p e c i m e n s  we re  
p a r a l l e l  to within one d e g r e e ,  hand lapped  through 600 
g r i t  pape r  and l u b r i c a t e d  with s i l i cone  g r e a s e .  

Af ter  me c ha n i c a l  d e f o r m a t i o n  the c r y s t a l s  w e r e  e x -  
amined  m e t a l l o g r a p h i c a l l y ,  then r e - p o l i s h e d ,  e tched 
and r e - e x a m i n e d .  Fo l lowing  th is  they  were  sec t ioned  
with a low speed  a b r a s i v e  saw to p roduce  thin s l i c e s  
which were  p a r a l l e l  o r  n e a r l y  p a r a l l e l  to the (100} 
zone ax i s  and p a r a l l e l  to the d i r ec t i on  of loading.  
Spec imens  fo r  TEM were  p r e p a r e d  f rom these  s l i c e s .  

RESULTS AND DISCUSSION 

A. Two Surface  T r a c e  A n a l y s i s  

Slip was o b s e r v e d  on {110}, {112}, {123} and twin-  
ning was o b s e r v e d  on {332), {112} and {2, 4.8, 4.8) 
p lanes  within the  l i m i t s  of unce r t a in ty  of th is  technique 
The o r i en t a t i ons  of s l ip  and twinning p lanes  and of d e -  
f o rma t ion  p roduc t s*  were  d e t e r m i n e d  by  two s u r f a c e  

*In this section it is assumed that all of the deformation products are twins. In 
section B it is shown that some of these features are actually the result of a 
martensitic transformation. 

t r a c e  a n a l y s i s .  The r e s u l t s  a r e  s u m m a r i z e d  in Table  
I, and the o r i en t a t i on  of the  twin p l anes  a r e  shown in 
Fig .  1. Twinning was o b s e r v e d  in 9 of the  15 c r y s t a l s  
examined .  Load d rops  we re  u sua l ly  o b s e r v e d  to a c -  
company  twinning.  The {332} twinning p lane  is  a s -  
sumed  to c o r r e s p o n d  to the {332}(113> twinning s y s -  
t em r e p o r t e d  by  B lackburn  and Feeney ,  al though we 
were  not ab le  to d e t e r m i n e  Vl f rom these  e x p e r i m e n t s .  
The twins we re  v e r y  thin and v e r y  numerous ,  and we 
were  not ab le  to m e a s u r e  the  s h e a r  o r  angle  of su r face  
offse t  for  any spec i f i c  p a i r  of s t r i a t i o n s .  The {332} 
(113~ twinning s y s t e m  has  been  examined  in some  d e -  
t a i l  by  R ichman  5 and by  Crocke r . 6  The i r r a t i o n a l  mode 
{2, 4.8, 4.8} is  a p e r m o t a t i o n  of the  mode  {2i-2}<1{*1>, 
i �9 = ~ ,  p r e d i c t e d  by  Bevis  and C r o c k e r .  ~ In both 
c a s e s ,  the s h e a r  p lane  is  (110). The f r ac t ion  of a t o m s  
s h e a r i n g  d i r e c t l y  to the twinned pos i t i on  is  �89 for  the 

1 {332} <113> mode,  w h e r e a s  i t  is  only  ~ for  the i r r a -  
t ional  mode.  The m o r e  f a m i l i a r  {112} mode was ob -  
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Table I. Summary of Results 

Spec Type* Slip Twin Load Drip Stress N/M ~ 

C2-1 h - 1~2 yes 624 (106) (a) 
C2-2 A 132, 110 552 - - 
C3 A - 2,4.8,4.8 yes 751 (106) (a) 
C4 A 123 - - D 
C1-2 A l l0  - - D 
CI-3 A 321 2, 4.-'-8, 4.8 - D 
10 B 112 2, 4.'--8, 4.8 yes 1068 (106) (a) 
3 B - 332 yes 986 (106) (a) 
8 B 123 - no 1020 ( 10 ~) (b) 
7 B 123 - no 979 (10 ~) (b) 
5 B 112, 123 - no 958 (106) (b) 
9 B - 332 yes 1096 (10 ~) (a) 
4 B T21 332 yes 1034 ( 106) (a) 

audible 
6At B "i23 233 no 930 (10 ~) (b) 
6Bt B 112 - no 930 ( 10 ~) (b) 

*A = tension, B = compression, (a) onset of twinning. 
"~Longitudinal bicrystal, (b) 0.2 pct yield, D = specimen failed in grip. 

2 4 ~  4 .~  

001 Oil 
Fig .  1 - - T w i n n i n g  p l a n e s  o b s e r v e d  in Be ta  I I I  Ti  a l l oy  c r y s t a l s .  

served only once in this work and not at all in the work 
reported by Blackburn and Feeney. These authors r e -  
port that the passage of a {112} twinning plane could 
destroy the fine omega precipitates formed in Beta III, 
as it requires non-cooperative movement of atoms in 
the omega phase. They suggest that atom movements 
in the omega phase with the {332} twinning mode are  
much simpler.  A similar explanation is no doubt ap- 
plicable to the presently reported {2, 4.8, 4.8} mode, 
although the number of matrix shuffles is greatly in- 
creased.  

The atomic shears and shuffles required to produce 
(2t-2) [1[+1] twinning are  shown in Fig. 2. Two layers  
of the (li0) plane are  shown. In the lower layer a l ter -  
nate rows of atoms shear directly into their final po- 
sitions. In the second layer,  positions indicate by X's 
none of the atoms shear directly into their final posi-  
tions. The sum of the shear translations, then, is al-  
ternate rows on alternate layers,  or  �88 as predicted by 
Bevis and Crocker.  ~ The shuffles required to produce 
the twinned structure are  indicated by arrows. Unlike 
Blackburn and Feeney we are not able to show that 
omega phase in either of its possible orientations on 
the (110) plane would be preserved during the passage 
of the (2i-2) interface. 

/ 

F ig .  2 - -A  s h e a r  d i a g r a m  fo r  {2i-2} (If*l) tw inn ing .  

if?' 

: i . . . .  ; z : 4 .  . . . .  .... 

B. Transmission Electron Microscopy 

Fig. 3(a) and (b) represent the surface of a single 
crystal after 2 pct straining; (a) as deformed and (b) 
electrochemical ly polished to erase slip traces.  The 

Fig .  3 - - O p t i c a l  m i c r o g r a p h  of  s t r a i n e d  c r y s t a l :  (a) a s  d e -  
f o r m e d ,  (b) e l e c t r o c h e m i c a l l y  r e p o l i s h e d  to r e m o v e  s l i p  
t r a c e s .  
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su r f ace  is  within 10 deg of a (001) p lane ;  the d i r e c t i o n  
of c o m p r e s s i o n  is ind ica ted  by  an a r r o w .  The thin 
f i l m s  p r e p a r e d  f r o m  s l i c e s  sec t ioned  p a r a l l e l  to the 
s u r f a c e  were  o b s e r v e d  by  TEM; t h r e e  d i f fe ren t  types  
of twins were  found as  fo l lows:  

{112} type twin. A compos i t e  TEM m i c r o g r a p h  of 
b r i g h t  and d a r k  f ie ld  of a ~112t (111) twin is  shown in 
Fig .  4. The b e a m  d i r e c t i o n  is within 10 deg of the (001) 
d i r ec t ion .  The t r a c e  of the compos i t i on  plane is  n e a r l y  
p a r a l l e l  to the (110) d i r ec t i on .  The p ro j ec t i on  width of 
the habi t  p lane  is about 2800~. Since the f i lm th i ckness  
is  in the ne ighborhood of 2000A, the habi t  p lane is be s t  
i n t e r p r e t e d  as  a (i12) p lane whose pole  is  inc l ined  35 
deg f rom the {001~ d i r ec t i on .  It was di f f icul t  to obta in  
a da rk  f ie ld  image  of the twin f r o m  the (110) r e f l ec t ion  
at  the s = 0 condi t ion;  a s l igh t  t i l t  of the b e a m  was r e -  
qu i r ed  to do so.  This  s i tua t ion  m a y  ind ica te  that  the 
(Ii0) T plane is not exactly parallel to the (II0)M plane. 

Such mlsorientation can be attributed to the high den- 
sity of dislocations which remain at the composition 
plane after twinning. In this twin, all the primary dif- 
fraction spots from the reflection plane, i.e., the (212) T 
plane except the (110)T spots disappear due to the ex- 
tinction rule. This condition also contributed to the dif- 
ficulty in obtaining the dark field image. 

{332} type twin. These twins resembled the {112} 
type twins, i.e., the width ranged from 1 to 2 microns; 
bundles of them were parallel and had a mean separa- 
tion of 3 microns. A typical twin of this kind is repre- 

sen ted  in F ig .  5. The d i f f r ac t ion  p a t t e r n s  f rom both the 
m a t r i x  and the twin a r e  shown as  i n s e r t s  on the a p p r o -  
p r i a t e  s t r u c t u r e .  

R was found f rom the p a t t e r n  a n a l y s i s  that  the plane 
n o r m a l  for  the m a t r i x  is  c l o s e  to the (001)M d i r ec t ion .  
The zone ax i s  of the twin is n e a r  the (331)T d i r ec t i on .  
Since the t r a n s f o r m a t i o n  m a t r i x  for  a (332) twin is not 
known, t h e r e  is  no way to d e r i v e  a n a l y t i c a l l y  the plane 
n o r m a l  of the twin in a spec i f i c  p e r m u t a t i o n  of (331)T; 
ne i t he r ,  consequent ly ,  can the d i r ec t i on  of the t r a c e  in 
the twin be d e r i v e d  ana ly t i c a l l y .  T h e r e f o r e ,  it  was n e c -  
e s s a r y  to deduce  the compos i t i on  p lane  of the twin by  
s t e r e o g r a p h i c  a n a l y s i s .  Al l  (hkl)  t r a c e  d i r e c t i o n s  d e -  
t e r m i n e d  f rom the d i f f r ac t ion  p a t t e r n  which had been  
indexed in t e r m s  of p e r m u t a t i o n s  of (331) T zone ax i s  
were  p lot ted  on a s t e r e o g r a m .  The g r e a t  c i r c l e s  we re  
d rawn with r e s p e c t  to t hese  d i r ec t i ons  to f ind whether  
any of these  c i r c l e s  i n t e r s e c t e d  nea r  the p r o s p e c t i v e  
m a j o r  po les  with the g r e a t  c i r c l e  of the t r a c e  d i r e c t i o n  
of the m a t r i x .  R is  ev ident  f rom Fig.  6, a s egm en t  of 
the s t e r e o g r a m ,  that  T O and T~ i n t e r s e c t  nea r  the (332) 
pole .  The p r o j e c t i o n  width of the compos i t i on  p lane  and 
the s p e c i m e n  th i cknes s  d e m o n s t r a t e s  that  the angle  b e -  
tween the p lane  n o r m a l s  of the m a t r i x  and the c o m p o s i -  
t ion plane i s  about  76 deg.  This  in fo rma t ion  suppor t s  
the p rev ious  s t e r e o g r a p h i c  a n a l y s i s .  

Or tho rhombic  twin. The r e s u l t s  shown in Fig.  7 wer  
obta ined  f rom a s p e c i m e n  which had been  s t r a i n e d  abou 
5 pct  in c o m p r e s s i o n .  The plane of the foi l  was p a r a l l e l  
to the c o m p r e s s i o n  ax i s .  The a r e a  shown has  been  corn 
p l e t e ly  t r a n s f o r m e d  to o r t h o r h o m b i c  m a r t e n s i t e  which 
has  a l so  undergone de fo rma t ion  twinning.  The unit ce l l  
is  that  p r o p o s e d  by  B lackburn  and Feeney .  The ob -  
s e r v e d  and ca l cu l a t ed  i n t e r p l a n a r  spac ings  and ang les  
a r e  p r e s e n t e d  in Table  II. The zone ax i s  of the m a t r i x  
is  [101], and that  of the twin is  [310]. Twinning has  o c -  
c u r r e d  on the (111) plane of the p a r e n t  m a r t e n s l t e .  R i. 
noted that  th is  is  a face  c e n t e r e d  s t r u c t u r e  and that  
p lanes  with mixed  ind ices  ought not to r e f l e c t .  The fact  
that  t r u l y  fo rb idden  r e f l e c t i o n s  a r e  o b s e r v e d  m a y  ind i -  
ca te  that  the a r r a n g e m e n t  of the a l loy ing  e l e m e n t s  in 
the c r y s t a l  l a t t i c e  is  o r d e r e d  to some  extent .  If th is  
o c c u r s ,  m ixed  ind ices  m a y  be o b s e r v e d  in sp i te  of the 
face  c e n t e r e d  s t r u c t u r e .  

Genera l  c o m m e n t s  on the d e f o r m a t i o n  s t r u c t u r e s .  
In a r e p o r t  by  Rack  et a l  4 i t  was c i t ed  that  spontaneous  
mic ro tw tns  have been f o r m e d  dur ing  the th inning p r o -  
c edu re  of thin fo i l s .  This  is  cons i s t en t  with the p r e s -  
ent  e x p e r i m e n t  only if the c r y s t a l s  we re  not p r e v i o u s l y  
de fo rmed .  In d e f o r m e d  c r y s t a l s  spontaneous  m i c r o -  
twins  have n e v e r  been o b s e r v e d ,  but s l i p  t r a c e s  whose 

Fig. 4 - - E l e c t r o n  m i c r o g r a p h s  of {112} type twins,  m a t r i x  zone 
ax is  approx .  [001]. (a) b r igh t  field, {b) da rk  field of twin, g 
= [ l l0 ]T .  

Table II. Interplanar Spacings and Angles in Orthorhombic Martensite* 

Spacings Angles 

hkl dobserved dCalculatcd hlk ill-h2k~l 2 Obs. Calc. 

002 2.340 2.355 002-132 58 58.4 
111 2.340 2.293 002-130 90 90.0 
132 1.214 1.227 130-132 32 31.3 
030 1.620 1.620 I 11-030 62 61.8 
130 1.432 1.438 111-121 105 104.8 
12T 1.780 1.776 030-121 43 43.0 

*Calculated values based on ABC = 3.12, 4.86, 4.71.1 
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Fig. 5--(332) type twins in Beta matr ix.  
(a) Bright field and diffract ion pat tern  
f rom matr ix,  zone axis (100>; (b) dark 
field and diffraction pat tern  f rom twin, 
zone axis <133). 

TOO 

001  112 f332 1 1 0  

Fig. 6--Stereographic analysis of t races  shown in Fig. 5, 
see text. 

a p p e a r a n c e  is  s i m i l a r  to such mtc ro twins  were  ob-  
s e r v e d .  When the fo i l s  we re  t i l t ed  a p p r o p r i a t e l y ,  how- 
e v e r ,  d i s l oca t i on  loops  a p p e a r e d  on a cop lana r  s l ip  
p lane ,  {110} ; th is  is  shown in Fig.  8. 

It s e e m s  a p p a r e n t  that  a f t e r  d e f o r m a t i o n  such high 
de ns i t y  d i s loca t i ons  p roh ib i t  the movemen t  of the twin-  
ntng p a r t i a l s  whteh cause  the f o r m a t i o n  of m i e r o t w i n s .  
It was concluded f rom these  o b s e r v a t i o n s  that  t he se  
m i c r o t w i n s  have no connec t ions  with the mic ro tw ins  
d i s c u s s e d  in the p r e c e d i n g  sec t ions .  A fu r t he r  e x p l a -  
nat ion of the v a r i a n c e  be tween  our  r e s u l t s  and those  of 
Rack  et al m a y  be  found in a l loy  c h e m i s t r y ;  our  a l l oy  
was about 1 pe t  l e a n e r  in Me and 1.5 pet  r i c h e r  in Zr  
than t h e i r  a l l oy  was.  The y ie ld  s t r eng th ,  o r  twinning 
s t r e s s ,  of our c r y s t a l s  was a b n o r m a l l y  high;  aud ib le  
c l i cks  a s s o c i a t e d  with twinning we re  e mi t t e d  by  s p e c i -  
men  4 at  as  high a s t r e s s  a s  1034 (108) N / M  2. This  
s t r eng th  l eve l  p r o b a b l y  tnd ica tes  the p r e s e n c e  of a 
h ighe r  vo lume f r a c t i o n  of omega  phase  than was p r e s -  
ent  in the m a t e r i a l  used  by  Rack et al. It is  r e a s o n a b l e  
to expec t  that  a h igher  vo lume f r ac t i on  of omega  would 
be expec ted  to p r o m o t e  twin modes  o the r  than ~112}. 

A t h e r m a l  omega  phase ,  which g ives  a mot t l ed  a p -  
p e a r a n c e  as  seen  in F igs .  4 through 8, is  ano ther  i m -  

2320-VOLUME 5, NOVEMBER 1974 METALLURGICAL TRANSACTIONS 



Fig. 7--Selected area diffraction study of orthorhombic martensite. (a) Dark field image of matrix, operating reflection (030)M; 
(b) dark field image of both matrix and twins, operating reflections ( i i i )M and (002)T; (c) the large bright spot indicates the op- 
erating reflection (030)M; (d) analysis of stress induced martensite diffraction pattern. 

por tant  fea ture  of the p r e se n t  alloy. Since this  phase 
produced s t r eaks  in the dif f ract ion pa t t e rns ,  defining 
the spots f rom the mat r ix ,  the twin and the secondary  
phase was ex t r eme ly  difficult .  In o rde r  to d is t inguish  
these  it was n e c e s s a r y  to t i l t  the spec imen  and to use 
the dark  f ield technique.  

Fig. 8--Slip traces and eoplanar dislocation loops in a de- 
formed crystal. These features are similar in appearance 
but different in structure from "spontaneous microtwins" 
reported elsewhere. 4 

SUMMARY 

There  is a g rea t  deal of c o n t r o v e r s y  r ega rd ing  the 
poss ib le  deformat ion  s t r u c t u r e s  in Beta Il l  t i t an ium 
alloy. Many dif ferent  modes of deformat ion  have been  
observed  and repor ted .  This  s i tua t ion is probably  a r e -  
sul t  of the p r e sence  of omega phase in the bcc la t t ice .  
This phase supp re s se s  the no rma l  movemen t  of d i s lo -  
ca t ions  in the la t t ice  and the reby  p romotes  the o c c u r -  
r ence  of other  modes of deformat ion .  The s igni f icance  
of omega phase is regula ted  by its s ize ,  d is t r ibut ion ,  
and volume f rac t ion ;  and these  c h a r a c t e r i s t i c s  a re  
r a t h e r  sens i t ive  to composi t ion  and t he r ma l  h is tory .  
A grea t  va r i e t y  of r e su l t s  may  the re fo re  be expected. 
In the p r e se n t  s e r i e s  of expe r imen t s  s l ip  was observed  
on h lO} ,  { n 2 } ,  and { n 3 } ,  t w i n n i n g  w a s  observed on 
{i12}, {233}, and {2, 4.8, 4.8}. A s t r a i n  induced m a r -  
t ens i t i c  r eac t ion  was obse rved  and the m a r t e n s i t e  a lso 
underwent  twinning as deformat ion  continued.  
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