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T e n s i l e  p r o p e r t i e s  up to l l 0 0 ~  and the c r e e p  r e s i s t a n c e  at  1000~ w e r e  c o r r e l a t e d  with 
compos i t ion  for  twelve  complex  deve lopmen ta l  t i t an ium a l l o y s  with add i t ions  of A1, Ga, 
Sn, Mo, Z r ,  and Si. C r e e p  r e s i s t a n c e  for  t h e s e  a l l oys  in the ~ h e a t - t r e a t e d  condi t ion was  
found to be  s t r o n g l y  dependent  on the to ta l  a s t a b i l i z e r  content  and the  s i l i con  c o n c e n t r a -  
t ion.  The c r e e p  ac t iva t ion  ene rgy  for  a T i - 4 . 5  A1-2 Sn-3 Z r - 3  Ga-1 Mo-0.5  Si a l loy ,  e s t a b -  
l i shed  ove r  the  900 ~ to l l 0 0 ~  t e m p e r a t u r e  r ange ,  was  about 100 kca l  p e r  g - m o l e .  Th i s  high 
c r e e p  ac t iva t ion  ene rgy  i s  hypo thes i zed  to r e s u l t  f r o m  d i s p e r s i o n  s t r eng then ing  within the  

m a t r i x  by the Ti3X (X = A1, Ga, Sn) p h a s e  and pinning of the  i n t e r p l a t e l e t  and p r i o r  
g r a i n  b o u n d a r i e s  by the ZrsSi3 phase .  Both p h a s e s  w e r e  ident i f ied  by t r a n s m i s s i o n  e l e c -  
t r on  m i c r o s c o p y  in t h e s e  r e s p e c t i v e  loca t ions .  M e t a l l u r g i c a l  i n s t a b i l i t y ,  a s  ev idenced  by 
d e c r e a s e d  f r a c t u r e  toughness ,  i s  a l so  shown to be r e l a t a b l e  to the  to ta l  a s t a b i l i z e r  con-  
ten t .  The ac t iva t ion  ene rgy  fo r  the  e m b r i t t l e m e n t  p r o c e s s  i s  about  45 kca l  p e r  g - m o l e .  
which a p p r o x i m a t e s  that  fo r  in te rd i f fus ion  of ga l l ium in a t i t an ium.  

T H E  m e c h a n i c a l  p r o p e r t i e s  of c o m m e r c i a l  and r e -  
cent deve lopmen t  a l l oys  ind ica te  that  the  next  g e n e r a -  
t ion of h i g h - t e m p e r a t u r e  (800 ~ to 1200~ t i t an ium 
a l l oys  wi l l  be  b a s e d  on the s i l i con  b e a r i n g ,  n e a r - ~  
s y s t e m .  The m a j o r  t e chn i ca l  p r o b l e m  for  th i s  s y s t e m  
is  ach iev ing  h i g h - t e m p e r a t u r e  s t r eng th  without s i g n i f i -  
cant ly  c o m p r o m i s i n g  m e t a l l u r g i c a l  s t ab i l i t y .  M e t a l -  
l u r g i c a l  s t ab i l i t y  i s  def ined a s  the  ab i l i t y  to r e t a in  
adequa te  low t e m p e r a t u r e  toughness  a f t e r  l o n g - t i m e  
t h e r m a l  e x p o s u r e  at  800 ~ to 1200~ The e m b r i t t l e m e n t  
of t h e s e  a l l o y s  is  b e l i e v e d  to be  a s s o c i a t e d  with the 
Ti3X phase ,  whe re  X d e s i g n a t e s  the  a s t ab i l i z i ng  e l e -  
men t s  AI, Ga, and Sn. C r o s s l e y  and Carew ~ in i t i a l ly  
r e p o r t e d  th i s  type  of e m b r i t t l e m e n t  fo r  a T i -8  wt pc t  
A1 a l loy  in 1957. Th i s  behav io r  was  con f i rmed  by 
Sol t i s  2 and a t t r i bu t ed  to the o r d e r e d  Ti3A1 phase  in the 
c o m m e r c i a l  T i -8  AI-1 Mo-1 V a l loy .  M o r e  r e c e n t l y ,  
Shamblen 3 conducted  a k ine t i c  a n a l y s i s  of the  e m b r i t -  
t l e m e n t  fo r  the T i -6  A1-2 Sn-4 Z r - 2  Mo and T i - 5  A1- 
6 Sn-2 Z r - 1  Mo-0.25 Si a l l o y s  to l ink the  toughness  
deg rada t i on  ac t iva t ion  ene rgy  with that  for  i n t e rd i f fu -  
s ion of a luminum and tin in t i t an ium.  Although t h e r e  
i s  a l ack  of a g r e e m e n t  on the Ti-A1 phase  d i a g r a m ,  4-7 
the ex i s t ence  of an o r d e r e d  TiaA1 phase  with the  DO~9 
s t r u c t u r e  i s  g e n e r a l l y  acknowledged .  The T i -Sn  and 
T i - G a  s y s t e m s  s a r e  s i m i l a r l y  r e c o g n i z e d  to exhibi t  
Ti3X p h a s e s  with the DO~9 s t r u c t u r e  which a r e  a s s u m e d  
i s o m o r p h o u s  with the  Ti3A1 phase .  Ti~X i s  the  in i t i a l  
i n t e r m e d i a t e  phase  for  t he se  t h r e e  s y s t e m s  which r e -  
su l t s  in l im i t a t i on  of the  ~ so lub i l i ty  of t h e s e  e l e m e n t s .  

Alpha s t ab i l i z i ng  e l e m e n t s ,  such a s  A1, Ga, o r  Sn, 
do p r o m o t e  h i g h - t e m p e r a t u r e  s t r eng th  in t i t an ium 
a l l o y s  by so l id  solut ion s t r eng then ing .  However ,  R o s -  
enberg  9 has  shown that  a luminum add i t ions  in b i n a r y  
Ti-A1 a l l o y s  mus t  be l i m i t e d  to  l e s s  than 9 wt pc t  to 
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avo id  the e m b r i t t l e m e n t  a s s o c i a t e d  with the  Ti3A1 
p h a s e .  Jepson  1~ r e c e n t l y  p r e s e n t e d  ev idence  showing 
a s ign i f i can t  s t r eng th  i m p r o v e m e n t  fo r  b i n a r y  t i t an ium 
a l l o y s  due to add i t ions  of ga l l i um.  Ga l l ium was  found 
to be  about  80 pc t  a s  e f fec t ive  a s  a luminum on a wt pc t  
b a s i s  for  i n c r e a s i n g  the c r e e p  and r u p t u r e  s t r eng th  
of t i t an ium a l l o y s ,  w h e r e a s  the  m o r e  c o m m e r c i a l l y  
app l i ed  tin addi t ion  i s  only about 30 pc t  a s  e f fec t ive  
a s  a l u m i n u m .  Gal l ium was  b e l i e v e d  to exhibi t  the  
fu r t he r  advan tage  of a l lowing s ign i f i can t  so l id  so lu t ion  
s t r eng then ing  p r i o r  to m e t a l l u r g i c a l  s t ab i l i t y  p r o b l e m s  
with the  Ti3Ga phase  b a s e d  on the e a r l i e r  phase  d i a -  
g r a m  showing 14 to 15 wt pc t  so lub i l i ty  fo r  the  a p h a s e  
at  1200~ However ,  Shamblen and Rosa  11 in a s tudy 
c onc u r r e n t  with the  p r e s e n t  inves t iga t ion  found the 
t i t an ium so lub i l i t y  of ga l l i um was  a c t u a l l y  only about 
7 wt pc t  a t  1200~ 

Twelve  t i t a n i u m - b a s e  a l l o y s ,  mos t  of which conta in  
ga l l i um with o the r  add i t i ons  of A1, Sn, Mo, Z r ,  and Si 
b a s e d  on the c u r r e n t  a l loy  des ign  p r a c t i c e ,  w e r e  eva lu -  
a t ed  in th i s  s tudy.  The advan tages  of the  a s t a b i l i z i n g  
e l e m e n t s  w e r e  d e s c r i b e d ,  w h e r e a s  s m a l l  add i t ions  of 
the  ~ s t a b i l i z e r ,  mo lybdenum,  w e r e  u sed  to i m p a r t  su -  
p e r i o r  e l eva ted  t e m p e r a t u r e  t e n s i l e  s t r eng th .  The z i r -  
conium and s i l i con  add i t ions  in t i t an ium a l l o y s  have  
beeh shown 12 to i n t e r a c t  to f o r m  a s i l i c i d e  phase  which 
s ign i f i can t ly  i n c r e a s e s  e l e v a t e d  t e m p e r a t u r e  c r e e p  r e -  
s i s t a n c e .  Si l icon so lub i l i ty  i s  g r e a t e r  in fl t i t an ium 
than a t i t an ium such that  fl hea t  t r e a t m e n t s  w e r e  used  
to solut ion the s i l i con  with a subsequent  s t a b i l i z a t i on  
age at  l l 0 0 ~  fo r  2 h r  to a c qu i r e  a s i l i c i d e  d i s p e r s i o n .  
The  m i c r o c o n s t i t u e n t s  a f t e r  fl hea t  t r e a t m e n t  of t he se  
a s t a b i l i z e d  a l l o y s  cons i s t  of a b a s k e t - w e a v e  a m i -  
c r o s t r u c t u r e  with o r i en t a t i on  r e l a t i o n s h i p  to the p r i o r  

g r a i n s ,  the  TisX phase  within the  b a s k e t - w e a v e  
p l a t e s  and the s i l i c i d e  p h a s e .  The  a l l o y s  conta ining 
molybdenum may  a l so  exhibi t  a m i n o r  r e t a i n e d  ~ p h a s e  
content .  P r e l i m i n a r y  eva lua t ions  of the t e n s i l e  p r o p -  
e r t i e s ,  c r e e p  r e s i s t a n c e ,  and m e t a l l u r g i c a l  s t ab i l i t y  
w e r e  conducted  to s e l ec t  a s u p e r i o r  a l loy  which was  
then eva lua ted  in f u r t he r  de t a i l .  
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E X P E R I M E N T A L  

Alloy Design 

Twe lve  deve lopmenta l  a l loys  w e r e  c o n s u m a b l e - e l e c -  
t rode ,  d o u b l e - a r c  m e l t e d  under  vacuum as  25 lb. ingots  
with the chemica l  compos i t ions  shown in Tab le  I. The  
a l loys  a r e  s e p a r a t e d  into f ive  s e r i e s  in Tabie  I to iden-  
tify v a r i a t i o n s  in the Ga, A1, Si, and Mo l e v e l s .  The 
fifth s e r i e s  c o n s i s t s  of two a l loys  with v a r i a t i o n s  in 
both the ga l l ium and a luminum l e v e l s .  The  t in and 
z i r c o n i u m  l e v e l s  w e r e  main ta ined  constant  in a l l  
twe lve  a l loys .  The A1 and A2 a l loys  a r e  r epea ted  as  
n e c e s s a r y  in Tab le  I to comple te  the va r i ous  s e r i e s .  
The a l loy compos i t ion  l e v e l s  w e r e  des igned  on an e m -  
p i r i c a l  a luminum equivalent  b a s i s  9 which has  been 
used  to p r ed i c t  the " s a f e "  compos i t ion  envelope  p r e -  
cluding s e v e r e  e m b r i t t l e m e n t  as a r e su l t  of m e t a l l u r -  
g ica l  ins tabi l i ty .  The a luminum equiva len t  fo rmula  in 
t e r m s  of wt pct  addi t ions  as  o r ig ina l ly  p roposed  is :  

(A1) + -~(Sn) + ~ ( Z r )  + 10(O2) -< 9 [1] 

However ,  r ecen t  unpubl ished s tud ies  at the a u t h o r s '  
l a b o r a t o r y  have indica ted  that  the " s a f e "  a luminum 
equivalent  i s  l ike ly  -<8 fo r  th is  f o r m u l a .  The above 
concept  was  used  to develop the compos i t ions  shown in 
Table  I, with a va lue  of % e s t i m a t e d  as  the f ac to r  fo r  

1 
ga l l ium.  The -~ f ac to r  i s  an e m p i r i c a l  e s t i m a t e  based  
on the e a r l i e r  r e p o r t e d  solubi l i ty  of ga l l ium,  in wt pct ,  
being app rox ima te ly  twice  that  fo r  a luminum.  The 
a v e r a g e  oxygen l eve l  fo r  each of the twe lve  hea t s  was  
0.07 wt pct .  The  a luminum equiva len t s ,  with the addi -  
t ion of the ga l l ium t e r m  to Eq.  [1], a r e  shown in Table  
I. All  of the a l loys ,  except  D1 and D2, r ema in  within 
the  " s a f e "  compos i t ion  envelope  based  on these  ca l -  

l cu la t ions .  Recogniz ing  the -~ fac to r  for  ga l l ium is  only 
an assumpt ion ,  the D1 a l loy  was  des igned  to exceed  
the a luminum equivalent  va lue  of 8. The D2 a l loy was  
des igned  to ve r i fy  the ins tab i l i ty  r e s u l t s  at the a lu -  
minum equivalent  l eve l  of about 9 without a ga l l ium 
addit ion.  

Table I. Development Alloy Compositions 

fl Transus, 
AlloyNo. Ga AI Sn Zr Si Mo Aluminum Equivalent ~ 10~ 

Gallium Series 
AI - 4,5 2 3 0.5 - 6.4 1815 
A2 3 4.5 2 3 0.5 - 7.9 1815 
DI 7 4.5 2 3 0.5 - 9.9 1840 

Aluminum Series 
(AI) - 4.5 2 3 0.5 - 6.4 1815 
D3 6 2 3 0.5 - 7.9 1865 
D2 - 7 2 3 0.5 - 8.9 1890 

Silicon Series 
BI 3 4.5 2 3 7.9 1815 
B2 3 4.5 2 3 0.3 7.9 1815 

(A2) 3 4.5 2 3 0.5 - 7.9 1815 
B3 3 4.5 2 3 0.7 - 7.9 1815 

Molybdenum Series 
(A2) 3 4.5 2 3 0.5 - 7.9 1815 
C1 3 4.5 2 3 0.5 1 7.9 1815 
C2 3 4.5 2 3 0.5 2 7.9 1790 

Gallium/Aluminum Variation Series 
A3 5 3.5 2 3 0.5 - 7.9 1790 
A4 7 2.5 2 3 0.5 - 7.9 1765 

Al loy P r o c e s s i n g  and T es t i ng  

The deve lopment  a l loys  w e r e  in i t ia l ly  /3 p r o c e s s e d  
by ex t rus ion  to 1.5 in. d iam bar .  The /3 t r a n s u s  t e m p e r -  
a t u r e s  w e r e  d e t e r m i n e d ,  as  shown in Table  I, and t h e  
m a t e r i a l s  w e r e  swaged to 0.5 in. d iam at app r ox ima te ly  
40~ below the /3 t r a n s u s .  The a l loys  w e r e  subsequen t ly  
heat  t r e a t e d  at ~100~ above the t r a n s u s  fo r  1 h r ,  a i r  
cooled and then s t ab i l i zed  at l l 0 0 ~  for  2 hr .  

Standard t ens i l e ,  c r e e p ,  and p o s t - c r e e p - e x p o s u r e  
t ens i l e  t e s t s  with the oxide l aye r  intact  w e r e  conducted 
on the twelve  a l loys .  In addit ion,  t h e r m a l l y  exposed  
fat igue p r e c r a c k e d  Charpy bar  s p e c i m e n s  w e r e  slow 
bend t e s t ed  to eva lua te  m e t a l l u r g i c a l  s tab i l i ty .  The 
quant i ta t ive  m e a s u r e m e n t  obtained f r o m  tes t ing  the 
fat igue p r e c r a c k e d  Charpy s p e c i m e n  was  a K c va lue  
ca lcu la ted  by the s tandard  ASTM p r o c e d u r e  used fo r  
KIc  bend s p e c i m e n s .  The K c value  i s  s imply  cons id -  
e r e d  a mixed  mode  s t r e s s  in tensi ty  fac to r  (ksi i~-n.). 

RESULTS AND ANALYSIS 

/3 T r a n s u s  D e t e rm ina t i on  

The m e t a l l o g r a p h i c a l l y  d e t e r m i n e d / 3  t r a n s u s  va lues ,  
shown in Table  I, a r e  e m p i r i c a l l y  c o r r e l a t a b l e  as  a 
function of wt pct  compos i t ion  to g ive  the fol lowing 
equation:  

/3t(~ = 1640 + 37(A1) + 2.5(Ga) - 8(Mo) [2] 

The  ant imony,  z i r con ium ,  and i n t e r s t i t i a l  contents  of 
t h e  base  compos i t ion  a r e  a s s u m e d  to account  for  the in-  
c r e a s e  in the/3 t r a n s u s  f r o m  the 1620~ va lue  fo r  un- 
a l loyed  t i t an ium to 1640~ s ince  the m u l t i p l i e r s  for  
tin and z i r c o n i u m  a r e  nega t ive  while  those  for  C, O, 
and N a r e  p o s i t i v e .  Si l icon in the r ange  of 0 to 0.7 wt 
pct  had no o b s e r v a b l e  effect  on the/3 t r a n s u s  t e m p e r a -  
t u r e .  

T e n s i l e  P r o p e r t i e s  

Standard t en s i l e  t e s t s  w e r e  conducted at  room t e m -  
p e r a t u r e ,  700 ~ 900 ~ and l l 0 0 ~  The t en s i l e  data for  
room t e m p e r a t u r e  and 900~ a r e  shown in Table  II and 
al l  the 0.2 pct  y ie ld  s t reng th  data fo r  the Ga, A1, Mo, 
and Si s e r i e s  a r e  s u m m a r i z e d  on Fig .  1. The wt pct  
s t rengthening  coef f i c i en t s  w e r e  ca lcu la ted  fo r  each of 
t h e s e  e l e m e n t s  to develop the following f o r m u l a e  fo r  
the T i - 2  Sn-3 Z r - 0 . 0 7  02 base .  The open data points  
in F ig .  1 contain a c o r r e c t i o n  fac to r  for  a second e l e -  
ment  b e s i d e s  the m a j o r  e l emen t  being cons ide red .  F o r  
example ,  the 5 wt pct  C-a a l loy (A3) ac tua l ly  conta ins  
only 3.5 wt pct  Al,  and 6 ks i  is  added to the room t e m -  
p e r a t u r e  s t reng th  va lue  to cons ide r  th is  ga l l ium l eve l  
with the 4.5 AI-2 Sn-3 Z r - 0 . 5  Si base .  The s t r eng th  
va lues  fo r  the base  a l loy,  T i -2  Sn-3 Zr -0 .07  Oz, a r e  
the r e su l t  of ca lcu la t ions  cons ide r ing  a l l  twe lve  a l loys .  

_Room T e m p e r a t u r e  

0.2 pct  YS (ksi) = (75.0 �9 3.0) + 4.3(Ga) + 6.0(A1) 

+ 14(Mo) + 30(Si) [3] 

700~ 

0.2 pct  YS (ksi) = (37.7 :L 2.8) + 3.4(Ga) + 3.7(AI) 

+ 14(Mo) + 24(Si) [4] 
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900~ 

0.2 pct YS (ksi)  = (32.6 • 1.3) + 3.2(Ga) + 3.4(A1) 

+ 14(Mo) + 24(Si) [5] 

l l00~ 

0.2 pet YS (ksi)  = (31.6 =L 1.7) + 2.8(Ga) + 3.2(A1) 

+ 14(Mo) + 24(Si) [6] 

Duct i l i ty  trends  w e r e  genera l ly  i n v e r s e l y  p r o p o r -  
tional to the strength l e v e l ,  although the D1 a l loy ,  with 
the a luminum equivalent of 9.9,  demonstra ted  e x -  
t r e m e l y  bri t t le  behavior  at room t e m p e r a t u r e .  

Creep R e s i s t a n c e  

Constant load c r e e p  t e s t s  w e r e  conducted on the de-  
ve lopmenta l  a l loys  at 900 ~ 950 ~ and 1000~ The data 
for these  a l l oys  approximated  the c l a s s i c a l  three  s tage  
c r e e p  p r o c e s s .  However ,  an extended duration w a s  
noted for the p r i m a r y  c r e e p  s tage ,  i .e. ,  that of a de-  

Table II, Tensile Properties at Room Temperature and 900~ 

Room Temperature 900~ 

TIME ( hr I TO 
0.2% CREEP 

300 

1O0 

30 

10 

1 
8 10 12 14 16 

Atom % (AI + SA + Ga) 
F i g .  2- -Ef fec t  of the c~ s t a b i l i z i n g  e l e m e n t s  on the c r e e p  r e -  
s i s t a n c e  of t i tanium a l l o y s  at cons tant  s i l i c o n  l e v e l s  ( c reep  
condi t ions :  1 0 0 0 ~  k s i ) .  

Gallium Series Ga 
0.2 pct YS, UTS RA 0,2 pct YS, UTS RA 

ksi ksi pet ksi ksi pct 

AI - 119 129 24 62 75 33 
A2 3 132 144 25 70 84 32 
D1 7 - 128 0 83 100 29 

Aluminum Series A1 

(AI) 4.5 119 129 24 62 75 33 
D3 6 125 135 23 67 84 29 
D2 7 129 142 24 69 86 28 

Silicon Series Si 

BI - 116 126 28 59 74 39 
B2 0.3 122 134 30 66 82 35 

(A2) 0.5 132 144 25 70 84 32 
B3 0.7 137 148 21 76 90 28 

Molybdenum Series Mo 

(A2) 132 144 25 70 84 32 
C1 1 146 160 15 92 111 25 
C2 2 148 173 12 98 131 17 

Gallium/Aluminum 
Variation Series 

A3 132 142 14 7l  87 33 
A4 139 150 22 73 90 31 

12'0 
0.2 Pct 
YS ( ksi ) 

40 
0 

BASE: BASE: 
2Sn I 4.5A1 3Zr 
3Zr I O.SSI 2Sn , 0.~iSI 

? 4 6 0 2 4 6 
Wt Pet AI Wt Pet Ga 

BASE: ) Zr BASE: 
4.,A[ } ) Ga 4.,A11 3 Zr 
ZSn O.SSI 2Sn 3C, a 

.'71oo~ 
I 

1 ? 0 0.5 1 
Wl Pet Mo Wt Pct Si 

F i g .  1 - - E f f e c t  of  A1, G a ,  Mo,  and Si on the 0 .2  pct  y i e l d  
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c r e a s i n g  rate of p las t i c  deformat ion ,  which i s  a s s u m e d  
to be re la ted  to the continued formation or growth of 
the Ti3X or  s i l i c i d e  phases  during the c r e e p  t e s t .  The 
t e s t s  w e r e  genera l ly  in the constant rate second stage  
c r e e p  when t erminated  for t e n s i l e  tes t .  The a l loy  c o m -  
par i son  can be convenient ly  s u m m a r i z e d  with just  the 
r e s u l t s  for the t i m e  to 0.2 pct p las t ic  c r e e p  at 1000~ 
and 55 k s i .  Superior  creep  r e s i s t a n c e  with i n c r e a s e d  
a l loy  content w a s  o b s e r v e d  for the Ga, A1, and Si addi-  
t ions .  A 1 wt pct Mo addition improved  c r e e p  r e s i s t -  
ance ,  but the 2 wt pct Mo a l loy  exhibited c r e e p  p r o p e r -  
t i e s  infer ior  to that for the 1 wt pct Mo a l loy .  

The major  fac tors  influencing creep  r e s i s t a n c e  in 
t h e s e  t i tanium a l loys  w e r e  found to be the summat ion  
of the a s t a b i l i z e r  content,  the s i l i con  l eve l  and to s o m e  
extent the e levated  t e m p e r a t u r e  y ie ld  s trength.  The ef -  
fect  of the f irs t  two fac tors  on the c r e e p  r e s i s t a n c e  i s  
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Fig. 4--6 heat treatment post-creep ductility correlation to 
Charpy K c toughness data. 

e s t a b l i s h e d  in F ig .  2 w h e r e  the  t i m e  to 0.2 pc t  p l a s t i c  
c r e e p  is  p lo t ted  vs  the  summat ion  of the  a t .  pct  of the  
o~ s t a b i l i z e r s .  The r e s u l t s  s e p a r a t e  in d i s t i nc t  bands  
fo r  the  v a r i o u s  s i l i con  l e v e l s  of 0, 0.3,  0.5, and 0.7 
wt pc t .  Supp lemen ta ry  da ta  on the c o m m e r c i a l  a l l o y s  
T i -6  A1-2 Sn-4 Z r - 2  Mo (Ti-62425, T i -6  A1-2 Sn-4 Z r -  
2 Mo-0.25  Si (Ti-6242S),  T i - 6  A1-5 Z r - 0 . 5  Mo-0.25 Si 
(IiVII 6855, and T i - 5  A1-6 Sn-2 Z r - 1  Mo-0.25 Si (T i -  
5621S5 have been  used  to f u r t h e r  d e s c r i b e  t h e s e  c o m -  
pos i t i ona l  e f fec t s .  The c r e e p  r e s u l t s  fo r  the d e v e l o p -  
men ta l  C1 and C2 a l l o y s ,  which both conta in  m o l y b -  
denum add i t i ons  and have a va lue  of 10.8 a t .  pc t  (A1 
+ Ga + Sn), a r e  c o n s i d e r a b l y  d i s p l a c e d  to longe r  t i m e s  
to 0.2 pc t  p l a s t i c  c r e e p  in F ig .  2. The  r e s u l t s  fo r  C1 
and C2 fa l l  on the  0.7 wt pc t  Si curve  even though they  
contain  only 0.5 wt pc t  Si. Th is  effect  i s  b e l i e v e d  to be 
r e l a t e d  to the  h ighe r  e l eva t ed  t e m p e r a t u r e  yield 

s t r eng th  r e su l t i ng  f rom the molybdenum addi t ion .  

S tab i l i ty  

The  m e t a l l u r g i c a l  s t ab i l i t y  of the  a l l o y s  was  eva lu -  
a t ed  by two t e s t  me thods :  the  subs i ze  f r a c t u r e  m e c h a n -  
i c s  eva lua t ion  cons i s t i ng  of a slow bend t e s t  of a t h e r -  
m a l l y  exposed  fa t igue  p r e c r a c k e d  Charpy  b a r  and the 
e a r l i e r  me thod  of the p o s t - c r e e p  t ens i l e  duc t i l i ty  t e s t .  

The K c f r a c t u r e  toughness  va lues  a r e  s u m m a r i z e d  
in F ig .  3 fo r  the  a s - h e a t - t r e a t e d  condi t ion and a f t e r  
exposu re  at  1000~ A c o m p a r i s o n  i s  m a d e  of the  f a -  
t igue  p r e c r a c k e d  Charpy  K c (ksi  ~-m-m.) va lue  v s  the  
a tomic  p e r c e n t  summat ion  of A1 + Ga + Sn. The  m o -  
lybdenum and s i l i con  v a r i a t i o n  a l l o y s  w e r e  not c ons id -  
e r e d  fo r  th i s  c o r r e l a t i o n .  A def in i te  t r e n d  of d e c r e a s e d  
toughness  with i n c r e a s i n g  ot s t a b i l i z e r  content  e x i s t s .  
The effect  of s i l i con  and molybdenum on m e t a l l u r g i c a l  
s t ab i l i t y  i s  p r o p o s e d  to be r e l a t e d  to r educed  toughness  
r e s u l t i n g  f rom the h ighe r  s t r eng th  of t h e s e  a l l o y s .  
Since f r a c t u r e  toughness  i s  g e n e r a l l y  i n v e r s e l y  r e l a t e d  
to s t r eng th ,  molybdenum and s i l i con  add i t ions ,  which 
a r e  potent  s t r e n g t h e n e r s ,  r educe  the in i t i a l  t oughness  
p r i o r  to e x p o s u r e  and give an a p p a r e n t  d e c r e a s e  in 
s t ab i l i t y  without  ac tua l i y  ef fec t ing  a change in the  
causa t i ve  m e t a l l u r g i c a l  r eac t ion .  M e t a l l u r g i c a l  i n s t a -  
b i l i t y  i s  c o n s i d e r e d  a t t r i b u t a b l e  to the f o r m a t i o n  and 
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Fig. 5--Creep activation energy for the C1 alloy at 60 ksi. 

g rowth  of the Ti3X (X = A1, G a ,  Sn) p h a s e .  
The c o r r e l a t i o n  of the pos t  c r e e p  e x p o s u r e  duc t i l i ty  

r e s u l t s  for  the twelve  deve lopmen ta l  a l l o y s  with the  K c 

va lues  for  equiva lent  t h e r m a l  e x p o s u r e  t i m e s  at  1000~ 
i s  shown in F ig .  4. The plot  of the  p e r c e n t  RA vs  the  
Charpy  K c shows that  when K c i s  d e g r a d e d  to the r ange  
of 40 ks i  ~m--:., the t e n s i l e  duc t i l i ty  wi l l  be between 0 and 
6 pc t  RA. T h e r e f o r e ,  the pos t  c r e e p  t e n s i l e  t e s t  l im i t  
for  a de t ec t ab l e  d i f f e r ence  in s t ab i l i t y  with a 0.250 in.  
d i am t i t an ium a l loy  t e n s i l e  b a r  in the  /3 h e a t - t r e a t m e n t  
condi t ion is  the K c value  of 40 ks i  ~ . ,  w h e r e a s  d i f f e r -  
ences  below th is  va lue  can adequa te ly  be def ined us ing 
the Charpy  b a r  t e s t .  

Extended Study of the C1 Al loy  

A rev iew of the r e s u l t s  fo r  the twelve  a l l o y s  shows 
that  the C1 compos i t i on ,  T i - 4 . 5  A1-2 Sn-3 Z r - 3  Ga-1 
Mo-0 .5  Si, exh ib i t s  s u p e r i o r  t e n s i l e  and c r e e p  r e s i s t -  
ance  p r o p e r t i e s .  Although th i s  a l loy  exhib i t s  some  d e -  
g r e e  of m e t a l l u r g i c a l  i n s t ab i l i t y ,  it  m e r i t e d  f u r t h e r  
s tudy.  Constant  load  c r e e p  t e s t s  w e r e  conducted at  60 
ks i  ove r  the t e m p e r a t u r e  r a n g e  of 900 ~ to l l 0 0 ~  to 
e s t a b l i s h  the c r e e p  ac t iva t ion  energy  and the a s s o c i a t e d  
L a r s o n - M i l l e r  13 p a r a m e t e r  cons tant .  C r e e p  in m e t a l s  
has  been shown to be a t h e r m a l l y  a c t i v a t e d  p r o c e s s  
which can be  d e s c r i b e d  at  a cons tant  s t r e s s  l eve l  by 
an A r r h e n i u s  equat ion of the  f o r m :  

Rate  = 1 = A e x p  [ - Q / R T ]  [7] 
t 

The L a r s o n - M i l l e r  concept  of ana lyz ing  c r e e p  da ta  is  
an extens ion  of the  A r r h e n i u s  r a t e  equation for  e x p r e s s -  
ing the s t r e s s  dependence  of the  ac t iva t ion  ene rgy ,  Q, 
and may  be s t a ted  in the f o r m :  

P = T ( C  + log t5 [8] 

w h e r e  P is  equal  to Q/2.3(0.5565(1.986) or  Q/2.54 fo r  
Q e x p r e s s e d  in cal  p e r  g - m o l e .  A s  P v a r i e s  with 
s t r e s s ,  so  t h e r e f o r e  Q a l s o  v a r i e s  with s t r e s s .  The 
A r r h e n i u s - t y p e  p lo t s  of log r e c i p r o c a l  t i m e  (hr  -z) to 
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0.2 pct p las t ic  creep and the log m i n i m u m  creep ra te  
(pct pe r  hr)  vs the r ec ip roca l  absolute  t e m p e r a t u r e  
( K -1) a r e  shown in Fig.  5. The c reep  act ivat ion energy 
was found to be about 100 kcal  pe r  g -mo le  at 60 ks i  and 
extrapolat ion to 1 I T  = 0, i . e . :  an inf in i te  t e m p e r a t u r e ,  
indicated the appl icable  L a r s o n - M i l l e r  constant  was 
about 25. The c reep  data for  the C1 al loy,  at the 60 ks i  
and other  s t r e s s  levels ,  were  then s u m m a r i z e d  by p lo t -  
t ing the c reep  s t r e s s  vs the L a r s o n - M i l l e r  p a r a m e t e r  
as  shown in Fig .  6. Fo r  s t r e s s e s  between 25 and 85 
ks i ,  Q is  seen to vary  between 88 and 101 kcal  pe r  g- 
mole .  The c reep  r e s i s t a n c e  of this  al loy is  shown in 
compar i son  to the c u r r e n t  mos t  c reep  r e s i s t an t  com-  
m e r c i a l  al loy,  T i -5  A1-6 Sn-2 Zr -1  Mo-0.25 Si, in 
Fig .  6. 

A detai led study of the t i m e - t e m p e r a t u r e  r e l a t i on -  
ship of the toughness  degradat ion  us ing  the fatigue p r e -  
c racked  Charpy spec imens  was conducted for the C1 
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al loy.  The r e s u l t s  have been s u m m a r i z e d  in t e r m s  of 
the W e r t - Z e n e r  14 equation in Fig .  7 in the m a n n e r  ap-  
p l ied  e a r l i e r  3 for  the T i -6  A1-2 Sn-4 Z r - 2  Mo and T i -  
5 A1-6 Sn-2 Z r - 1  Mo-0.25 Si a l loys .  The W e r t - Z e n e r  
equation d e s c r i b e s  the k ine t i c s  for  the diffusion con-  
t ro l l ed  growth of a second phase of a d i f ferent  compo-  
s i t ion f rom that of the ma t r i x .  The equation and a s -  
sumpt ions  used  for i ts  appl ica t ion a r e  as  follows: 

X t = 1 - e - ( t / T ) m  [9] 

where: 

( Xt  is  gene ra l l y  cons ide red  as  the vo lume f rac t ion  
of a second phase ,  in this  case  Ti3X 

t = t ime  

T = t ime  to 63 pct complet ion of the reac t ion  

m = constant  which was  found to be approx imate ly  
0.41 for  T i - 6  AI-2 Sn-4 Z r - 2  Mo and T i -5  A1- 
6 Sn-2 Z r - 1  Mo-0.25 Si 

The ma j o r  a s sumpt ion  for  th is  ana ly s i s  is  that the f r a c -  
t ional  toughness  loss ,  X~, is  p ropor t iona l  to the vo lume 
f rac t ion  of the second phase (Ti3X) and can be subs t i -  
tuted d i rec ted  for  X t .  

The W e r t - Z e n e r  equation was  manipu la ted  to the 
form:  

log [in 1/(1 - x l ) ]  : - ,  log t - ~ .  log ~ [10] 

for p re sen ta t i on  in Fig.  7, where  rn is the slope of the 
In 1~ - X[) vs  t plot with log- log coord ina tes ,  and ~- 
is  the in te rcep t  for  In 1/(1 - X~) equal to uni ty .  The 
s t a t i s t i ca l  ave rage  m value for  the l eas t  squa re s  
s t ra igh t  l ine s lopes  of these  l ines  is  0.40, in close 
a g r e e m e n t  with that for the two c o m m e r c i a l  t i t an ium 
a l loys  s tudied e a r l i e r .  The extrapola ted T va lues  a r e  
shown in Fig.  7. The r e c i p r o c a l s  to the 7 values  were  
then used to de t e r mi ne  the ac t iva t ion  energy for the 
e m b r i t t l e m e n t  p r o c e s s  in an A r r h e n i u s  plot as  shown 
in Fig .  8. Again,  a l e a s t - s q u a r e s  ana ly s i s  was used  to 
obtain the ac t iva t ion  energy value  of 45 kcal  pe r  g-  
mole ,  which is much higher  than the 26 to 28 kcal  per  
g -mo le  va lues  found for the c o m m e r c i a l  a l loys .  

Light mic roscopy  and e lec t ron  t r a n s m i s s i o n  m i c r o -  
scopy s tudies  accompanied  the evaluat ion of the C1 
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a l loy .  The Ti3X (where  X = A1, Ga,  Sn) o r d e r e d  phase  
i s  p r o p o s e d  to a p p e a r  in sp ino ida l  fash ion  in the  a l loy  
m a t r i x ,  and the Zr~Si3 p h a s e  i s  found in the  i n t e r p l a t e -  
le t  and p r i o r  f~ g ra in  b o u n d a r i e s  a s  shown in F ig .  9. 

DISCUSSION O F  THE RESULTS 

Since the  s u m m a t i o n  of the  a tomic  p e r c e n t  of the ot 
s t a b i l i z i n g  e l e m e n t s  and the s i l i con  content  a r e  d o m i -  
nant f a c t o r s  in ach iev ing  s u p e r i o r  c r e e p  r e s i s t a n c e ,  
t h e s e  f a c t o r s  can be  used  to p r o p o s e  a m e c h a n i s m  for  
the  high c r e e p  ac t iva t ion  ene rgy  o b s e r v e d  for  the  C1 
a l loy .  The c r e e p  ac t iva t ion  ene rgy  fo r  pu re  m e t a l s  is  
g e n e r a l l y  a c c e p t e d  to be  that  for  se l f  d i f fus ion.  How- 
e v e r ,  the a l l o y s  in th i s  s tudy cannot be c o n s i d e r e d  p u r e  
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Fig. 8--Activation energy  ana lys i s  for  the C1 alloy m e t a l l u r -  
gical  instabi l i ty .  

m e t a l s  o r  even s ing le  so l id  so lu t ions .  The a l l o y s  a r e  
in fact  m u l t i p h a s e  and we can hypo thes i ze  that  the  
Ti~X p h a s e  r e t a r d s  d i s l oca t i on  movemen t  in the ot m a -  
t r i x  and that  the  ZrsSi~ phase  in the i n t e r p l a t e l e t  and 
p r i o r  19 g r a i n  b o u n d a r i e s  r e t a r d s  g ra in  boundary  s l id ing  
a s  a c r e e p  m e c h a n i s m .  T h e s e  two f a c t o r s ,  taken to -  
g e t h e r ,  m a y  expla in  the  c r e e p  ac t iva t ion  ene rgy  in the  
r ange  of 88 to 101 kca l  p e r  g - m o l e ,  which i s  c o n s i d -  
e r a b l y  h ighe r  than that  e s t i m a t e d  for  se l f  dif fusion of 
t i t an ium (60 kca l  p e r  g - m o l e ) .  Both the Ti3X and 
Zr5Si3 p h a s e s  w e r e  iden t i f i ed  in the  C1 a l loy  in t h e s e  
r e s p e c t i v e  l oca t i ons .  

The  s t ab i l i t y  of the ga l l i um conta in ing a l l o y s  was  not 
a s  good a s  had  been expec ted .  However ,  the p o o r e r  
r e s u l t s  could have been a n t i c i p a t e d  b a s e d  on a r e c e n t  
inves t iga t ion  11 of the T i - G a  phase  d i a g r a m .  The so lu -  
b i l i t y  of ga l l i um in q t i t an ium is  in fact  c o n s i d e r a b l y  
lower  than o r i g i n a l l y  r e p o r t e d .  In the  1200~ t e m p e r a -  
t u r e  r ange ,  the t e r m i n a l  oe so l id  solut ion boundary  a c -  
tua l ly  e x i s t s  at  about  7 wt pc t  Ga a s  c o m p a r e d  to the  
p r e v i o u s  e s t i m a t e  of 14 to 15 wt pc t .  The  fa t igue  p r e -  
c r a c k e d  Charpy  t e s t s  show a l l  the a l l o y s ,  including the 
A1 compos i t i on  with an a luminum equiva lent  of only 6.4, 
a r e  in fac t  uns t ab l e  in the  a s - h e a t - t r e a t e d  condi t ion .  
However ,  the  toughness  for  the  a l l o y s  of l ower  ~ s t a -  
b i l i z e r  content  r e m a i n s  above  the c r i t i c a l  f r a c t u r e  
toughness  l eve l  a f t e r  t h e r m a l  e x p o s u r e s  to 1000 h r  a t  
1000~ which i s  n e c e s s a r y  to cause  s e v e r e  e m b r i t t l e -  
men t  in the  p o s t - c r e e p  t e n s i l e  t e s t .  

The fa t igue p r e c r a c k  Charpy  t h e r m a l - s t a b i l i t y  s tudy 
on the C1 a l loy  gave an ac t iva t ion  ene rgy  of 45 kca l  
p e r  g - m o l e  which i s  in a g r e e m e n t  with that  r e p o r t e d  11 
fo r  mutual  d i f fus ion be tween  Ti3Ga and a t i t an ium.  
However ,  it r e m a i n s  to be exp la ined  why t h e s e  va lue s  
should be in a g r e e m e n t  c o n s i d e r i n g  the p r e s e n c e  of 
a luminum and t in in t h e s e  a l l o y s .  A luminum and t in 
a r e  r e c o g n i z e d  1~ to have in te rd i f fus ion  ac t iva t ion  en-  
e r g i e s  in t i t an ium of the o r d e r  of 25 kca l  p e r  g - m o l e .  
The p r e s e n t  da ta  show a s l o w e r  di f fus ion fo r  ga l l i um 
in t i t an ium at  l ower  t e m p e r a t u r e s ,  a s  c o m p a r e d  to that  
of a l u m i n u m  and t in.  The  s u p e r i o r  t h e r m a l  s t a b i l i t y  

A .... 
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Fig. 9- -Elect ron t r a n s m i s s i o n  r e su l t s  for  
the C1 alloy ident i fying the locat ion of the 
Ti3A1 and ZrsSi 3 phases .  (a) E lec t ron  
di f f ract ion pa t te rn ,  Ti3(A1, Sn, Ga), 2110 
zone axis; (b) b r igh t  field, magnif icat ion 
39,250 t imes ,  proposed Ti~(AI, Sn, Ga) 
location; (c) b r igh t  field, magnif icat ion 
11,775 t imes ;  (d) dark  field, magnif icat ion 
11,775 t imes .  ZrsSi 3 at  g ra in  boundar ies .  

(c) 
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f o r  t h e s e  g a l l i u m  c o n t a i n i n g  a l l o y s  w o u l d  b e  e x p e c t e d  
in  t h e  l o w e r  t e m p e r a t u r e  r a n g e  (<1000~ s i m p l y  r e -  
s u l t i n g  f r o m  t h e  s l o w e r  i n t e r d i f f u s i o n  r a t e s .  

CO N C L U SI O N S 

G a l l i u m  a d d i t i o n s  t o  t i t a n i u m  a l l o y s  w e r e  c o n f i r m e d  
t o  b e  a b o u t  80 p c t  a s  e f f e c t i v e  in s t r e n g t h e n i n g  a s  a l u -  
m i n u m  on  a w e i g h t  p e r c e n t  b a s i s ,  a l t h o u g h  t h e  a l l o y s  
c o n t a i n i n g  g a l l i u m  w e r e  no t  a s  s t a b l e  a s  p r e v i o u s l y  
a n t i c i p a t e d .  

T h e  f a c t o r s  w h i c h  e x e r t  a m a j o r  i n f l u e n c e  on t h e  e l e -  
v a t e d  t e m p e r a t u r e  c r e e p  r e s i s t a n c e  a r e  t h e  a s t a b i l i z e r  
c o n c e n t r a t i o n ,  t h e  s i l i c o n  c o n t e n t  a n d  t h e  e l e v a t e d  t e m -  
p e r a t u r e  y i e l d  s t r e n g t h .  An h y p o t h e s i s  f o r  t h e  s u p e r i o r  
c r e e p  r e s i s t a n c e  f o r  t h e  C1 a l l o y  i s  s u g g e s t e d  to  b e  
t h a t  of d i s p e r s i o n  s t r e n g t h e n i n g  of t h e  a p h a s e  b y  t h e  
o r d e r e d  T i z X  p h a s e  a n d  p i n n i n g  of t h e  i n t e r p l a t e l e t  a n d  
/3 g r a i n  b o u n d a r i e s  b y  a Zr5Siz p r e c i p i t a t e .  

T h e  f o r m a t i o n  of t h e  Ti~X p h a s e  i s  p r e s u m e d  r e s p o n -  
s i b l e  f o r  t h e  m e t a l l u r g i c a l  i n s t a b i l i t y  in  t h e s e  a l l o y s ,  
bu t  i t s  p r e s e n c e  i s  n e c e s s a r y  t o  a c h i e v e  t h e  s u p e r i o r  
c r e e p  r e s i s t a n c e .  T h e  k i n e t i c s  of  e m b r i t t l e m e n t  a t  
t e m p e r a t u r e s  b e l o w  1000~  f o r  t h e  g a l l i u m  c o n t a i n i n g  
t i t a n i u m  a l l o y s  i s  a p p a r e n t l y  s l o w e r  t h a n  t h a t  f o r  c o m -  
m e r c t a l  a l l o y s  c o n t a i n i n g  on ly  a l u m i n u m  a n d  t i n  w h i c h  
m a y  b e  a s s o c i a t e d  to t h e  s l o w e r  i n t e r d i f f u s i o n  r a t e  of 
g a l l i u m  in t i t a n i u m  a s  c o m p a r e d  to  t h e s e  o t h e r  
e l e m e n t s .  

T h e  c o r r e l a t i o n  of t h e  f a t i g u e  p r e c r a c k e d  C h a r p y  K c 
t e s t  d a t a  w i t h  t h e s e  f r o m  t h e  p o s t - c r e e p  t e n s i l e  d u c -  
t i l i t y  r e s u l t s  s h o w s  t he  f o r m e r ,  a K c o r  a f r a c t u r e  

m e c h a n i c s  r e l a t e d  t e s t ,  to  b e  the  m o r e  s e n s i t i v e  m o n i -  
t o r  of m e t a l l u r g i c a l  s t a b i l i t y  in  t i t a n i u m - b a s e  a l l o y s .  

A C K N O W L E D G M E N T S  

T h e  a u t h o r s  w i s h  to  a c k n o w l e d g e  t h e  a s s i s t a n c e  of 
R.  W. S m a s h e y  f o r  t h e  s e l e c t e d  a r e a  e l e c t r o n  t r a n s -  
m i s s i o n  a n d  e l e c t r o n  d i f f r a c t i o n  p h a s e  i d e n t i f i c a t i o n  
p o r t i o n s  of t h i s  s t u d y .  T h e  s p o n s o r s h i p  of t h i s  s t u d y  
u n d e r  t h e  A i r  F o r c e  C o n t r a c t  F - 3 3 - 6 1 5 - 6 9 - C - 1 4 2 3  by  
A F M L / / M A M P  i s  a l s o  g r a t e f u l l y  a c k n o w l e d g e d .  
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Page 493, Fig. 5 

The abscissa in Fig. 5 should read 

log (pN2) I/2 rather than lOgpN 2 

The equation in Fig. 5 should read 

f N N d  l o g  (PN2)l/z = 0 .789  
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