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CRYSTAL GROWTH AND DEFORMATION BEHAVIOR 
OF T i A l  ALUMINIDES* 

B. F. O l iver ,+  B. Y, ~ u a n g , $  and 
W, C, O l i v e r  

ABSTRACT 

This  work focuses on t he  development a f  single-phase T i A l  
based alloys. The work has t h r e e  se rnents: processing, mechan- 
i c a l  t e s t i n g ,  and a l l o y i n g  charac ter  s t i e s .  The process ing  con- 
s i s t s  o f  developing a technique f o r  growing la rge ,  h i g h - p u r i t y  
siflgle c r y s t a l s .  Some o f  these c r y s t a l s  have been t e s t e d  t o  
determine t h e i r  hardness and csrnpression s t rength .  The mic ro-  
s t r u c t u r e s  o f  t h e  ~ o ~ ~ r ~ ~ s e d  specimens w i l l  be discussed, 
F i n a l l y ,  two  impor tan t  prel irninasy .Fi;~~dSngs o f  t h e  a1 loy  develop- 
ment program concerning a d d i t i o n s  o f  g a l l i u m  and manganese 
be discussed. 

T'ltanium aluminides based on T i A l  have unique p o t e n t i a l  f o r  e levated- 
temperature s t r u c t u r a l  app l i ca t i ons .  These a l l o y s  have low dens i t y ,  h igh  

emperature.l-" Such a p p l i c a t i o n s  i n c l u d e  heat engines ( i .e* ,  
good o x i d a t i o n  res is tance,  and they do n o t  d i s o r d e r  w i t h  

gas t u r b i n e  engines); however, because o f  l i m l t e d  room-temperature d u c t i l -  
i t y  these alloys are  n o t  u t i l i z e d .  u r  research i s  in tended t o  c o n t r i b u t e  
t o  t h e  u ~ ~ ~ r ~ ~ a ~ d i ~ ~  o f  t h i s  problem and t o  i d e n t i f y  p o s s i b l e  s o l u t i o n s  sa 
t ha t  mcire e f f i c i e n t  heat  engines can be b u i l t  us fng  TiAl-base 

Research spansored by t h e  O f f i c e  o f  Energy U t i l i z a t i o n  Research, 
Energy Conversion and U t i l i z a t i o n  Technologies (ECUT) Program, U.S. 
Department o f  Energy, under c o n t r a c t  ~ ~ - A ~ ~ 5 - 8 4 ~ R 2 ~ ~ ~ ~  w i t h  M a r t i n  
M a r i e t t a  Energy Systems, Inc.  Research performed by  t h e  U n i v e r s i t y  o f  
Tennessee under subcont rac t  41B-07685C-S91 w i t h  M a r t i n  M a r i e t t a  Energy 
Systems, Inc.  

Tennessee, K n o x v i l l e ,  TN. 

x 

'Department o f  M a t e r i a l s  Science and Engineer ing,  U n i v e r s i t y  o f  

'Postdoctoral Fel low, U n i v e r s i t y  o f  Tennessee, K n o x v i l l e ,  TN. 

1 



2 

T h i s  study focuses on the  processing and s l i p  behavior o f  T i A l  
a l l o y s .  Although s i g n i f i c a n t  s tud ies  o f  T i A l  a l l o y s  a re  i n  progress 
elsewhere, t h i s  i s  t he  o n l y  program focus ing  on s i n g l e - c r y s t a l ,  s i n g l e -  
phase T i A l  a l l o y s .  
can b r i n g  new understanding o f  t h e  causes o f  t h e i r  low room-temperature 
d u c t i l i t i e s .  
on single-phase, s i n g l e - c r y s t a l  ma te r ia l s .  A l l o y i n g  a d d i t i o n s  w i t h  poten-  
t i a l  f a r  i nc reas ing  the  d u c t i l i t y  o f  TiAl-based a l l o y s  w i l l  be i d e n t i f i e d  
and t h e  d i s l o c a t i o n  s t r u c t u r e s  o f  deformed specimens w i l l  be s tud ied  so 
t h a t  t h e  e f f e c t s  o f  these a l l o y i n g  a d d i t i o n s  on t he  charac ter ,  d i s t r i b u -  
t i o n ,  and d e n s i t y  o f  d i s l o c a t i o n s  can be determined. 

Studying s l i p  i n  s i n g l e  c r y s t a l s  of TiAl-based a l l o y s  

The a l l o y  development p o r t i o n  o f  t h i s  study w i l l  a l s o  focus 

Mechanical p r o p e r t y  i n v e s t i g a t i o n s  o f  t he  pure coinpound T i A 1 ,  as  w e l l  
as o f  a l l o y e d  s ing le -c rys t ,a l  m a t e r i a l ,  i s  t he  o b j e c t i v e  o f  t h i s  program. 
The u t i l i z a t i o n  o f  TiAl-based a l l o y s  i s  l i m i t e d  because o f  t h e i r  l ack  o f  
ambient temperature d u c t i l i t y .  I n v e s t i g a t i o n s  have been c a r r i e d  au t  t o  
f u r t h e r  understand the  mechanical behavior o f  these i n t e r r n e t a l l i ~ s . ~ - ~  
Other research i n d i c a t e s  t h a t  s i n g l e - c r y s t a l  compounds, as w e l l  as alloyed 
s i n g l e - c r y s t a l  compounds, can have super io r  mechanical p roper t ies . '  I n  
orde r  t o  beg in  s tud ies  a f  the  bas i c  mechanical p r o p e r t i e s  o f  these 
aluminides, we undertook an i n v e s t i g a t i o n  t o  determine how t o  ~ I - Q W  r e l a -  
t i v e l y  l a r g e  s i n g l e  c r y s t a l s  o f  TiA1. 

A system f o r  s i n g l e - c r y s t a l  growth m p l o y i n g  con ta ine r less  d i r e c t i o n a l  
s o l i d i f i c a t i o n  has been I n d u c t i o n  hea t ing  i s  u t - i l i z e d  t o  
bo th  m e l t  a l i q u i d  zone and e lec t romagne t i ca l l y  l e v i t a t e  and shape t he  

 one^'^ S t a b i l i t y  o f  t he  l i q u i d  zone shape i s  n o t  p r i m a r i l y  determined by 

sur face  tens ion  e f f e c t s  b u t  by t h e  d i s t r i b u t i o n  body fo rces  e f fec t - i ng  
l e v i t a t i o n  o f  t he  l i q u i d  zane. Th is  method i s  c r u c i b l e l e s s  and permi ts  a 
wide v a r i e t y  o f  processing atmospheres f o r  c r y s t a l  growth. Conta iner less  
m e l t i n g  minimizes contaminat ion and prov ides  the  a b i l i t y  t o  grow c r y s t a l s  
o f  i n t e r m e t a l l i c  compounds a t  s l i g h t l y  p o s i t i v e  pressures, f a c i l i t a t i n g  
some c o n t r o l  o f  t h e  r e s u l t i n g  s to ich iomet ry .  F'OL;id m ix ing  i n  the  l i q u i d  
zone i s  n e a r l y  t u r b u l e n t  o r  a t  l e a s t  very  h i g h l y  s t j r red . ' '  The growing 
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s o l i d - l i q u i d  i n t e r f a c e  i s  r o t a t e d  so as t o  enhance mix ing,  Good-qual i ty 
single  c r y s t a l s  2.54 x lo-' m i n  diam and 10 t o  15 x m i n  l eng th  o f  
a luminum-r ich T i A l  have been grown from the near - tu rbu len t  mel ts .  Op t i ca l  
microscopy, X-ray Laue back r e f l e c t i o n ,  and t ransmiss ion  e l e c t r o n  
copy (PEW) have been used t o  evaluate the  q u a l i t y  o f  s i n g l e  c r y s t a l s  grown 
under d i f f e r e n t  p rocess in  cond l t ians .  The c r y s t a l  growth process i s  com- 
p u t e r  c o n t r o l l e d ,  u t i l i z i n g  image process ing f o r  c r y s t a l  ~ i ~ ~ n ~ ~ ~ ~ ~ ~  con- 
t r o l  and, where appropr ia te ,  i n f r a r e d  sensin f o r  temperature con t ro l .  
The d iameter  o f  t h e  g ro  sag i n t e r f a c e  and t h  n c r y s t a l  can be con-- 
t r o l l e d  t o  76 ym. The stem uses a DEC, PDP 11/23 computer w i t h  the  
RT-11 ape ra t i ng  system. The c o n t r o l  system c h a r a c t e r i s t i c s  wi 11 be 
repo r ted  separate 1 y . 

Fat-Halla e t  a l .  repor ted  growing s i n g l e  c r y s t a l s  o f  T i A l  by a 
f l oa t i ng -zone  r n e t h c ~ d . ~ ~ , ~ ~  While these researchers d i d  n o t  r e p o r t  t h e  
d e t a i l s  s f  t h e i r  method no r  t h e  s i z e  o f  the  c r y s t a l s  grown, the  

endent upon sur face  tens ion  f a r  s t a b l l i m a t i o n  of the  liquid 
repo r ted  growing single-phase, s i n g l e - c r y s t a l l i n e  material 
45.9 a t .  % t i t a n i u  e The h ighe r  the  t i t a n i u m  content ,  t h e  

s lower t h e  requ i red  growth v e l o c i t y  f o r  s i n g l e  c r y s t a l s  (down t o  8.9 x 

m/h) i f  the  c r y s t a l  was t o  be w i t h o u t  subs t ruc ture  o r  second phases. 

As p r e v l o u s l y  s ta ted,  the  a lumin ide  T i A l  i s  ksrowq t o  be q u i t e  b r l t t l e  
a t  arnblent temperatures. Considerable work has been devoted t o  
understandin t h e  ~ ~ c ~ a n i $ ~  rsP t h i s  b r l t t l e  b e h a v i s r . 3 ~ s - 8 y 1 8 ~ 1 9  S i n g l e -  
phase p s l y c r  s t a l l i n e  T i A l  was tes ted  i n  compression by L i p s i t t  and 
c ~ - w o r k e r ~ . ~ - @  T h e i r  a t e r i a l  conta ined more carbon and oxygen an 
r i c h e r  i n  t i t a n i u m  than t h e  s i n g l e - c r y s t a l  material examined here. They 
observed a/2<110> o r d i n a r y  dislocations and a<0111> s u p e r l a t t i c e  
d i s l o c a t i o n s .  The a<011> d i s l o c a t i o n s  generate t h e  a/6<112> type p a r t i a l  
d i s l o c a t i o n s  and s tack ing  f a u l t s .  They considered a/2<110> type 
d i s l o c a t i o n s  a c o n s t i t u e n t  o f  t h e  hard s l i p  mode atoll> superd i s la ra t i ans ,  
These r e s u l t s  would i n d i c a t e  t h a t  the m o b i l i t y  of t h e  s u p e r l a t t i c e  
d i s l o c a t i o n s  c o n t r o l s  the  p l a s t i c i t y  o f  T i A 1 .  I n  1985, T. Kawabata e t  al. 
t es ted  a s i n g l e  c r y s t a l  i n  compression w i t h  [ O l O J  o r i e n t a t l o  
found t h a t  t h e  m o b i l i t y  o f  t h e  a/2<110) d i s l o c a t i o n s  d i d  not d i f f e r  much 
f rom t h a t  o f  t h e  a<011> s u p e r l a t t i c e  dislacatlons below t h e  peak y i e l d  



4 

s t r e s s  temperature. 
t i o n s  i n  T i A 1 . 2 0  They considered these a/2<112> superd is loca t ions  t o  be 
impor tan t  i n  t h e  p l a s t i c  deformat ion process. I n  1987 T. Kawabata found 
t h a t  a t  temperatures o f  77 K t h e  a/2<110> o rd ina ry  d i s l o c a t i o n s  were 
i m o b i l e  b u t  a<101> and a/2<112> superd is loca t ions  con t r i bu ted  t o  the  
p l a s t i c  deforrnat i on. * 

I n  1986 Hug e t  a l .  repor ted  a/2<112> type d i s loca -  

The o v e r a l l  o b j e c t i v e  o f  t h i s  s tudy i s  t o  i d e n t i f y  and understand 
mechanisms o f  p l a s t i c  deformat ion o f  TiAl-based a l l o y s .  
approach cons is t s  o f  t h ree  major e f f o r t s ,  as fo l lows.  F i r s t ,  l a r g e  s i n g l e  
c r y s t a l s  o f  TiAl-based a l l o y s  must be grown as raw m a t e r i a l  f o r  mechanical 
t e s t i n g .  
atmosphere, growth ra te ,  and s t a r t i n g  composit ion. Second, samples a re  
c u t  f rom t h i s  m a t e r i a l  and compressed t o  var ious  s t r e s s  l e v e l s  and the  
r e s u l t i n g  d i s l o c a t i o n  s t r u c t u r e s  studied. I n  p a r t i c u l a r ,  t h e  a c t i v e  s l i p  
systems must be i d e n t i f i e d .  F i n a l l y ,  t e r n a r y  a l l o y s  w i t h  improved mechan- 
i c a l  p r o p e r t i e s  t h a t  s tay  w i t h i n  t h e  s ingle-phase c o n s t r a i n t s  o f  t h i s  
program w i l l  be developed. The i n i t i a l  study w i l l  focus on the  hardness 
and m i c r o s t r u c t u r a l  changes associated w i t h  var ious  a l l o y i n g  add i t ions .  

The o v e r a l l  

Process parameters t h a t  can be v a r i e d  i nc lude  t h e  growth 

CRYSTAL GROWTH 

Arc-melted and drop-cast i ngo ts  (44  at .  % T i ,  56 a t .  % A l )  2.5 x 

lo - '  m i n  diam by 0.15 rn l ong  were used as s t a r t i n g  ma te r ia l .  These 
ingo ts  were assembled i n t o  a 0.38-111 assembly i n v o l v i n g  reusable end p ieces 
o f  n i c k e l .  Samples were l ev i ta t i on -zone  processed (one pass) i n  one 
atmosphere o f  p u r i f i e d  hel ium o r  u l t r a p u r e  hydrogen. Al though t h e  as-cast 
(AC) r e s u l t s  f o r  i n g o t  11195 a r e  n o t  ava i l ab le ,  the  AC r e s u l t s  f o r  11588 
should be viewed as t y p i c a l .  The r e s u l t s  obta ined i n  each atmosphere were 
d i s t i n c t l y  d i f f e r e n t ,  hence subsequent process ing o f  t h i s  i n t e r m e t a l l i c  
compound was performed i n  t h e  u l t r a p u r e  hydrogen atmosphere. Table 1 com- 
pares t h e  cond i t i ons  o f  processing and the  r e s u l t i n g  chemical analyses f o r  
i n t e r s t i t i a l s  on two processed ingots .  C r y s t a l s  grown f a s t e r  than 
approx imate ly  2.5 x l o m 2  m/h e x h i b i t  a s t rong subst ructure.  
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Table 1. Me1 t comparisons 

Weight 
dPh (PPm) Me1 t 

(2-kg load)  c o n d i t i o n s  
C N O  H 

I n g o t d  

- - Pure He 
ZB 255 IO0 31 241 - 0.823 m/h 
ZE - 85 36 374 - 100 rpm 

11588 AC - 124 39 605 - Pure H2 
ZB 269 129 37 104 <1 0.023 m/h 
ZE 269 106 30 295 <1 1QQ rpm 

11195 AC - - 

~- 

aAC, as cast ;  ZB, zone beginning; ZE, zone end. 

Two pa n t s  should be noted concerning the  r e s u l t s  shown i n  Table 1. 
F i r s t ,  t he  composi t ion shown i n  the zone-beginning (ZB) s e c t i o n  o f  t he  
11588 ingcs i n d j r a t e s  extremely low i n t e r s t i t i a l  contents.  Second, t h e  

a l l o y s  may be ve ry  r e s i s t a n t  t o  hy 
en l e v e l s  i n  the  i n g o t  grown i n  hydrogen suggest t h a t  these 

en embr i t t lement .  

Ingot 1 1 3 5  o f  Table 1 was sect ioned and m e t a l l o g r a p h i c a l l y  prepared. 
A t rawsvesrc racroseetion i s  shown i n  F i  e l ( a > .  The 2.5 x 10-2-m-diam 
s e c t i o n  shows a s ing le  crystal  core surrounded by sur face gra ins.  
sur face g r a i n s  run t he  f u l l  processed l e n g t h  o f  the specimen. The g r a i n  
boundaries on t he  f r e e l y  f rozen  sur face w e r e  so s t r a i g h t  t h a t  they w e r e  a t  
f i r s t  thought t o  be t w i n s  by t h e i r  sur face macro-appearance. 
a l s o  g i v e s  the growth d i r e c t i o n  o f  the core c r y s t a l ,  9* o f f  [Olll. The 
o r i e n t a t i o n s  o f  t he  sur face c r y s t a l s  are  only s l i g h t l y  r o t a t e d  f r o m  the 
COR c r y s t a l  o r i e n t a t i o n .  The r e s u l t s  0.f a se lec ted  area Laue back 
r e f l e c t i o n  p a t t e r n  o f  a 1- -diarn area con ta in ing  t h e  core ( A )  and one o f  
the sur face c r y s t a l s  (a) i s  a l s o  shown. The s o l i d  l i n e s  a re  several  o f  
t he  zones o f  t h e  back r e f l e c t i o n  pa t te rn .  
ented a few degrees o f f  t he  c o r e  c r y s t a l .  One growth t w i n  was observed on 

The 

F igu re  l ( b )  

The sur face c r y s t a l s  a r e  o r i -  
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A 

Fig. 1. ( a )  Crystal of TiAl grown a t  
0.023 m/h i n  helium. Large single-crystal  
core i s  evident. (b )  Laue back r e f l e c t i o n  
resu l ts  for crys ta l  i n  ( a ) .  Pattern llAY i s  
the  core c r y s t a l ,  and pat te rn  'laN i s  for one 
o f  the  surface grains. Source: Univers i ty  o f  
Tennessee, Knoxvil le.  
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t h i s  specimen. 
determined by t h e  s tereographic  p r o j e c t i o n  w i t h  t h e  i d e n t i f i e d  po les  o f  
t h e  Laue p a t t e r n  taken f rom t h e  t w i n  boundary. X-ray phase a n a l y s i s  o f  
bo th  t h e  core and sur face  c r y s t a l s  show t h a t  bo th  a r e  single-phase. No 
d i f f r a c t i o n  peaks o f  phases o t h e r  than T i A l  were observed. 

The (111) and (112) m i r r o r  planes f o r  t h i s  t w i n  were 

RAPID GROWTH I N  HELIUM 

C r y s t a l  growth i n  he l ium a t  growth v e l o c i t i e s  g r e a t e r  than 2.54 x 

lo-' m/h and 100 rpm o f  t h e  f r e e z i n g  i n t e r f a c e  r e s u l t s  i n  a d i s t i n c t  sub- 
s t ruc tu re .  Laue back r e f l e c t i o n  r e s u l t s  f o r  such a r a p i d l y  grown c r y s t a l  
evidence a double spot p a t t e r n  i n d i c a t i n g  about 2" o f  o r i e n t a t i o n  d i f f e r -  
ence. The r e s u l t i n g  c r y s t a l  i s  s ingle-phase w i t h  an occasional  small  
i n t e r i o r  g ra in .  A s t rong an iso t ropy  o f  c r y s t a l  growth i s  ev iden t  a t  a l l  
growth v e l o c i t i e s .  

SLOW GROWTH I N  HYDROGEN 

The pure hydrogen atmosphere i s  produced by d i f f u s i o n  through a 
p a l l a d i u m - s i l v e r  a l l o y  i n t o  t h e  m e l t  chamber. The chamber i s  then sealed 
o f f  a t  s l i g h t l y  more than one atmosphere and cont inuous ly  g e t t e r e d  w i t h  a 
heated t i t a n i u m  c o i l .  

I n g o t  11588 (Table 1) was e n t i r e l y  a s i n g l e  c r y s t a l  w i t h  no sur face 
gra ins .  The b e s t - q u a l i t y  c r y s t a l s  o f  T i A l  were grown i n  a pure hydrogen 
atmosphere a t  2.2 x lo-' m/h. F igu re  2(a) shows t h e  Laue back r e f l e c t i o n  
p a t t e r n  o f  t h i s  s i n g l e  c r y s t a l  w i t h  t h e  growth d i r e c t i o n  as 18" o f f  [Oll]. 
Meta l l og raph ic  examinat ion a l s o  i n d i c a t e d  t h a t  no subs t ruc tu re  was 
present.  A l l  t e s t  r e s u l t s  t o  da te  i n d i c a t e  t h a t  the  s i n g l e - c r y s t a l  growth 
d i r e c t i o n  o f  T i A l  i s  near [Oll]. 

prepar ing  samples f o r  TEM examination. Since T i A l  i s  ext remely b r i t t l e  a t  
room temperature, samples were e l e c t r i c a l  -d i  scharge-machi ned f rom t h e  
s i n g l e  c r y s t a l .  Fu r the r  t h i n n i n g  t o  0.24 mn was done by e l e c t r o l y t i c  
p o l i s h i n g ,  w i t h  t h e  c u r r e n t  and vo l tage  ad jus ted  f o r  un i fo rm th inn ing .  
F i n a l  j e t  p o l i s h i n g  w i t h  a s o l u t i o n  o f  p e r c h l o r i c  ac id ,  e thano l ,  and 
butoxye-ethanol  a t  -10°C produced samples s u i t a b l e  f o r  examination. 

The q u a l i t y  o f  the  c r y s t a l  grown i n  hydrogen was examined f u r t h e r  by 
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I 

Fig. 2. ( a )  Laue back r e f l e c t i o n  resu l ts  
and ( b )  electron d i f f r a c t i o n  pat te rn  f o r  crysta l  
grown i n  hydrogen. Source: Univers i ty  o f  
Tennessee, Knoxville. 
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Transmission e l e c t r o n  microscopy showed a g e n e r a l l y  c lean s t r u c t u r e  w i t h  an 
occasional  f i n e  p a r t i c l e .  D i f f r a c t i o n  p a t t e r n s  taken anywhere i n  t h e  
samples showed r e s u l t s  as i n  Fig.  2(b) ,  where (011)s and (100)s a re  
s u p e r l a t t i c e  d i f f r a c t i o n  spots. 

Th i s  c r y s t a l  composi t ion i s  on t h e  alunimum-rich s ide  o f  t h e  g phase 
f i e l d ,  and no subs t ruc ture  was observed i n  t h e  as-grown c r y s t a l .  
Anneal ing p o r t i o n s  o f  t h e  c r y s t a l  a t  1000°C f o r  7 d d i d  n o t  change t h e  
i n t e n s i t y  o f  s u p e r l a t t i c e  Debye d i f f r a c t i o n  l i n e s .  Hence, i t  was n o t  nec- 
essary t o  h e a t - t r e a t  t h e  c r y s t a l  be fo re  t e s t i n g .  S ince t h e  g s i n g l e  c rys-  
t a l  i s  ve ry  b r i t t l e ,  3-mn-diam d i s k  samples f o r  compression t e s t i n g  were 
e lect r ica l -d ischarge-machined from the  l a r g e  c r y s t a l .  The d i s k s  were com- 
pressed a t  room temperature a t  d i f f e r e n t  loads (2.2, 2.67, 3.11, 3.56, and 
13.34 x 103 N ) .  Thinn ing  t h e  compressed sample t o  t h e  th ickness  requ i red  
f o r  TEM examinat ion was done by  e l e c t r o p o l i s h i n g ,  f o l l owed  by f i n a l  j e t  
p o l i s h i n g  w i t h  t h e  same s o l u t i o n  mentioned above. Dur ing  operat ions,  
these specimens were h e l d  i n  a spec ia l  p la t i num f o i l  t o  avo id  b r i t t l e  
f r a c t u r e .  

The c r y s t a l  des ignated 11588 was se lec ted  f o r  mechanical t es t i ng .  

COMPRESSION DEFORMATION 

The f i r s t  sample was compressed a t  a l oad  o f  2.67 x l o 3  N. A t  t h i s  
compressive load, t ransmiss ion microscopy i n d i c a t e s  t h a t  t h e  d i s l o c a t i o n s  
a r e  generated and beg in  t o  move. 
t i o n s  and t h e i r  probable d i r e c t i o n  o f  motion. 
a /Z[ i lO]  o r d i n a r y  d i s l o c a t i o n s  by us ing  t h e i r  i n v i s i b i l i t y  c r i t e r i o n  f o r  
g = [lli]. I t  i s  cons is ten t  w i t h  t h e  Schmid law t h a t  t h e  a /2 [ i lO ]  d i s -  
l o c a t i o n s  were generated and f i r s t  t o  move. For the  g i ven  compressive 
d i r e c t i o n ,  t h e  (111) [ T l O ]  s l i p  system has t h e  l a r g e s t  Schmid f a c t o r  o f  
0.47. (Th is  i s  shown i n  Figs. 7 and 8 and discussed below.) 

The sample loaded a t  3.11 x lo3 N conta ined low-densi ty  a/2[T10] d i s -  
l o c a t i o n  tangles.  F igu re  4 shows t h i s  d i s l o c a t i o n  con f igu ra t i on .  A t  t h i s  
s t r e s s  l e v e l  some a/2[110] o rd ina ry  d i s l o c a t i o n s  were a l s o  observed, 
(Fig.  5) q u i t e  near t h e  a/2[ i lO]  tangles.  

F igure  3 shows t h e  generated d i s loca -  
They were i d e n t i f i e d  as 
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Fig. 3. a/2[IlO] d is locat ions a r e  the f i r s t  
observed a f t e r  a small amount o f  deformation. 
Source: Univers i ty  o f  Tennessee, Knoxville. 

Fig. 4. Tangles o f  a/2[ilO] d is locat ions a r e  
observed a f t e r  a load o f  3.11 x l o 3  N. Source: 
Univers i ty  o f  Tennessee, Knoxville. 
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Fig. 5. a/2[110] and a/Z[ i lO]  d i s l o c a t i o n s  
a c t i v e  a f t e r  a l o a d  o f  3.11 x lo3  N. Source: 
U n i v e r s i t y  o f  Tennessee, Knoxv i l l e .  

The a/2[110] d i s l o c a t i o n s  a r e  on a secondary a c t i v e  s l i p  system and 
a r e  d iscussed us ing  Figs. 6 and 7. F igu re  6 l oca tes  the  specimen l o a d  
a x i s  (and growth d i r e c t i o n )  on the  s te reograph ic  p r o j e c t i o n .  Th is  growth 
d i r e c t i o n  o f  1 8 O  o f f  [ O l l ]  and 60' o f f  [ill] has been p r e v i o u s l y  
reported.** There a r e  f i v e  i n t e r e s t i n g  reg ions  i n  Fig. 6. Region A i s  
t h e  t r i a n g l e  [ ~ 1 1 ] - [ O l O ] - [ O l l ]  con ta in ing  t h e  p r imary  sl i p  system (111) 
[ I l O ] .  Region B con ta ins  t h e  pr imary  s l i p  system (111) [ l lo] ,  t r i a n g l e  C 
t h e  super d i s l o c a t i o n  s l i p  system (111) [ O l l ] ,  t r i a n g l e  D t h e  super d i s -  
l o c a t i o n  s l i p  system (111) [ l o l l ,  and t r i a n g l e  E t h e  super d i s l o c a t i o n  
s l i p  system (111) [ I O l ] .  The <110> d i r e c t i o n s  a r e  n o t  equ iva len t  t o  the  
<011> d i r e c t i o n s  I n  t h i s  c r y s t a l  s t ruc tu re .  Consider ing Schmid's law, @ 

i s  d e f i n e d  as t h e  ang le  between t h e  normal o f  t he  s l i p  p lane and the  ten- 
s i l e  ax i s ,  and 8 i s  t h e  ang le  between the  t e n s i l e  a x i s  and the  s l i p  
d i r e c t i o n .  For  compression t e s t s  t h e  s l i p  system r o t a t i o n  i s  q u i t e  d i f -  
f e r e n t  f rom t h a t  i n  tens ion  cons ider ing  t h e  changes i n  bo th  8 and 4. 
F igu re  6 shows t h e  pa th  o f  r o t a t i o n  of t he  normal t o  t h e  s l i p  plane, 
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r e l a t i v e  t o  t h e  l o a d i n g  a x i s  f o r  t h e  T i A l  s i n g l e  c r y s t a l ,  as t h e  l o a d  
increases through the  y i e l d   tress.*^-*^ The angle between t h e  l oad  a x i s  
and t h e  normal t o  t h e  (111) s l i p  p lane i s  c D 0 .  S l i p  begins f i r s t  on the  
p r imary  s l i p  system (111) [ilO]. I f  $ i s  considered i n  t h i s  compression 
t e s t ,  i t  decreases from I$,, t o  along the  pa th  between t h e  l oad  d i r e c t i o n  
and [lll]. Th is  descr ibes the  r o t a t i o n  o f  t h e  angle f o r  t he  p r imary  s l i p  
system. el i s  on the  boundary between t r i a n g l e s  A and B. A t  t h i s  bound- 
a r y  t h e  secondary s l i p  system (ill) [llO] i s  ac t i va ted .  The pa th  I$1 - 
(111) descr ibes t h e  angle f o r  t h i s  secondary s l i p  system. The [Oll] po le  
i n  Fig. 6 i s  t he  p o i n t  a t  which the  s l i p  systems f o r  t r i a n g l e s  D and E 
cou ld  be a c t i v a t e d ;  however, because t h e  burgers v e c t o r  f o r  <011> s l i p  
would be t w i c e  as long, a somewhat h ighe r  s t r e s s  w i l l  be requi red.  I f  
a/2<011> i s  used, a complex f a u l t  w i l l  r e s u l t .  R e f e r r i n g  t o  Fig. 7, anal -  
ogous arguments app ly  t o  c D 0  - 0.  

Two p o s s i b l e  s l i p  d i r e c t i o n s  t h a t  i n v o l v e  super d i s l o c a t i o n s  a r e  
[Toll and [OlO]. 
t h e  TEM work conf i rms the  a n a l y s i s  presented above. 
d i s l o c a t i o n  <011> nor  <010> was observed i n  any o f  t h e  samples. 
can l i m i t  our s tudy t o  o n l y  the  o r d i n a r y  d i s l o c a t i o n s  i n  the  s i n g l e -  
c r y s t a l  T i A l  s t r u c t u r e  i n  t h i s  o r i e n t a t i o n .  

When the  l oad  on t h e  s i n g l e - c r y s t a l  specimen i s  3.56 x lo3 N, tw ins  
a r e  observed. The t w i n  p l a t e s  a r e  shown i n  Fig. 8. A d i f f r a c t i o n  p a t t e r n  
f rom t h e  t w i n  p l a t e s  i s  shown i n  Fig. 9. These tw ins  have a (111) axis .  
Occasional tw ins  appeared a t  lower compressive loads. F i n a l l y ,  a sample 
was loaded t o  13.3 x 10’ N which r e s u l t e d  i n  a t o t a l  compressive s t r a i n  o f  
0.5. 
bot tom o f  t he  t e s t e d  d i sk ,  w i t h  the  sample m a t e r i a l  s t i l l  continuous. A 
ve ry  h i g h  d e n s i t y  o f  t w i n  p l a t e s  was observed everywhere i n  t h i s  sample 
(Fig. 10). A d i f f r a c t i o n  p a t t e r n  from these tw ins  i s  shown i n  Fig.  11. 
The minor  t w i n  a x i s  i n  Fig. 10 i s  (ill), as i d e n t i f i e d  Fig. 12. The l a t -  
t e r  occurs l e s s  o f t e n  than the (ill) twins.  

F igu re  13 i s  a micrograph taken from a sample t h a t  had a small  
i n c l u s i o n .  Th is  sample was compressed a t  a l oad  o f  2.2 x lo3 N. The 
i n c l u s i o n  i s  on t h e  r i g h t  bottom o f  Fig. 13 i n  t he  dark area and i s  more 
c l e a r l y  shown i n  Fig. 14. EDAX a n a l y s i s  i n d i c a t e s  t h a t  t h i s  p a r t i c l e  has 

Experimental d i s l o c a t i o n  c o n f i g u r a t i o n s  obta ined f r o m  
N e i t h e r  the  super- 

Thus, we 

The cracks i n  t h i s  sample a f t e r  compression run  from the  t o p  t o  the 
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Fig. 6 .  Stereographic p r o j e c t i o n  o f  
T i A l  i l l u s t r a t i n g  the  change i n  4 d u r i n g  
comp res  s i on. 

040 

a h ighe r  aluminum concen t ra t i on  than the  m a t r i x  phase. 
t i o n s  were observed near t h i s  p a r t i c l e  ( F i g s .  13 and 14). The d i s l o c a -  
t i o n s  i n  F ig ,  13 a r e  o f  t h e  [ilo] type. 
(E) i n  Fig. 14 a r e  o f  t he  a/2[110] type. Some s tack ing  f a u l t s  observed 
near t h i s  reg ion  were the  o n l y  ones observed. Microprobe a n a l y s i s  i n d i -  
cates t h a t  t h e  reg ion  near t h i s  i n c l u s i o n  has more t i t a n i u m  than the  base 
T i -56 a t .  % A l ,  i n d i c a t i n g  t h a t  t he  d i s l o c a t i o n  behavior  may vary w i t h  the 
T i A l  r a t i o  i n  s i n g l e - c r y s t a l  samples. This  needs f u r t h e r  c o n f i r m a t i o n  i n  
s i  ng l  e - c r y s t a l  m a t e r i a l .  

Ord inary d i s l o c a -  

The d i s l o c a t i o n s  marked (G) and 
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Fig. 7. Stereographic  p r o j e c t i o n  o f  
T i A l  i l l u s t r a t i n g  t h e  change i n  8 d u r i n g  
compression. 

ALLOY DEVELOPMENT 

40 

The i n i t i a l  i n t e n t i o n  o f  the  a l l o y  program was t o  i d e n t i f y  promis ing 
a l l o y s  by  arc -mel t ing  small  m e l t s  and then examining bo th  t h e i r  s ing le -  
c r y s t a l  p roper t i es ,  u t i l i z i n g  the  developed s i n g l e - c r y s t a l  process and 
equipment, and t h e i r  p o l y c r y s t a l l i n e  s ingle-phase p roper t i es .  A good p a r t  
o f  t h i s  program has been accomplished. 

t h i s  work,  i t  i s  c l e a r  t h a t  high-aluminum-content, single-phase, b i n a r y  
T i A l  a l l o y s  a r e  very  b r i t t l e .  F o r  t h i s  reason an a l l o y  development p ro-  
gram was undertaken t o  determine i f  t e r n a r y  s ingle-phase a l l o y s  could be 

Despi te  t h e  soph is t i ca ted  process ing developed i n  t h e  f i r s t  stage o f  
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Fig. 8. Twin p la tes  formed a t  a compressive 
load o f  3.56 x lo1 N. Source: Univers i ty  o f  
Tennessee, Knoxvil le.  

Fig.  9. D i f f r a c t i o n  pat te rn  o f  twins i n  Fig. 8. 
Source: Univers i ty  o f  Tennessee, Knoxville. 
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Fig. 10. Twins p l a t e s  formed a t  a compressive 
s t r a i n  of 0.5 and a load of  13.3 x lo3 N. Source: 
Univers i ty  of Tennessee, Knoxvil le.  

a 

Fig. 11. Predominant twin p l a t e s  of the 
(111) type. Source: Univers i ty  of Tennessee, 
Knoxvi 11 e. 



. 'L1 



18 

Fig. 14. (K), (G) d i s l o c a t i o n s  o f  a/2[110] 
type. Source: U n i v e r s i t y  o f  Tennessee, Knoxvi 11 e. 

produced w i t h  h igher  room-temperature d u c t i l i t i e s .  The a l l o y  program 
u t i l i z e s  an a r c  m e l t e r  t o  produce small ,  h i g h - p u r i t y  bu t tons  o f  experimen- 
t a l  heats. These were examined t o  show progress towards d u c t i l i t y  devel-  
opment i n  TiA1. On t h e  bas i s  o f  s t r u c t u r e  map considerat ions,  e i g h t  
so lu tes  were i d e n t i f i e d  as showing promise w i t h i n  a I1single-phase" con- 
s t r a i n t  f o r  t he  program. O f  these e igh t ,  f o u r  were considered f o r  exper i -  
mental examination. F igure  15 shows the  hardness o f  these single-phase 
a l l o y s  as a func t i on  o f  T i A l  r a t i o .  

Ti /A1 r a t i o s ,  e s p e c i a l l y  a t  values g rea te r  than 1. This  a l l o y  a l s o  exhib- 
i t s  wavy s l i p  i n  compression (Fig. 16) and g r a i n  boundary f r a c t u r e  i n  the  
cas t  s t r u c t u r e  (Fig. 17). This  a l l o y  shows e x c e l l e n t  promise o f  f u r t h e r  
development. The manganese a l l o y ,  a l though harder than b i n a r y  T iA1,  i s  o f  
i n t e r e s t  f o r  another reason. 
s t r u c t u r e  o f  a 5% manganese a l l oy .  This  a l l o y  i s  s l i g h t l y  two-phase; 
however, t h e  impor tant  f ea tu re  o f  Fig. 18 i s  t he  l a r g e  number o f  tw ins  

The g a l l i u m  a l l o y  shows a l l o y  so f ten ing  (Fig. 15) w i t h  inc reas ing  

F igure  18 shows the  as-cast and homogenized 
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ORNL-DWG 88-14103 

I 5at.70Nb 
A 5at.70 V 
A 5 at.Vo Mn 
0 5 at.% Ga 1 T i A l  

0.8 0.9 4 .o 4.1 4.2 4.3 4.4 
T i / A I  RATIO 

Fig.  15. Hardness as a funct ion o f  T i /Al  f o r  various ternary  
a l loys.  
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Fig. 16. Wavy s l i p  i n  TiAl  
w i th  gal l ium addit ions. Source: 
Univers i ty  o f  Tennessee, Knoxvil le.  



A 

Fig. 17. Fracture surface o f  po lycrys ta l l ine  
TiAl  w i th  gal l ium additions. Source; Unlvers i ty  o f  
Tennessee, Knoxvil le.  

k 

Fig. 18. Annealed st ructure  o f  Ti /Al  - 1.0 + 
5 a t .  X Mn. Note annealing twins. Source: 
Univers i ty  o f  Tennessee, Knoxville. 
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present  i n  t h e  ma te r ia l .  C lear ly ,  t h e  manganese a d d i t i o n s  have reduced 
t h e  t w i n  p lane energy s i g n i f i c a n t l y .  F igure  19 shows t h e  same a l l o y  a f t e r  
5.9% compressive s t r a i n .  The mic ro tw ins  a re  evident.  Th is  tw inn ing  mech- 
anism may improve t h e  d u c t i l i t y  o f  t he  a l l o y .  Fu r the r  work i s  requ i red  t o  
determine i f  t h i s  i s  t he  case. 

CONCLUSIONS 

The f o l l o w i n g  conclusions can be drawn from the  present  work: 

1. Rapid growth j n  he l ium produces a subs t ruc ture  w i t h  about a 2" 

2. Slower growth i n  he l ium r e s u l t s  i n  samples w i t h  a l a r g e  s ing le -  
r o t a t i o n  i n  aluminum-rich T i A l .  

c r y s t a l  core surrounded by  sur face g r a i n s  o f  a r o t a t e d  o r i e n t a t i o n  w i t h  
a l l  g r a i n s  growing o f f  [Oll]. These c r y s t a l s  e x h i b i t  no subst ructure.  

3. Slow growth ( l e s s  than 2.5 x m/h) i n  u l t r a p u r i t y  hydrogen 
can produce s i n g l e  c r y s t a l s  2.54 x m i n  diam by 0.1 m long w i t h o u t  
subs t ruc ture  o r  sur face grains.  

Fig. 19. T i /A1 = 1.0 + 5 at. % Mn. 
59% compression. Note microtwinning. Source: 
U n i v e r s i t y  o f  Tennessee, Knoxvi 1 le.  
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4. A l l  c r y s t a l s  grown t o  date a r e  o f f  t he  [Oll] d i r e c t i o n  i n  

5. S i g n i f i c a n t l y ,  T i A l  may be processed i n  a hydrogen atmosphere 
o r i e n t a t i o n .  

w i t h o u t  de t r imen ta l  s t r u c t u r a l  e f f e c t s  w h i l e  p o s s i b l y  lower ing i n t e r -  
s t i t i a l  contents. 

t a l  growth, a l l o w i n g  the  compe t i t i ve  growth process t o  proceed under a 
s t a b l e  computer c o n t r o l  o f  growth parameters. 

6. S i n g l e  c r y s t a l  growth r e s u l t s  from the s t rong  an iso t ropy  o f  crys-  

7. I n  s i n g l e  s l i p ,  stage I ,  low-densi ty  d i s l o c a t i o n  tang les  develop. 
8. Twinning p l a y s  an impor tant  r o l e  i n  the  deformat ion o f  these 

a l l o y s  a f t e r  a small  i n i t i a l  p l a s t i c  deformat ion by o r d i n a r y  d i s l o c a t i o n  
mot i on. 

t h e  presence o f  s tack ing  f a u l t s .  

f o r  several  near an i n c l u s i o n .  

o f  t h e  g a m a  phase. 

deformat ion by m ic ro tw inn ing  and the  o the r  by wavy s l i p .  

been determined f o r  a d d i t i o n s  o f  Nb, Mn, V ,  and Ga t o  TiA1. 

9. 

10. 

11. 

12. Two a l l o y s  show promise f o r  f u r t h e r  development. One shows 

13. 

Twins have a (111) ax is .  

No superd i s loca t i ons  were observed i n  any o f  t h e  samples except 

The observed d i s l o c a t i o n  behavior  may va ry  w i t h  the  T i / A 1  r a t i o  

T h e i r  format ion i s  n o t  assoc iated w i t h  

Hardness as a f u n c t i o n  o f  T i / A l  r a t i o  and a l l o y  content  have 
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