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The effect  of m i c r o s t r u c t u r e  on  the notch fa t igue p r o p e r t i e s  of T i - 6 A t - 4 V  was  inves t iga ted .  
Spec imens  with f ive d i s t i n c t l y  d i f f e ren t  m i c r o s t r u c t u r e s  we re  t e s t ed  and subsequen t ly  e x -  
amined  in de t a i l .  It  was found that  the notch fa t igue p e r f o r m a n c e  of the a l loy  v a r i e d  s i g -  
n i f ican t ly  a s  the  m i c r o s t r u c t u r e  was a l t e r e d  by hea t  t r e a t m e n t .  The b e s t  high cyc l e  f a -  
t igue  s t r eng th  was  found in s p e c i m e n s  hea t  t r e a t e d  above the be ta  t r a n s u s  t e m p e r a t u r e ,  
conta ining an a l m o s t  t o t a l l y  t r a n s f o r m e d  a c i c u l a r  a lpha  s t r u c t u r e .  The fa t igue p e r f o r -  
mance  of s p e c i m e n s  with th is  m i c r o s t r u c t u r e  a p p e a r e d  to be c o n t r o l l e d  by the s i z e  of the 
nuc lea ted  c r a c k .  It i s  sugges t ed  that  a t  low s t r e s s  I eve l s  the  nuc lea ted  c r a c k  is l im i t e d  in 
s i z e  to the width of a s ing le  a lpha  needle ,  while  a t  high s t r e s s e s  the  nuc lea ted  c r a c k  may  
be a s  l a r g e  a s  an e n t i r e  colony of s i m i l a r l y  a l igned  a lpha  need l e s .  

IT is  g e n e r a l l y  held  that  the smooth  fat igue behav ior  
of a l l oys  is  m o r e  s e n s i t i v e  to changes  in m i c r o s t r u c -  
t u r e  than notched fa t igue.  ~ The r e a s o n  given for  th is  
obse rva t i on  is the fact  tha t  du r ing  the in i t ia t ion  s t age  
of the fa t igue  c r a c k ,  the p l a s t i c  zone  a t  the f ront  of the 
c r a c k  in a smooth  s p e c i m e n  is  s m a l l e r  than that  in a 
notched s p e c i m e n  and t h e r e f o r e  m o r e  s ens i t i ve  to m i -  
c r o s t r u c t u r a l  f e a t u r e s .  Since, in t i t an ium a l loys ,  i t  i s  
p o s s i b l e  to obta in  many d i f fe ren t  m i c r o s t r u c t u r e s  in 
a s ing le  a l l oy  through d i f f e r ing  combina t ions  of p r o -  
c e s s i n g  and hea t  t r e a t i n g  (Hall e t  a l ) ,  ~ the smooth  f a -  
t igue  behav io r  of t i t an ium should be v e r y  much d e p e n -  
dent  on the p r i o r  h i s t o r y  of the m a t e r i a l .  The fact  that  
p r o c e s s i n g  and hea t  t r e a t i n g  can con t ro l  the smooth  
fa t igue behav io r  of t i t an ium through changes  in m i c r o -  
s t r u c t u r e ,  ha s  indeed been  shown by Bowen and Stubb- 
ington,~'4's by Lucas ,  6'~ and by Margol in ,  e t  a l ,  8 

In addi t ion,  ex t ens ive  examina t ion  of the fa t igue  b e -  
hav io r  of components  and jo in t s  in a i r f r a m e s  by C r i e h -  
low ~176 showed that,  unlike s t e e l s  or  a luminum a l loys ,  
t i t an ium a l loys  showed s ign i f i can t  s c a t t e r  in t he i r  f a -  
t igue behav io r .  In fact  the s c a t t e r  for  the t i t an ium a l -  
l oys  i s  a l m o s t  two t i m e s  g r e a t e r  than that  of a l u m i -  
num a l l o y s  and t h r e e  t i m e s  g r e a t e r  than that  of s t e e l s .  
This  p r o p o r t i o n  was  found to be  a p p r o x i m a t e l y  the 
s a m e  for  both cons tant  ampl i tude  and s p e c t r u m  l o a d -  
ing t e s t  condi t ions .  These  o b s e r v a t i o n s  on components  
w e r e  s u p p o r t e d  by t e s t  da t a  on notched coupons and 
the s a m e  conclus ion  was  r e a c h e d  in work  done by  
Whi t taker .  ~ '  ~a 

The p u r p o s e  of th i s  inves t iga t ion  was  to d e t e r m i n e  
the d e g r e e  to which m i c r o s t r u c t u r a l  mod i f i ca t ions  a f -  
fect  the notch fat igue p r o p e r t i e s  of the mos t  commonly  
used t i t an ium a l loy  in a i r f r a m e  cons t ruc t ion ,  Ti -6A1-  
4u  M i c r o s t r u c t u r a l  v a r i a t i o n s  in ac tua l  p r a c t i c e  can 
be due not only to d i f f e r ing  p r o c e s s i n g / h e a t  t r e a t m e n t  
p r o c e d u r e s ,  but  a l so  due to s e c t i o n  s i z e  e f fec t s  in a 
s ing le  component .  Bowen and Stubbington, ~ for  e x a m -  
ple ,  showed that  s p e c i m e n s  f rom d i f f e ren t  l oca t ions  
in a l a r g e  Ti-6A1-4V sec t ion  gave d i f fe r ing  smooth  
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fat igue s t r e n g t h s  b e c a u s e  of m i c r o s t r u c t u r a l  and t ex -  
t u r a l  v a r i a t i o n s .  If the  notch fa t igue s t r eng th  is  a l so  
a s  dependent  on the m i c r o s t r u c t u r a I  condi t ions ,  then 
t h e s e  o b s e r v a t i o n s  could exp la in  in s o m e  p a r t  the  l a r g e  
s c a t t e r  in fa t igue  r e s u l t s  on t i t an ium components  and 
jo in t s .  

Although the t e s t s  in th is  inves t iga t ion  we re  con-  
ducted  on l a b o r a t o r y  s i ze  s p e c i m e n s ,  s p e c i a l  e f for t  
was  made  to s i m u l a t e  the m i c r o s t r u c t u r a t  condi t ions  
commonly  o b s e r v e d  in ac tua l  components .  F ive  m i -  
c r o s t r u c t u r e s  commonly  ob ta ined  through d i f f e r ing  
hea t  t r e a t m e n t s  on a two inch th ick  p la te  w e r e  s y n -  
t h e s i z e d  in th inner  l a b o r a t o r y  s p e c i m e n s  by a p p r o -  
p r i a t e  mod i f i ca t ions  of the hea t  t r e a t m e n t  p a r a m -  
e t e r s .  These  modi f i ca t ions  w e r e  a l so  des igned  to give 
the t e s t  coupons a p p r o x i m a t e l y  the  s a m e  t e n s i l e  
s t r eng th  and to t h e r e f o r e  l ead  to a m o r e  a p p r o p r i a t e  
eva lua t ion  of the fat igue da ta .  To e luc ida t e  s e v e r a l  
i m p o r t a n t  i n t e r r e l a t i o n s h i p s ,  the fa t igue c r a c k  growth 
r a t e  and the f r a c t u r e  toughness  of s p e c i m e n s  having 
the s a m e  f ive m i c r o s t r u c t u r a l  condi t ions  were  a l so  
examined .  

EXPERIMENTAL PROCEDURE 

A. M a t e r i a l  

All  m a t e r i a l  t e s t e d  in th i s  i nves t iga t ion  was taken  
f r o m  a s ing le  T i - 6 A I - 4 V  2 x 10 • 79 in. (50 x 250 x 2000 
mm) p la te ,  c r o s s  r o l l e d  at  1750~ (954~ and mi l l  an -  
nea led .  The f inal  r o l l i n g  d i r e c t i o n  was ident i f ied ,  and 
a l l  t e n s i l e ,  fa t igue,  f r a c t u r e  toughness ,  and fat igue 
c r a c k  growth r a t e  s p e c i m e n s  we re  machined  so that  
the t ens i l e  ax is  was in the r o l l i n g  d i r e c t i o n  and the 
c r a c k  p ropaga t ion  path was  in the  width d i r e c t i o n  of 
the r o l l e d  p la te  ( L T  c r a c k  p lane  o r i e n t a t i o n - - A S T M  
des igna t ion  E399.72). The compos i t i on  of the  a l loy  
p la te  i s  g iven in Table  I. 

B. Heat T r e a t m e n t  

F ive  hea t  t r e a t m e n t  p r o c e d u r e s ,  y i e ld ing  five d i f f e r -  
ent  m i c r o s t r u c t u r a l  condi t ions ,  we re  s e l ec t ed .  These  
hea t  t r e a t m e n t  p r o c e d u r e s  a r e  l i s t e d  in Table  IL P r i o r  
to hea t  t r e a t m e n t ,  the m a t e r i a l  was cut  into t e s t  cou-  
pons,  s l igh t ly  l a r g e r  than the f inal  machined  s p e c i m e n  
s i ze .  The coupons were  hea t  t r e a t e d  in an a i r  fu rnace  
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Table I. The Chemical Composition of the Ti-6AI-4V Alloy 

Element Wt Pct 

C 0.018 
Fe 0.16 
N 0.014 
A1 6,3 
V 4.3 
H 0.005 
O 0.16 

Table I I. Heat Treatment Conditions 

Heat Treatment Group Heat Treatment Conditions 

A 
B 

D 

E 

As received (mill annealed) 
1700~ (927~ h (at temp). Furnace cool to 

1400~ (760~ Air cool to room temperature. 
1750~ (954~ h (at temp). Water quench to 

room temperature, 1400~ (760~ temp). 
Air cool to room temperature. 

1750~ (954~ h (at temp), 1500~ (816~ h 
(at temp). Air cool to room temperature. 

1900~ (1038~ h (at temp). Air cool to room 
temperature. 1350~ (732~ h (at temp), Air 
cool to room temperature. 

with a t e m p e r a t u r e  cont ro l  a c c u r a c y  of • 5~ (3~ 
The oxygen contaminat ion  found in the heat  t r ea t ed  
coupons was checked by the m i c r o h a r d n e s s  method 
used by Reynolds,  Ogden and Jaffee .  Is For  all  heat  
t r e a t m e n t s  the oxygen pene t ra t ion  neve r  exceeded  0.5 
mm.  T h e r e f o r e  the r e m o v a l  of at l ea s t  2 mm of m a t e -  
r i a l  f r o m  each s ide  of the coupon dur ing  final  s p e c i -  
men  machin ing  a s s u r e d  that the oxygen content  in the 
t e s t  s p e c i m e n s  was c lose  to the as r e c e i v e d  va lue  
(Table I), Based on a p rev ious  inves t iga t ion ,  14 involv-  
ing the heat  t r e a t m e n t  of the 2 in. thick (50 mm) thick 
plate  i t se l f ,  i t  was known that the f ive  m i c r o s t r u c t u r a l  
condit ions w e r e  a lso  obtainable  by convent ional  heat  
t r e a t m e n t  methods .  

C. Tens i l e  Tes t s  

Tens i l e  tes t ing  was p e r f o r m e d  at r o o m  t e m p e r a t u r e  
on a 10 ton capaci ty  Ins t ron  machine  at a c r o s s h e a d  
speed of 0.008 in. (0.2 mm) per  min.  Tens i l e  s p e c i -  
mens  w e r e  machined  acco rd ing  to ASTM E8.69 s p e c i -  
f ica t ions  for sma l l  s i ze  round spec imens ,  with 0.16 in. 
(4.1 mm) d i a m e t e r  and 0.64 in. (16.3 mm) gage length.  

D. Fat igue Tes t s  

Fat igue t es t ing  was p e r f o r m e d  on a 6 ton axial  load-  
ing Schenck fat igue machine  at 2000 rpm.  The loading 
wave f o r m  was s inuso ida l  and al l  t e s t s  were  done at a 
s t r e s s  ra t io  of R = 0.1. The s p e c i m e n  g e o m e t r y  was 
that  of the flat  cen te rno tched  type, shown in Fig.  l (a) .  
As s ta ted  p rev ious ly ,  the s p e c i m e n s  w e r e  machined  
f r o m  the heat  t r e a t ed  coupons,  so that  a lmos t  equal  
amounts  of m a t e r i a l  w e r e  r e m o v e d  f r o m  each s ide  of 
the coupons, in o r d e r  to avoid oxygen contaminat ion,  
The cen te r  notch i t se l f  was made by d r i l l i ng  t h r ee  
holes  as shown in Fig.  l(b),  r e s u l t i n g  in a s t r e s s  con-  
cen t ra t ion  fac tor  for this  hole g e o m e t r y  is of K t = 3.5. 
The s u r f a c e s  of the s p e c i m e n s  w e r e  ground to an RMS 

- - t 7 -  " s , "l 

A 
(a) 

I 

.+~ o'~176 ng ~. 

. l  5 . 

~ . , o j . O O ,  
K t :  3.5 Ream (2holes) 

(b) 

Fig, 1--Flat notch fatigue specimen, (a) general view, (b) notch 
detail. All dimensions are given in inches. 
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Light / ~ atigue Specimen 
Fig. 2--Closed circuit television recording system, for the 
determination of the number of cycles for crack initiation. 

16 f inish and the cen te r  holes  w e r e  r e a m e d  af ter  d r i l l -  
ing. 

In o r d e r  to d e t e r m i n e  some m e a s u r e  of the number  
of fat igue cyc les  r e q u i r e d  for an a r b i t r a r y  c r ack  ini -  
t ia t ion s ize ,  the fat igue tes t ing  r i g  was equipped with 
the spec i a l  c losed  c i r cu i t  t e l e v i s i o n  r e c o r d i n g  s y s t e m  
d e s c r i b e d  in Fig.  2. While one TV c a m e r a  gave a 
magnif ied  (25X) p ic tu re  of the cen te r  notch zone with 
an a c c u r a c y  of 0.1 ram, the second c a m e r a  was fo-  
cused on the fat igue cyc le  counter .  Both p i c t u r e s  were  
mon i to red  on the s a m e  TV s c r e e n  by a spec i a l  e f fec ts  
unit and were  cont inuously r e c o r d e d  on slow mot ion 
video tape r e c o r d e r .  To p r o p e r l y  i l lumina te  the cen-  
t e r  notch a rea ,  a s t roboscop ic  high in tens i ty  f lash  
l ight  was synchron ized  with the machine  f requency.  
Through this method it  was poss ib le  to de tec t  an in i -  
t ia l  c r ack  approx ima te ly  0.5 mm in length. After  f r a c -  
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t u r e  of a fa t igue  s p e c i m e n ,  the v ideo  tape  r e c o r d i n g  
was  r e p l a y e d  to d e t e r m i n e  the number  of c y c l e s  r e -  
q u i r e d  for  in i t i a t ion  of a 0.5 m m  c r a c k .  By us ing  the 
double  TV c a m e r a  s y s t e m ,  one can a l so  conduct  a 
r a p i d  fa t igue  c r a c k  growth r a t e  t e s t ,  s ince  the r e p l a y  
p r o c e d u r e  can give the number  of c y c l e s  c o r r e s p o n d -  
ing to any c r a c k  length.  It should be noted that  the TV 
c r a c k  de t ec t ion  s y s t e m  cannot p rov ide  the s a m e  r e s o -  
lut ion as  can an op t ica l  s y s t e m  with the s a m e  magn i f -  
i ca t ion  due to the l o s s  of r e s o l u t i o n  in  the v ideo  r e -  
co rd ing  and on the mon i to r  s c r e e n .  In th is  s y s t e m  i t  
was  p o s s i b l e  to d e t e c t  c r a c k  length i n c r e m e n t s  in the 
o r d e r  of 0.2 ram. This  method i s  only  adequa te  to ge t  
a quick  rough  e s t i m a t e  of the  number  of c y c l e s  to a 
given c r a c k  length.  To obta in  m o r e  a c c u r a t e  fa t igue  
c r a c k  growth r a t e  da ta ,  compac t  t ens ion  s p e c i m e n s  
w e r e  used  in th is  work.  

E. F r a c t u r e  Toughness  Tes t s  

F r a c t u r e  toughness  t e s t s  we re  p e r f o r m e d  on a 0.75 
in. (19.1 mm) compac t  t en s i l e  s p e c i m e n  a c c o r d i n g  to 
ASTM des igna t ion  E399.72. The p r e c r a c k i n g  of the 
s p e c i m e n s  was done on an MTS 811.02 machine ,  and 
the pull  t e s t  on a 10 ton c a p a c i t y  Ins t ron  mach ine  at  
a c r o s s  head  speed  of 0.1 in. (2.5 mm) p e r  min.  F r a c -  
t u r e  s u r f a c e  examina t i on  a f t e r  s p e c i m e n s  w e r e  pu l l ed  
to f a i l u re  ind ica ted  that  in each  c a s e  the  c r a c k  f ron t  
p ro f i l e  s a t i s f i e d  E399.72 r e q u i r e m e n t s .  All  r e s u l t s  
l i s t e d  as  KIC v a l u e s  s a t i s f i e d  the ASTM r e q u i r e m e n t s  
for  a va l id  p lane  s t r a i n  f r a c t u r e  toughness  t e s t .  Sev-  
e r a l  did not s a t i s f y  the t h i ckness  r e q u i r e m e n t  and a r e  
des igna ted  as  KQ. 

F. Fa t igue  C r a c k  Growth Rate T e s t s  

Fa t igue  c r a c k  growth r a t e  t e s t s  we re  p e r f o r m e d  on 
a 0.75 in. (19.1 mm) th ick  compac t  t e n s i l e  s p e c i m e n ,  
mach ined  in a c c o r d a n c e  with ASTM des igna t ion  
E399.72. The t e s t s  w e r e  done on an MTS 811.02 m a -  
chine,  us ing  a s i nuso ida l  load  wave fo rm of 10 Hz at  a 
s t r e s s  r a t i o  of R = 0.1. The c r a c k  length was  m e a -  
s u r e d  with a 30X t r a v e l i n g  m i c r o s c o p e .  C r a c k  length  
m e a s u r e m e n t s  we re  p e r f o r m e d  on both s i d e s  of the 
s p e c i m e n s  and a v e r a g e d  for  both growth i n c r e m e n t s  
and s t r e s s  in tens i ty  ca l cu la t ions .  The s t r e s s  in tens i ty  
r a n g e  AK was def ined as :  

~ / f  = Kmax - Kmin Pmax : Pmin ( a ) 
= BWI/~ f "W" [1] 

w h e r e  Kma x i s  the  s t r e s s  in t ens i ty  f ac to r  a t  the m a x i -  
mum load  (Pmax) point  of the  cyc le ,  Kmi n is  the s t r e s s  
in tens i ty  f ac to r  at  the m i n i m u m  load  (Pmin) point  of 
the cyc le ,  B i s  the t h i cknes s  and W i s  the depth of the 
spec imen .  Both a = the  c r a c k  length and / ( a / W )  are 
defined and ca l cu la t ed  acco rd ing  to E399.72. 

H. Me ta l l og raph i c  Examina t ion  

Me ta l l og raph i c  examina t ion  was  p e r f o r m e d  on e l e c -  
t r o - p o l i s h e d  s u r f a c e s  us ing  a Kro l l  etch.  In g e n e r a l  
the m i c r o s t r u c t u r e s  shown in th is  work  wil l  be r e p r e -  
sen ted  by the i r  image  on the LT plane  ( L - r o l l i n g ,  T-  
long t r a n s v e r s e  and S - s h o r t  t r a n s v e r s e  d i r ec t i ons ) .  
The i s o m e t r i c  m i c r o s t r u c t u r a l  f igu res  we re  p r e p a r e d  
by a l so  us ing  p h o t o m i c r o g r a p h s  f rom the LS and TS 
p lanes .  Since up to s ix  s p e c i m e n s  could be machined  
f rom the 2 inch th ick  p la te ,  c o n s i d e r a b l e  a t ten t ion  was 
pa id  to the m i c r o s t r u c t u r a l  un i fo rmi ty  of coupons cut  
f rom d i f f e r en t  l oca t ions  through the t h i c k n e s s  of the 
p la te .  

I. F r a c t o g r a p h i c  Examina t ion  

Optical  f r a c t o g r a p h i c  examina t i ons  of t e s t ed  fa t igue  
s p e c i m e n s ,  r e p r e s e n t i n g  a l l  f ive m i c r o s t r u c t u r e s ,  
w e r e  p e r f o r m e d  n o r m a l  to the f r a c t u r e  s u r f a c e  on the 
LT plane .  In s e v e r a l  fat igue s p e c i m e n s  the in i t ia t ion  
s i t e  of the c r a c k  could be p o s i t i v e l y  ident i f ied .  Some 
of t he se  s p e c i m e n s  po l i shed  down to the p lane  of the 
c r a c k  o r ig in .  This  way the in i t ia t ion  s i t e  could be i den -  
t i f ied  in the m i c r o s t r u c t u r e .  The f r a c t u r e  face  i t s e l f  
was  examined  with scann ing  e l e c t r o n  m i c r o s c o p y .  Opt i -  
ca l  m e t a l t o g r a p h i c  examina t ions  of the fa t igue c r a c k  
growth r a t e  s p e c i m e n s  n o r m a l  to the f r a c t u r e  s u r f a c e  
w e r e  a l so  p e r f o r m e d .  

RESULTS 

A. M i c r o s t r u c t u r e  

The m i c r o s t r u c t u r e s  which r e s u l t e d  f rom the five 
hea t  t r e a t m e n t s  employed  in th is  i nves t iga t ion  (Table  
II) a r e  p r e s e n t e d  in F igs .  3 through 7. The as  r e c e i v e d  

G. Tex tu re  Examina t ion  

The t ex tu r e  was d e t e r m i n e d  by an X - r a y  r e f l e c t i o n  
pole f igu re  of the b a s a l  p lane  (0002) us ing a Nore lco  
d i f f r a c t o m e t e r .  The s p e c i m e n s  we re  hand po l i shed  
and  e tched  to r e m o v e  any s u r f a c e  r n a t e r i a l  conta in ing  
r e s i d u a l  s t r e s s e s .  

Fig. 3--A t2~Tpe microstructure.  As received (mill annealed). 
Magnification 445 times. 
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Fig. 4--B type microstructure. 1700~ 
(927~ h, furnace cooled to 1400~ 
(760~ air cooled to room temperature. 
Three dimensional microstructure. Mag- 
nification 150 times. 

(condition A) m i c r o s t r u c t u r e  (Fig. 3) contained la rge  
elongated alpha plates  (about 80 vol pct) separa ted  by 
i s lands  of beta  or f inely t r an s fo rmed  beta.  The m i c r o -  
s t ruc tu re  which resu l t ed  f rom furnace  cooling f rom 
an a lpha-be ta  solution heat t r ea tmen t  t empe ra t u r e  
(condition B) (Fig. 4), contained la rge  globular  alpha 
pa r t i c l e s  (about 70 vol pct) in a beta  or a f inely t r a n s -  
formed beta  mat r ix .  Fig. 5 shows a m i c r o s t r u c t u r e  
with sma l l  globular  alpha pa r t i c l e s  (about 50 vol pct) 
and fine ac icu la r  alpha in a beta  or f inely t r an s f o r me d  
beta  mat r ix .  This m i c r o s t r u c t u r e  (condition C) r e -  
sul ted f rom solut ion heat t r ea t ing  the alloy in the 
a lpha-be ta  region,  water  quenching and overaging.  
Fig. 6 also shows sma l l  globular  alpha phase pa r t i -  
cles but with coarse  ac icu la r  alpha in a beta  or f inely 
t r an s fo rmed  beta  mat r ix .  The coarse  ac icu la r  alpha 
s t ruc tu re  (condition D) was obtained by in te r rup ted  
cooling f rom a solut ion t r e a tmen t  t empe ra tu r e .  This 
type of m i c r o s t r u c t u r e  is commonly  found in l a rge r  
sect ions  which have been a i r  cooled f rom the solution 
t r e a t m e n t  t empe ra tu r e .  Fig. 7 shows the a lmos t  to- 
ta l ly  t r an s fo rmed  ac icu la r  alpha s t ruc tu re  (condition 
E) assoc ia ted  with ma te r i a l  solut ion heat  t rea ted  
above the beta  t r ansus .  Fig. 14(b) shows the same  
m i c r o s t r u c t u r e ,  at higher magnif icat ion.  

B. Mic ros t ruc tu ra l  Homogeneity 

All m i c r o s t r u c t u r e s ,  with the exception of E (Fig. 7), 
showed ve ry  s t rong  alpha gra in  d i rec t iona l i ty  in both 
the TS and LS planes  due to the c ross  ro l l ing .  Figs.  4 
and 7 are  three  d imens iona l  r e p r e se n t a t i ons  of the B 
and of the E type m i c r o s t r u c t u r e s ,  r espec t ive ly .  Solution 
heat t r e a t me n t  above the beta t r a n sus  t e mpe ra tu r e  
seemed to " e r a s e "  all the d i rec t iona l i ty  effects of the 
p r io r  p roces s ing  and resu l t ed  in an ac icu la r  alpha 
phase m i c r o s t r u c t u r e  with a lmos t  equiaxed p r io r  beta  
gra ins  s t ruc tu re .  Mic ros t ruc tu re s  of spec imens  s i m i -  
l a r l y  heat t rea ted  but taken f rom dif ferent  locat ions 
through the th ickness  of the la rge  plate were also ex- 
amined.  Fig. 6 is an example of the uniform m i c r o -  
s t r uc t u r e  pa t te rn  found in this type of examinat ion.  In 
this case the D type m i c r o s t r u c t u r e  is shown. Only the 
as r ece ived  m a t e r i a l  (A-type m i c r o s t r u c t u r e )  showed 
a s l ight ly di f ferent  m i c r o s t r u c t u r e  upon examinat ion  
of the plate sur face  (location 3 in Fig. 6), and the re -  
fore tes t  spec imens  were  not machined from that a rea .  

C. Texture  

The c rys ta l lograph ic  tex tures  assoc ia ted  with the 
five m i c r o s t r u c t u r a l  condit ions a re  r e p r e s e n t e d  by the 
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Fig. 5--C type mierostructure. 1750~ (954~ h, water 
quenched, 1400~ (760~ h, air cooled to room tempera- 
ture. Magnification 445 times. 

(0002) pole f igures in Fig. 8. The L di rec t ion  r e p r e -  
sents  the l as t  ro l l ing d i rec t ion  of the c ross  ro l led  
plate. Only that ma te r i a l  heat t rea ted  in the beta 
phase region (Fig. 8(e)) contained basa l  planes which 
were near ly  pa ra l l e l  to the ro l l ing  plane. 

D. Tensile  P roper t i e s  

The tensi le  p roper t i e s  obtained a re  l is ted in Table 
IIL Three specimens  from each mic ros t ruc tu ra l  
group were  tested.  The l i s ted  values  a re  the resu l tan t  
average.  It should be noted that the maximum devia-  
tion in average tensi le  s trength for al l  five m i c r o s t r u c -  
turaI  conditions is only 18.6 M N / m m  z (2.7 ksi) ;  how- 
eve r ,  ma te r i a l  rece iv ing t rea tment  E exhibited a much 
lower duct i l i ty  re la t ive  to the other values.  

E. Fatigue Proper t i e s  

Fig. 9 shows the S - N  fatigue curve for the a s - r e -  
ceived ma te r i a l  (Type A). Each data point r ep re sen t s  
a single specimen value, and this curve was se lec ted  
to be shown individually because it exhibited the l a r g -  
es t  sca t t e r  observed in the test ing of the five m i c r o -  
s t ruc tu ra l  groups. Fig. 10 shows the S - N  curve for 
mic ros t ruc tu ra l  type B, which exhibited the sma l l e s t  
data point sca t t e r .  The degrees  of sca t t e r  in the S - N  
curves assoc ia ted  with the other three  m i c r o s t r u c -  
tura l  types (C, D, E) were far  c loser  in their  nature 
to that in Fig. 10 than in that shown in Fig. 9. Fig. t l  
shows the S - N  fatigue curves  for al l  five m i c r o s t r u c -  
tura l  types.  Since it was very  unusual, it should be 
noted that those type E specimens  which were tes ted  
in the high cycle fatigue portion of the curve failed 
close to the gr ips  instead of at the center notch area .  

METALLURGICAL TRANSACTIONS A 

In spite  of this fact, m ic ros t ruc tu r a l  condition E ex- 
hibited the best  high cycle fatigue strength.  

F. Fatigue Crack Initiation 

By using the two c a m e r a  close c i rcui t  te levis ion 
record ing  sys tem,  the number of cycles  to init iation 
of a 0.5 mm crack  and the number of cycles  to f r ac -  
ture were recorded .  By s imple  subtract ion it was then 
poss ible  to calculate  the number of cycles  requ i red  
for propagation of the crack from 0.5 mm to final 
f rac ture .  Fig.  12 shows the percent  of fatigue life 
which was spent in propagating the crack  over this 
range us the total fatigue life of each specimen.  

G. Fatigue Crack Growth Rate 

Fig.  13 shows the measured  fatigue crack  growth 
r a t e  (da/dN) for the five different  m i c r o s t r uc tu r e s  as 
a function of the s t r e s s  intensi ty range (AK). The AK 
range in this f igure is purpose ly  extended in o rde r  to 
be t te r  dist inguish any di f ferences  in behavior due to 
mic ros t ruc tu ra l  condition. Each curve in Fig. 13 r e p -  
r e sen t s  the r e su l t s  obtained on a single specimen.  

H. Fracture Toughness 

The plane strain fracture toughness (KIc) results 
for the five different microstructural groups are pre- 
sented in Table IV. The values shown are the average 
of two tests from each group. Since only 0.75 in. (19.1 
mm) thick compact tension specimens were used, the 
results obtained on the E type microstructure could 
not satisfy the requirement for a valid test of: 

where B is  the thickness of the specimen,  and Cry s is 
the yield strength.  Therefore  these r e su l t s  a re  l i s ted  
in Table IV as KQ values.  

I. Frac tographic  Examination 

Optical examination of the fatigue specimens  normal  
to the f rac tu re  surface  indicated that the crack path 
was r e l a t ive ly  s t ra ight  and perpendicular  to the ten- 
s i le  axis for ma te r i a l  in conditions A-D.  

Fig. 14(a) r e p r e s e n t s  this typical  c rack  growth be-  
havior in specimen of condition A. On the other hand 
the c rack  path in specimens  of condition E (Fig. 14(b)) 
was far more  jagged in appearance.  For  reasons  that 
will be discussed, the microstructure at the initiation 
sites of condition E fatigue specimens was investi- 
gated. Those tested at the higher stress levels, showed 
straight fracture line at the initiation site (Fig. 14(b)). 
The size and the angle of this initial fracture suggest 
that it may be a result of a shear through one or more 
colonies of alpha needles. The fatigue specimens tested 
at the lower stress levels, showed only short initial 
fracture about the size of the width of a single alpha 
needle. 

Scanning electron microscopy of the fracture sur- 
faces of fatigue specimens also showed a significant 
difference between specimens of condition E and those 
in the other conditions. Figs. 15(a) and (b), which were 
taken within 0.5 mm from the notch initiation site, il- 
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Fig. 6--D type microstructure. 1750~ (954~ h, 1500~ (816~ h, air cooled to room temperature. Microstructures 
of specimens taken from 4 different locations across the thickness (S direction) of the 2 in. Ti-6AI--4V plate, magnification 328 
times. 

l u s t r a t e  this point.  Fig. 15(b) (condition E) indicates  
that c rack  b ranch ing  no rma l  to the p r inc ipa l  c rack di -  
r ec t ion  occur red  extensively .  Upon examining  many 
fatigue spec imens  of condit ion E at d i f ference d i s -  
tances  f rom the notch it was found that this tendency 
for b ranch  c rack ing  was mos t  p reva len t  nea r  the in i -  
t ia t ion si te  of highly s t r e s s e d  spec imens .  

DISCUSSION 

The effect of m i c r o s t r u c t u r a l  fea tures  on the notch 
fatigue p rope r t i e s  of Ti-6A1-4V is shown in Fig. 11. In 
the high s t r e s s  region,  l i t t le  d i f ference was noted be -  
tween the five condi t ions;  however,  at low s t r e s s e s ,  
condit ion E exhibited super io r  life, condit ions C, B, 
and D were  quite s i m i l a r  and in t e rmed ia t e  in pe r f o r -  
mance,  while condit ion A had the lowest observed va l -  
ues. In o rder  to unders tand  these r e su l t s ,  it is n e c e s -  
s a r y  to cons ider  the individual  events  which occur 
p r io r  to spec imen  fa i lure .  Fig. 16 is a schemat ic  of 
the c rack  path indicat ing the posi t ion of the crack at 
f i r s t  nuc lea t ion  (A n), the exper imen ta l  obse rva t ion  of 
in i t ia t ion (Ai) , which was 0.5 mm, and the c r i t i ca l  
c rack  s ize at uns table  f r ac tu re  (Ac). 

The total life in cycles  (Nt) can be expressed  in a 
s impl i f ied  manne r  as the sum of the number  of cycles  

to the observed  ini t ia ted c rack  length of 0.5 mm (Ni) , 
and (Np) the number  of cycles  for s table  c rack  growth 
between A i and A c : 

N t : Y i + Np [3] 

Although there  is a g rea t  deal  of sca t t e r  (pa r t i cu la r ly  
for spec imens  of condit ion E), the plot shown in Fig. 
12 indicates  that Np can be neglected compared  to N i 
in the low s t r e s s / h i g h  cycle r eg ime .  The number  of 
cycles  to observed  ini t ia t ion (Ni) is a function of the 
n u m b e r  of cycles  to f i r s t  c rack nuclea t ion  (Nn) , the 
s ize  of the nucleated c rack  (An), and the crack growth 
ra te  f rom A n to A i. 

In Table V the AK values  for the centernotched fa- 
t igue spec imens  with 0.5 mm length of c rack  were  ca l -  
culated s i m i l a r l y  to the calcula t ion of the AK of the 
fatigue c rack  growth ra te  spec imens .  In the low s t r e s s  
r ange  of the fatigue test ing,  the calcula ted z~rf va lues  
were  always less  than 30 MN/M 3/z. Although the fa- 
tigue c rack  growth r a t e s  shown in Fig. 13 were ob-  
ta ined on thicker  spec imens  than those used in the fa- 
tigue tes t ,  the data indica tes  that at AK values  less  
than 30 MN/M 3/2, the c rack  growth r a t e s  for all  five 
m i c r o s t r u c t u r a l  condit ions a re  ident ical .  The d i f fer -  
ences  noted in fatigue behavior  in the low s t r e s s  range  
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Fig. 7--E type mic ros t ruc tu re .  1900~ 
(1038~ h, a i r  cooled to room t e m p e r -  
ature.  1350~ (732~ h, a i r  cooled to 
room tempera ture .  Three  dimensional  
mie ros t ruc tu re .  Magnification 150 t imes .  

can therefore  only be re la ted  to the nucleation event, 
spec i f ica l ly  e i ther  to the number of cycles  to c rack  
nucleation (Nn) or  to the length of the nucleated c rack  
(An). The authors can therefore  suggest  two explana-  
tions for the higher fatigue strength of spec imens  in 
condition E. 

It is  poss ible  that the number of cycles  to nucleate 
a c rack  (Nn) was g rea te r  for this ma te r i a l  due to its 
s ignif icantly different  texture (see Fig.  8). Several  in-  
ves t iga to rs  have identified texture as being an impor -  
tant factor  in fatigue per formance  of t i tanium al loys,  x6, 
17,x8 Although the mic ros t ruc tu re  of condition E was 
very  d i s s i m i l a r  f rom that used by Zarkades  and 
Larson,  19 their  r e su l t s  indicated that the texture  a s -  
socia ted with condition E can improve the fatigue pe r -  
formance of Ti-6A1-4V. The effect of texture on the 
fatigue per formance  of t i tanium al loys should be ex- 
p lored in more detail  s ince uncer ta int ies  concerning 
i ts  ro le  do not allow the authors to posi t ively define 
the m i c r o s t r u c t a r a l  influences. 

It is poss ib le ,  however, that at low s t r e s s  levels  the 
s ize  of the nucleated c rack  (A n) is l imi ted  to the width 
of the alpha needles,  which is considerably  sm a l l e r  
than the s ize  of the alpha grains  assoc ia ted  with con- 
ditions A through D. The alpha gra in  s ize  may well 
r e p r e s e n t  the l imit ing s ize  of nucleated c racks  in two 

phase mic ros t ruc t tu ' e s  (A-D). Fatigue tes t s  of the Ti-  
6A1-4V 5 and IMI-685 ti tanium al loys,  2~ and fatigue 
c rack  growth r a t e  specimens  of the T i - l l  t i tanium 
alloy 21 have shown that in the t r ans formed  beta ac ic -  
ular  s t ruc ture  c racks  do p re fe r  to nucleate in the 
width di rect ion of ac icular  alpha needles,  along a 
shear  band on the basa l  plane. Since this type of mech-  
anism would be expected to be dependent on the s t a t e -  
o f - s t r e s s ,  it  offers  an explanation for the fact, p r ev i -  
ously noted, that the low s t r e s s  fatigue specimens of 
condition E fai led close to the gr ips  instead of at the 
center  notch a rea .  The a r e a  immedia te ly  adjacent  to 
the gr ips  is  subjected to a complex s ta te  of s t r e s s  as  
a r e su l t  of the compress ive  force  of the gr ips .  

Since the suggested mechanism based on a l imi ted  
length of nucleated crack  (A n) is  supported by d i rec t  
observat ion of p r e f e r r e d  c rack  nucleation s i tes  by 
seve ra l  inves t igators  in Ti-6Al-4V 5 and s imi l a r  a l -  
loys,  z~ and, as will  be d i scussed  la te r ,  offers  a r a -  
t ionale for the high s t r e s s  behavior ,  the authors tend 
to favor this l a t te r  explanation. 

The lower fatigue s t rength of the a s - r e c e i v e d  spec i -  
mens (condition A) is thought to be due to the effect of 
r e s idua l  s t r e s s e s  inherent  in the s ta r t ing  2 in. (50 mm) 
plate mate r ia l .  All other conditions (B-E) provide for 
a r ehea t  t r ea tment  after  machining to coupon dimen-  
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A - As r e c e i v e d  

S o 1700F~4Ht, F~C. tO I~0OF, A,C, to R,T. 

C -  1750F/2HK W,Q, to R,T. 1400F'4H~. A,C, to R,T. 

D : 1750F/2Hr~ 1500F/IH~, A.C, to R.T, 

E o 1900F/tilT, A,C. to R.T~ 1350F/4H~. A.C, to R.T, 

(e) 
Fig. 8--(0002) pole figures of: (a) A condit ion,  (b) B condition, 
(c) C condit ion,  ( d ) D eond i t i on ,  (e) E condition. L is the last 
roll ing di rec t ion  of the 2 in. (50 ram) thick pIate .  

Table IlL Tensile Properties of the Different Heat Treatment Conditions, 
in the Rol%ir~ Direetiml (L Direction) 

Y,S, 
Heat (0,2 pet) TS., Elongation, .R.A., 

Treatment MN/m 2 MN/m a Pet Pot 

A 880 952 12.7 36.2 
B 843 961 13.7 35,4 
C 896 978 17.0 38.3 
D 887 985 14.2 42.2 
E 860 956 8,8 21.5 

Specimen Dimensions: Do = 0. l 6 in. (4.1 ram), L o = 0.65 in. (t6.5 ram) 
Strain Rate = 0,008 in,/im per rain. 

s ions .  The larger scatter  of data points in Fig. 9, e s -  
pecial ly  at the low s t r e s s  range of the curve, can be 
interpreted as supporting evidence for this suggestion. 

When considering the high s t r e s s / l o w  cyc le  region 
of the fatigue curve, the data in Fig. 12 suggests  that 
the number of cyc le s  for propagation (Np) in E% [3] 
can no longer be neglected. Np is  a function of the 
fracture toughness (which determines  Ac) and the 
crack growth rate at moderately  high leve ls  of AK. 
Table V shows that &K values of 30 MN/m s/~ and 
above must  now be considered. 
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Fig. 9--S-N fatigue curve for fatigue specimens in condi- 
tion A (as received}. 
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Fig~ 10--S-N fatigue cu rve  for fatigue spec imens  in condit ion 
B. 
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NUMRER OF CYCLES TO FAILURE 

Fig,  l t - - S - N  fatigue curves for atI 5 mierostructurat cond i -  
t ions .  

It is  of interest  to note that both the fatigue crack 
growth rate (see  Fig. 13) and the fracture toughness 
(see  Table IV) of the condition E material  are supe-  
r ior  to all others .  Nevertheless ,  as noted ear l ier ,  
there i s  l itt le difference in the fatigue life of the var i -  
ous microstructural  conditions in this high s t r e s s  
range. Therefore, in the case  of condition E, N i must 
be unusually low to compensate for the aforementioned 
higher value in Np. In addition, from previous d i scus -  
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sion,  the crack growth rate  from A n to A i is  approxi-  
mate ly  the s a m e  for al l  condit ions.  This  lower value  
of N i in the high s t r e s s  r e g i m e  must  now be attributed 
to the nucleat ion event,  which was prev ious ly  descr ibed  
as cons i s t ing  of e i ther the number of c y c l e s  to crack 
nucleat ion (N n) or to the length of the nucleated crack 
(A.). 

The author's  attribute this  behavior,  however,  to the 
large  A n which can be s e e n  in Fig. 14(b) in the a c i c u -  
lar s tructure  at the high s t r e s s  l e v e l s .  One of the pos -  
s ib l e  explanations offered ear l i er  in an attempt to ex -  
plain an exce l l ent  fatigue behavior  of the E type m i c r o -  
s tructure  at low s t r e s s  l e v e l s  involved the preferent ia l  
nucleat ion of cracks  in the width d irect ion  of ac icu lar  
need les .  Eylon, Hall,  and P ierce  z~ and Shechtman 
and Roberson 2e showed that at high s t r e s s  l e v e l s  a 

i 

I I I , ~ i l l l  I �9 l I ~ , , l i i  I . . . . . . . . .  I I f ,  I , 1 , i f 
B ~ O A 

I �9 \.. \~" u 
i ,oL "\ 

< / \ :Yt 

' r  % 

0 
10 ~ 10 4 los 10 ~ lO r 

NUMBER OF CYCLES TO FAILURE 
Fig .  1 2 - - P e r c e n t  of  fat igue l i fe  which  w a s  spent  in p r o p a g a t -  
ing  the c r a c k  f r o m  0.5 m m  to f r a c t u r e ,  v s  n u m b e r  of c y c l e s  
to f a i lure ,  for al l  5 m i c r o s t r u c t u r a t  cond i t ions .  

shear band can proceed through co lon ies  of s i m i l a r l y  
al igned ac icu lar  alpha plates  unhindered from one 
needle  to another in a s ing le  occu rren ce .  This mecha-  
n i sm may  be re spons ib l e  for nucleat ing  a crack as  
large  as one or more  co lon ies  of alpha need le s  ( see  
Fig. 14(b)). This proposed m e c h a n i s m  provides  an 
explanation for the s t r e s s  dependence noticed in the 
fatigue behavior of the E type micros truc ture .  

C ONC L U S I O N S  

1)  T h e  m i c r o s t r u c t u r a l  c o n d i t i o n s  o b t a i n e d  in T i -  

Table IV.  The KIC and the KQ Values for All Five Microstructural Conditions 

Group 

A B C D E 

KIC , MN/m 3/2 49.7 55,7 53.9 60.0 
KQ, MN/m 3/2 83.8 

Table V. The AK Values of the Centernotehed Fatigue Specimens with 015 mm 
Crack at Different Maximum Stress Levels 

Maximum Stress, MNtm: AK for 0.5 mm Crack, MNIm sn 

512.3 40.1 
473.0 37.2 
433.7 34.0 
393.7 30.9 
354.4 27.8 
315,1 24.8 
275.8 21.7 
236.5 18.6 
197.2 15.5 

F i g .  1 3 - - F a t i g u e  c r a c k  growth  r a t e s  
(da/dN) for all  5 m i c r o s t r u c t u r a l  c o n -  
d i t i o n s ,  as  a function of the s t r e s s  in t en -  
t e n s i t y  range  (AK). 
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(a) 

(a) 

(b) 

Fig. 14--Micrographs taken normal to the fatigue fracture 
surface of (a) condition A. Maximum stress 433.3 MN/mm 2 
(62.9 KSI). Magnification 340 times. (b) condition E. Maxi- 
mum stress 472.7 MN/mm 2 (68.6 KSI). Magnification 780 
times. 1. Center notch. 2. Nucleated crack. 3. Fatigue 
propagation, 

6A1-4V s ign i f ican t ly  af fec t  the notched fat igue p e r f o r -  
mance  of the alloy. 

2) The bes t  high cyc le  fat igue s t r eng th  for the al loy 
was found in s p e c i m e n s  heat  t r ea t ed  above the beta  
t r ansus  containing an a lmos t  to ta l ly  t r a n s f o r m e d  
ac i cu la r  alpha s t r u c t u r e .  

3) The s i z e  of the nuclea ted  c rack  in the t r a n s -  
f o r m e d  ac i cu la r  alpha s t r u c t u r e  appea r s  to cont ro l  
i ts  fa t igue p e r f o r m a n c e .  This p a r a m e t e r ,  however ,  is 
v e r y  s t r e s s  dependent.  At low s t r e s s ,  the nuc lea ted  
c r a c k  is l im i t ed  to the width of an individual  alpha 
need le ;  while at high s t r e s s e s ,  the nucleated c r ack  
can be as l a rge  as one or  m o r e  colonies  of s i m i l a r l y  
a l igned alpha needles .  This l a t t e r  fact  de t r ac t s  s ign i f -  
icant ly  f r o m  the r e l a t i v e l y  lower  c r ack  growth r a t e  
(at high AK va lues)  and the high KIC va lues  a s s o c i -  
ated with this m i c r o s t r u c t u r e .  
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(b) 

Fig. 15--SEM fractographs taken from the fatigue fracture 
surface of (a) condition A, initiation. Maximum stress 511,9 
MN/mm z (74.3 KSI), Magnification 1000 times, (b) condition 
E, initiation. Maximum stress 472.7 MN/mm z (68.6 KSI). 
Magnification 1000 times. Pictures (a) and (b) were taken 
within 0.5 mm from the notch initiation site. 

I I < Np >1 
N n N i N t 

All= 0 5 mm I ,..~'~ 
An I N IT IATION A c ~.~ ~.~ 

NUCLEATf0N ~.~.. "" 

l I l e l / /  

STARTER ~ * 
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Fig. 16--A schematic of the crack path in flat center notch 
fatigue specimen, 
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e x c e l l e n t  c o n d u c t i o n  o f  m o s t  o f  t h e  e x p e r i m e n t s  i n  
t h i s  w o r k .  
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