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SUMMARY 

The p u r p o s e   o f   t h i s   i n v e s t i g a t i o n  w a s  t o  improve   t he   l ow  s t r a in  ( S  1 
percen t )   c r eep   s t r eng th   o f  HAYNES a l l o y  No. 188 s h e e t  by  means  of  thermo- 
mechanical   processing (TMP). R e s e a r c h   e f f o r t s  were organized   a long  two major 
approaches: One examined TMP des igned   t o   deve lop   h igh   deg rees   o f   p re fe r r ed  
g r a i n   o r i e n t a t i o n   i n   r e c r y s t a l l i z e d   t h i n   g a u g e   s h e e t ;   a n d   t h e   o t h e r  con- 
c e n t r a t e d   o n   g r a i n   s i z e   c o n t r o l .   B r i e f   s t u d i e s  were a l so   pe r fo rmed   t o  ex- 
amine t h e   e f f e c t s   o f   t h i c k n e s s - t o - g r a i n   d i a m e t e r   r a t i o   a q d   p r e s t r a i n   o n  low 
s t r a i n   c r e e p   s t r e n g t h .  

To assist i n   t h e   p e r f o r m a n c e   o f   t h e   p r o g r a m ,   t h e   S t e l l i t e   D i v i s i o n   o f   t h e  
Cabot   Corpora t ion   es tab l i shed   base l ine   da ta   for   th ree   p roduct ion   hea ts   o f  
HAYNES a l l o y  No. 188 shee t   nominal ly  0.38 mm (0.015-inch)  thick.  The d a t a  
i n c l u d e d   t e n s i l e   p r o p e r t i e s   f r o m  room t e m p e r a t u r e   t o  1366K (2000"F),  low 
s t r a i n   c r e e p   s t r e n g t h   i n   t h e   t e m p e r a t u r e   r a n g e   o f  922K (1200°F) t o  1255K 
(1800°F), stress r u p t u r e   p r o p e r t i e s  a t  s t a n d a r d   q u a l i t y   c o n t r o l  test con- 
d i t i o n s ,   a n d  s ta t ic  and   dynamic   ox ida t ion   r e s i s t ance .   In   add i t ion ,   t he  
m i c r o s t r u c t u r a l   c h a r a c t e r i s t i c s  of t h e   b a s e l i n e   s h e e t s  were documented. 

S ign i f i can t   improvemen t s   i n   l ow  s t r a in   c r eep   s t r eng th  were o b t a i n e d   i n .  
s h e e t s   w i t h  a s t r o n g   r e c r y s t a l l i z e d   t e x t u r e .  The TMP cons ide red   t o   g ive   op t i -  
mum r e s u l t s   c o n s i s t e d  o f   80   pe rcen t   f i na l   co ld  work  followed  by  an  anneal a t  
1505K  (2250OF) for   10   minutes .  The major   components   o f   the   t ex ture   resu l t ing  
from t h i s  TMP s c h e d u l e ,   w i t h   r e s p e c t   t o   t h e   p l a n e   o f   t h e   s h e e t   a n d   t h e   r o l l i n g  
d i r e c t i o n ,  were i d e n t i f i e d  as (110)  [ i lO]  and  (112)  [ i lO].  

Based  on stress versus   Larson-Mil le r   parameter   cor re la t ions   ob ta ined   for  
0.5 pe rcen t   and   1 .0   pe rcen t   c r eep   l i f e   da t a ,   t he   minus  3-sigma c r e e p   l i f e  
minimums o f   t h e   t e x t u r e d   s h e e t s  were found t o  l i e  above   the   base l ine   average  
v a l u e s  gver a range  of test cond' t ions  corresponding  to   approximately  206.8 MPa/ 
18 x 10 ljMP-K (30  ksi /32.5 x 1 0  --OR) t o  17.2 MPa/23.5 x 103 LMP-K (2.5 ks i /  3 
42.3 X 10 LMP-OR) . 

Resul t s   o f  room temperature  bend tests i n d i c a t e d   n o   a d v e r s e   e f f e c t s   o f  
t h e   p r e f e r r e d   c r y s t a l l o g r a p h i c   t e x t u r e  on f a b r i c a b i l i t y .  The t e n s i l e   a n d  
stress r u p t u r e   p r o p e r t i e s  of t h e   t e x t u r e d   s h e e t s  were found t o   b e   e q u i v a l e n t  
o r   s u p e r i o r   t o   t h e   b a s e l i n e   s h e e t s   e x c e p t   f o r   d u c t i l i t y   u n d e r   c e r t a i n  test 
c o n d i t i o n s .   S p e c i f i c a l l y ,   e l o n g a t i o n   v a l u e s   o b t a i n e d   i n   t e n s i l e  tests a t  
temperatures  of 1144K  (1600OF)  and  above, i n  stress r u p t u r e  tests a t  1089K/ 
165.4 MPa (1500°F/24 ks i ) ,  and i n  room t e m p e r a t u r e   t e n s i l e  tests conducted  on 
samples  which  had  been  creep  tested a t  922K (1200'F)  and a t  1255K  (1800OF) 
were less t h a n   t h o s e   o b t a i n e d   f o r   t h e   b a s e l i n e   s h e e t s .   I n  a l l  cases, however, 
t h e   d u c t i l i t y   v a l u e s   o b t a i n e d  were c o n s i d e r e d   t o   b e  a t  a c c e p t a b l e  levels. 



I n   t h e   i n v e s t i g a t i o n  of TMP t o   o p t i m i z e   g r a i n   s i z e ,   a n  i n i t i a l  s t u d y  w a s  
ca r r i ed   ou t   t o   de t e rmine   t he   dependence  of c r e e p   s t r e n g t h   o n   g r a i n   s i z e   u s i n g  
a q u a l i t y   c o n t r o l  test  cond i t ion   o f  1200K/41.4 MPa (1700°F/6   ks i ) .   Resul t s  
of   the   s tudy   ind ica ted   no   s ign i f icant   improvements   over   the   base l ine   shee ts .  
However, impor t an t   f i nd ings  were t h e   d e t e r i o r a t i o n   i n   c r e e p   s t r e n g t h  a t  a 
g r a i n   s i z e  of ASTM 7-8, a n d   a n   i n c r e a s e   i n   t h e  amount o f   p r imary   c r eep   s t r a in  
a t  a g r a i n   s i z e  of ASTM 2-4. 

An a t t empt  w a s  made t o   g a i n  a b e t t e r   u n d e r s t a n d i n g   o f   t h e   r o l e   o f   g r a i n  
s i z e  on c reep   s t r eng th   by   de t e rmin ing   ac t iva t ion   ene rg ie s   fo r   c r eep .  Due t o  
an   appa ren t   s t r a in -ag ing   e f f ec t ,   un reasonab ly   h igh   ac t iva t ion   ene rgy   va lues  
were o b t a i n e d .   I n   t h e   f i n a l   p h a s e   o f   t h e   i n v e s t i g a t i o n ,   s h e e t s   w i t h  a g r a i n  
s i z e  of ASTM 5-6 were produced  and  evaluated. The r e s u l t s  of t h e   e v a l u a t i o n  
i n d i c a t e d   t h a t   i m p r o v e m e n t s   i n   c r e e p   s t r e n g t h  were obtained.  These  improve- 
ments were e v i d e n c e d   b y   i n c r e a s e s   i n   t h e   c r e e p   l i f e   a v e r a g e   v a l u e s   a n d   i n -  
creases i n   t h e  minus 3-sigma minimums fo r   bo th   0 .5   pe rcen t   and   1 .0   pe rcen t  
c r e e p   s t r a i n   l e v e l s .  The l-sigma va lues   de t e rmined   fo r   t he  ASTM 5-6 g r a i n  
s i z e   s h e e t s  were approximately  two-thirds  as l a r g e  as t h o s e   o b t a i n e d   f o r   t h e  
b a s e l i n e   s h e e t s .  The eva lua t ion   o f   t ens i l e   and  stress r u p t u r e   p r o p e r t i e s   o f  
t h e  ASTM 5-6 th in   gauge   shee t s   r evea led   t r ends  similar t o   t h o s e   o b s e r v e d   i n  
t h e   t e x t u r e d   s h e e t s .   T e n s i l e   a n d  stress r u p t u r e   s t r e n g t h s  were e q u i v a l e n t   o r  
s u p e r i o r   t o   t h o s e   o f   t h e   b a s e l i n e   s h e e t s ,   . b u t   e l o n g a t i o n   v a l u e s   o b t a i n e d   i n  
t e n s i l e  tests a t  1144K  (1600OF) and  above  and i n  stress r u p t u r e  tests a t  
1089K/165.4 MPa (150OoF/24 k s i )  were less t h a n   t h e   b a s e l i n e   v a l u e s .  The  duc- 
t i l i t ies observed were judged   t o   be  a t  a c c e p t a b l e  levels, however. 

To i n v e s t i g a t e   t h e   e f f e c t  o f   th ickness- to-gra in   d iameter   ra t io ,  a s h e e t  
0.76 mm (0.030-inch)   thick  having a g r a i n   s i z e   o f  ASTM 5-6 was produced  and 
evaluated.  Comparisons were made t o   t h e  ASTM 5-6 th in   gauge   shee t s  as w e l l  
as t h e   b a s e l i n e   s h e e t s .   I n   a d d i t i o n ,   c r e e p   d a t a   g e n e r a t e d   o n   t h e   i n i t i a l  
g r a i n   s i z e   s t u d y   s h e e t s  were re-analyzed i n  terms of   thickness- to-grain 
d i a m e t e r   r a t i o .  The r e su l t s   i nd ica t ed   no   mean ingfu l   co r re l a t ion   be tween   c r eep  
s t r e n g t h  and   th ickness- to-gra in   d iameter   ra t io .   Ins tead ,   the   observed   c reep  
l ives  a p p e a r e d   t o   b e   r e l a t e d   t o   g r a i n   s i z e   a l o n e .  

Fol lowing  complet ion  of   the TMP s tud ie s ,   s amples   f rom  the   va r ious   expe r i -  
m e n t a l   s h e e t s   a n d   t h e   b a s e l i n e   s h e e t s  were subjected  to   100  hours   of   dynamic 
o x i d a t i o n  a t  a temperature  of 1366K (2000’F).  The test was conducted i n  a 
f l ame   t unne l   t ype   r i g   wh ich   p rov ided   a . combus t ion   gas   ve loc i ty   o f  Mach 0 .3 .  
Resu l t s   o f   t he  test i n d i c a t e d   t h a t   t h e  TMP used i n   t h e   e x p e r i m e n t a l   s t u d i e s  
had  no e f f ec t s   on   t he   dynamic   ox ida t ion  resistance of JUYNES a l l o y  No. 188 
s h e e t .  

I n  a f i n a l   b r . i e f   s t u d y ,   t h e   e f f e c t s   o f   p r e s t r a i n   o n   c r e e p   s ’ t r e n g t h  a t  a 
q u a l i t y   c o n t r o l  test  condi t ion   o f  1200;</41.4 MFa (1700°F/6  ksi)  were examined 
us ing   one   o f   the   base l ine   hea ts   o f   p roduct ion   th in   gauge   shee t .   S igni f icant  
improvements were found   w i th   p re s t r a ins   o f  4-10 p e r c e n t .  Above 10   percent  
p r e s t r a i n ,   r e c r y s t a l l i z a t i o n   o c c u r r e d   a n d   c r e e p   p r o p e r t i e s  were degraded. The 
improvements   ob ta ined   wi th   p res t ra in  were n o t  as g r e a t  as those   ob ta ined  i n  
t h e   t e x t u r e d   s h e e t s .  
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1.0 INTRODUCTION 

This i n v e s t i g a t i o n  w a s  under taken   to   seek   improvements   in   the   low  s t ra in  
(S 1 percen t )   c r eep   s t r eng th   o f  HAYNES a l l o y  No. 188 th in   gauge   shee t  by  means 
of  thermomechanical  processing. The p o t e n t i a l   a p p l i c a t i o n   f o r   s u c h   a n   o p t i -  
mized  form  of t h i s  material would  be as h e a t   s h i e l d s   f o r   a d v a n c e d   r e - e n t r y   a n d /  
o r   hype r son ic   veh ic l e s .  

I n   t h e   d e s i g n   o f  metallic h e a t   s h i e l d s   f o r   r e u s a b l e   t h e r m a l   p r o t e c t i o n  
sys t ems ,   p l a s t i c   de fo rma t ion   due   t o   c r eep  is cons ide red   t o   be  a s i g n i f i c a n t  
f a c t o r   ( r e f .  1). A t t e n t i o n   i n   d e s i g n   h a s   b e e n   f o c u s e d   o n  low va lues   o f   c r eep  
s t r a i n   d u e   t o   d e f l e c t i o n  limit criteria. Op t imiza t ion   o f   hea t   sh i e lds   fo r  
maximum r e u s e   w i t h  minimum we igh t   fu r the r   r equ i r e s   t he   u se   o f   t h in   gauge   shee t  
materials. Thus, t h e   s u c c e s s f u l   c a n d i d a t e  material must   possess   the   requi red  
low strain c r e e p   s t r e n g t h   i n   t h i n   g a u g e   f o r m .  

HAYNES a l l o y  No. 188, a coba l t -base   shee t   a l l oy   deve loped   by   t he   S t e l l i t e  
Divis ion  of   the  Cabot   Corporat ion,   has  shown p r o m i s e   f o r   h e a t   s h i e l d   a p p l i c a -  
t i ons .   L ike   mos t   a l l oys ,   l ower   s t r eng ths   t han   no rma l   r e su l t  when t h e  material 
is produced i n   t h i n  gauge  form  using  standard  commercial   practices.  The c reep  
p r o p e r t i e s  of HAYNES a l l o y  No. 188  th in   gauge   shee t  were n o t   c h a r a c t e r i z e d   i n  
t h e   i n i t i a l  development  work.  However, the   reduced   h igh   tempera ture   load-  
b e a r i n g   c a p a b i l i t y   o f   t h i n   g a u g e   s h e e t  w a s  ind ica ted   by   the   lower  stress rup- 
t u r e   p r o p e r t i e s   o b t a i n e d   i n   s h e e t   0 . 2 5  mm t o  0.48 mm (0.010-0.019  inch)  thick 
as compared t o   s h e e t  0.76 t o  2.0 nun (0.030-0.080  inch)  thick  (ref.   2).  It 
w a s  t h e   o b j e c t i v e   o f   t h i s   p r o g r a m ,   t h e r e f o r e ,   t o   s e e k  improvement  of t h e  low 
s t r a i n   c r e e p   s t r e n g t h   o f   t h i n   g a u g e  HAYNES a l l o y  No. 188 s h e e t  by  modifica- 
t i o n  of  thermomechanical  processing  procedures. 

To assist in   t he   pe r fo rmance   o f   t he   p rog ram,   t he   S t e l l i t e   D iv i s ion   o f   t he  
Cabo t   Corpora t ion   e s t ab l i shed   base l ine   da t a   fo r   t h ree   p roduc t ion   hea t s   o f  
HAYNES a l l o y  No. 188 sheet   nominal ly   0 .38 m (0.015  inch)   thick.   This   in-  
c l u d e d   t e n s i l e   p r o p e r t i e s   f r o m  room t e m p e r a t u r e   t o  1366K (2000°F),  low s t r a i n  
(1 p e r c e n t )   c r e e p   p r o p e r t i e s   i n   t h e   t e m p e r a t u r e   r a n g e   o f  922K (1200OF) t o  
1255K (1800°F) ,   s t anda rd   qua l i t y   con t ro l  stress r u p t u r e   p r o p e r t i e s ,   a n d  
1366K (2000°F) /100   hour   dynamic   ox ida t ion   behavior .   In   addi t ion ,   the   c rys ta l -  
l o g r a p h i c   t e x t u r e s   a n d   t h e   m i c r o s t r u c t u r a l   c h a r a c t e r i s t i c s   o f   t h e   b a s e l i n e  
s h e e t s  w e r e  examined. 

The experimental  program w a s  performed  on  sheet   produced  in   the  labora-  
t o r y   f r o m   s t a n d a r d   p r o d u c t i o n   h o t   r o l l e d   p l a t e   s h e e t   f e e d s t o c k .  All mechani- 
cal p r o p e r t y   t e s t i n g  w a s  done  by a s i n g l e   i n h o u s e   t e s t i n g   g r o u p   t o   e l i m i n a t e  
l a b - t o - l a b   t e s t i n g   v a r i a t i o n s .   I m p r o v e m e n t s   i n   t h e   l o w   s t r a i n   c r e e p   s t r e n g t h  
of HAYNES a l l o y  No. 188 sheet   nominal ly   0 .38 mm (0 .015   inch)   th ick  were 
sought   using two d i f f e ren t   app roaches .  One concentrated  on  thermomechanical 
p r o c e s s i n g   t o   o p t i m i z e   g r a i n   s i z e .  The second  approach  examined  thermomechani- 
cal  processing  which w a s  des igned   to   p romote   h igh   degrees   o f   per fe r red   o r ien ta-  
t i o n   i n   r e c r y s t a l l i z e d   t h i n   g a u g e   s h e e t .  

I n   b o t h   s t u d i e s ,   i n i t i a l   e x p e r i m e n t a l   s h e e t s  were sc reened   t o   op t imize  
c r e e p   s t r e n g t h   u s i n g   t h e   s t a n d a r d  1200K/41.4 MPa (1700°F/6 ksi)  q u a l i t y  
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control  test  condition.  Extensive  mechanical  property  evaluations  were  then 
carried  out  within  each  study  on  sheet  from  three  different  heats  produced  in 
accordance  with  the  selected  thermomechanical  processing  scheme.  The  effects 
of  the  two  processing  procedures  on  the  microstructure  and  surface  stability 
of HAYNES alloy No. 188 were  also  evaluated.  Auxiliary  studies  were  also  per- 
formed  to  examine  the  effects  of  sheet  thickness-to-grain  diameter  ratio  and 
prestrain  on  low  strain  creep  strength. 

Certain  commercial  materials  are  identified  in  this  paper  in  order  to 
specify  adequately  which  materials  were  investigated  in  the  research  effort. 
In no  case  does  such  identification  imply  recommendation  or  endorsement  of 
the  product  by  the  National  Aeronautics  and  Space  Administration. 
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2 .O CABOT  BASELINE DATA 

2 .1  Materials 

For   t he   pu rpose   o f   deve lop ing   base l ine   da t a ,   t h ree   l o t s   o f  HAYNES a l l o y  
No. 188  sheet  nominally  0.38 mm (0.015  inch)   thick were obtained  f rom  three 
d i f f e r e n t   S t e l l i t e   D i v i s i o n   h e a t s .  All l o t s  of material were rece ived  i n  t h e  
m i l l  annealed  (br ight   annealed a t  1450K  (2150OF) followed by r ap id   coo l ing )  
and r o l l e r   l e v e l e d   c o n d i t i o n .  The hea t   chemis t r ies   o f   these  materials are 
l i s t e d   i n   T a b l e  I. A summary o f   t h i ckness   da t a   ob ta ined  on t h e   s e l e c t e d   t h i n  
g a u g e   s h e e t   l o t s  is p r e s e n t e d   i n   T a b l e  11. 

The as - rece ived   micros t ruc ture   o f   each   hea t  w a s  a l s o  examined  using  both 
o p t i c a l  and e lec t ron   meta l lographic   t echniques .   Micrographs   o f   representa t ive  
s t r u c t u r e s  are p r e s e n t e d   i n   F i g u r e s  1 - 3 .   T h e s e   f i g u r e s   i l l u s t r a t e   t h e   t y p i c a l  
m i l l  annea led   mic ros t ruc tu re   cons i s t ing  of   an   f . c .c .   mat r ix   conta in ing  a d i s -  
pers ion  of  M6C type   carb ides .   Gra in  s i z e s  were found t o   b e  i n  the   r ange  of 
ASTM 6-6 1 / 2  by the  comparative  method. No d i s c e r n i b l e   d i f f e r e n c e   i n   g r a i n  
s i z e  w a s  n o t e d   i n   s e c t i o n s   t a k e n   p a r a l l e i   o r   t r a n s v e r s e   t o   t h e   r o l l i n g   d i r e c -  
t ion .  

2.2 Texture  

The t h r e e   b a s e l i n e   h e a t s  were examined f o r   t h e   p r e s e n c e  of p r e f e r r e d  
c r y s t a l l o g r a p h i c   t e x t u r e   i n   t h e   p l a n e   o f   t h e   s h e e t   u s i n g   t h e   d i f f r a c t o m e t e r  
r e f l e c t i o n  method.  Samples were f i r s t   s h e a r e d   i n t o   a p p r o x i m a t e  25.4 mm ( 1  
inch)  squares  and  spot  welded a t  t h e   c o r n e r s   t o   s l i g h t l y   o v e r s i z e d  plates of 
HAYNES a l l o y  No. 188  having a thickness  of  4.57 mm (0.180  inch) .   This   pro-  
c e d u r e   f a c i l i t a t e d   h a n d l i n g   d u r i n g   p r e p a r a t i o n  and  ensured a f l a t   s u r f a c e  
dur ing  X-ray exposure.  The s u r f a c e  of  each  specimen w a s  prepared by hand 
p o l i s h i n g  on  220 g r i t   t h r o u g h  600 g r i t  s i l i c o n   c a r b i d e   p a p e r s   t h e n   e l e c t r o -  
po l i sh ing   fo r   15   s econds   i n  a s o l u t i o n  composed  of 10 percent  H2S04-90 percent  
methanol.  The  prepared  sample w a s  t h e n   p l a c e d   i n  a Phi l ips -Nore lco   po le  
f igure   device   and   exposed   to  CoK, radiat ion.   During  exposure,   the   device 
t i l t e d  and ro ta ted   the   sample   about   the  X-ray beam s u c h   t h a t   t h e   r e s u l t a n t  
motion  descr ibed a s p i r a l   i n   t h e   p l a n e   o f   t h e   s t e r e o g r a p h i c   p r o j e c t i o n .  The 
maximum ang le  of tilt w a s  l imi t ed   t o   55   deg rees   due   t o   abso rp t ion   o f   t he  beam 
by t h e  sample. T h e . d i f f r a c t e d  X-ray i n t e n s i t i e s  were monitored by a s o l i d  
state s c i n t i l l a t i o n   c o u n t e r   a n d   r e c o r d e d  on a s t r i p  c h a r t .   I n t e g r a t e d   i n t e n -  
sities were a lso   de te rmined  a t  1 2  second  intervals   and  recorded on paper tape. 
Upon completion  of  the X-ray s c a n ,   t h e   i n t e g r a t e d   i n t e n s i t i e s  were r e a d   i n t o  a 
computer   for   ana lys i s .  The  computer  program  employed ( r e f .  3 )   cor rec ted   the  
da t a   fo r   background   and   abso rp t ion ,   conve r t ed   t he   co r rec t ed   da t a   i n to   r e l a t ive  
i n t e n s i t i e s  on a scale from 1 t o  9 ,  a n d   p r i n t e d   o u t   t h e   r e s u l t s   i n  a rectangu- 
lar  a r r ay   wh ich   p l aced   each   va lue   i n  i t s  co r rec t   angu la r   l oca t ion   on   t he   s t e r eo -  
g raph ic   p ro j ec t ion .  Computer ope ra t ions  were a l s o  employed to   t ake   advan tage  
of symmetry ac ross   t he   p l anes   no rma l   t o   t he   ro l l i ng   and   t r ansve r se   d i r ec t ions .  

The (111)   po le   f igures   de te rmined   for   the   base l ine   hea ts  are p r e s e n t e d   i n  
F igu res  4-6.  Based  on t h e   f a c t   t h a t   t h e  relative i n t e n s i t i e s   d i d   n o t   c o v e r  
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I1 I I1 

TABLE I 

HEAT  ANALYSES  FOR BASELIhT  THIN GAUGE SHEETS 

E l  emen t 

C r  
W 
Fe 
C 
s i  
co 
N i  
Mn 
P 
S 
L a  
B 

C o m p o s i t i o n  - Weight Percent 
H e a t   H e a t   H e a t  
2-1604  3-1622  4-1671 

22.14 
14 .02  

1.67 
0.09 
0.32 

38.14 
22.29 

0.72 
0 .011  
0.005 
0.06 
0.001 

22.43 
1 4 . 1 1  

1.10 
0 .09  
0.43 

39 .40  
22.23 

0.72 
0.010 
0.005 
0 .034  
0.008 

22.66 
13 .76  

1 . 3 4  
0 .10  
0 .41  

37.52 
22.66 

0 .71  
0.010 
0.006 
0.045 
0.003 



TABLE I1 

Heat 
No. 

THICKNESS DATA FOR BASELINE THIN GAUGE SHEETS 

Thickness Range 
- mm (inch) 

Averape Thickness 
- mm (inch) 

2-1604 .3810-.  4572 (. 0150-.  0180) .3988 (. 0157)  
3-1622 .4445-.  4699 (. 0175-.  0185) .4547 (. 0179)  
4-1671 .3810-.  4318 (. 0150-.  0170) .3912 (. 0154) 

Standard Deviation 
m (inch) - 

.0203 (. 0008)  

.0051 (. 0002)  
0127 (. 0005)  



(a) Optical  Micrograph. X300. 

(b) Electron  Micrograph of Replica. X3000. 

Figure 1: Microstructure of Baseline Heat 2-1604, Grain  Size ASTM 6. 
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(a) Optical  Micrograph. X300. 

(b) Electron  Micrograph of Replica. X3000. 

Figure 2: Microstructure of Baseline  Heat 3-1622, Grain  Size ASTM 6. 
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(a) Optical  Micrograph. X300. 

(b) Electron  Micrograph of Replica. X3000. 

Figure 3: Microstructure of Baseline  Heat 4-1671, Grain  Size ASTM 6-1/2. 
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R.D.  

. D .  

Figure 4 :  (111) pole f igure  f o r  Heat 2-1604 
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R . D .  

T.D. 

Figure 5: (111)  pole  figure f o r  Heat  3-1622 
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. D .  

F i g u r e  6:  (111) pole f i g u r e   f o r  Heat 4-1671 
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t h e   f u l l   r a n g e   o f  1-9, it can b e   s t a t e d   t h a t   n o n e   o f   t h e   o b s e r v e d   t e x t u r e s  
were highly  developed.  That is, t h e   i n t e n s i t y  levels observed were n o t   v e r y  
much above  the  background levels. The s t r i p   c h a r t   r e c o r d i n g s   f o r   e a c h   h e a t  
s u b s t a n t i a t e d   t h i s   c o n c l u s i o n .   S c a n   r e c o r d i n g s   o v e r   a n g u l a r   r e g i o n s   o f   h i g h  
r e l a t i v e   i n t e n s i t y  were jagged  and  not much above  background levels which is 
i n d i c a t i v e  of a t e x t u r e  which is not   h ighly   deve loped .  

Based  on the   fo rm  o f   t he   po le   f i gu res   and   t he   s t r i p   cha r t   r eco rd ings ,   t he  
r ank ing   o f   t he   hea t s   i n   t he   o rde r  of increas ing   tex ture   deve lopment  w a s  4-1671, 
2-1604,  and  3-1622. The p o l e   f i g u r e s   f o r   H e a t s  4-1671  and  2-1604 were not  of 
a form tha t   cou ld   be   desc r ibed   i n  terms of   s imp le   c rys t a l   i nd ices .  However, 
Heat 3-1622 appeared   to   have  a weakly  def ined  cube  texture .  The l o c a t i o n s  of 
t he   fou r   (111)   po le s   have   been   i nd ica t ed   i n   F igu re  5 w i t h   c l o s e d   t r i a n g u l a r  
symbols   for  a p e r f e c t l y   a l i g n e d   c u b e   t e x t u r e .  It can   be   seen   tha t   they  l i e  i n  
t h e   r e g i o n s   o f   h i g h   r e l a t i v e   i n t e n s i t i e s .  However, t he   angu la r   sp read   o f   t hese  
areas and the  background levels which were still  r e l a t i v e l y   s t r o n g   i n d i c a t e  
t h a t   t h e   t e x t u r e  w a s  no t   h ighly   deve loped .  

2 .3  T e n s i l e   P r o p e r t i e s  

D u p l i c a t e   l o n g i t u d i n a l  and t ransverse  specimens  f rom  each  heat  were ten- 
s i le  t e s t e d   i n  air a t  room tempera ture ,  922K (1200°F), 1033K (1400°F), 1144K 
(1600°F), 1255K (1800°F)  and 1366K (2000OF). The spec imen  conf igura t ion  em- 
p loyed   fo r   t hese  tests w a s  t h e  same a s t h a t   i l l u s t r a t e d   i n  Appendix B. In   addi -  
t i o n ,   t a b s  were spo t   we lded   t o   t he   g r ip   ends   o f   each   s ample   t o   p reven t   d i s to r -  
t i o n  from occur r ing   a round   t he   p inn ing   ho le s   du r ing   t e s t ing .   Fo r   e l eva ted  t e m -  
p e r a t u r e  tests, a rad ian t   furnace   equipped   wi th   quar tz   in f ra red   lamps  w a s  used 
t o   m a i n t a i n   t h e   t e m p e r a t u r e   w i t h i n  ? 3K (+ 5°F)   o f   the   des i red  test  tempera ture .  
Two chromel-alumel  thermocouples were wired   to   the   cen ter   o f   the   spec imen  gage  
l eng th .  One w a s  u s e d   f o r   c o n t r o l  of t h e   f u r n a c e   w h i l e   t h e   o t h e r   s e r v e d  as a 
means to   independent ly   moni tor   the  sample tempera ture .  Each  specimen w a s  
a l lowed   t o  soak a t  t h e  test t empera tu re   fo r  a t  least t e n   m i n u t e s   b e f o r e   t e s t i n g  
began.  Crosshead  speeds  employed were 1 . 2 7  mm/min (0.05  in/min)  through . 2  per-  
c e n t   y i e l d   s t r a i n   t h e n  12 .7  mm/min (0 .5   i n /min )   t o   f a i lu re .   Fo r   t he   de t e rmina -  
t i o n  of 0 . 2   p e r c e n t   y i e l d   s t r e n g t h s   i n  room tempera ture  tests, s t r a i n  w a s  
measured  using a cl ip-on  type  extensometer   with a 25.4 mm ( l - inch)   gage   l ength .  
The maximum s t r a i n   e r r o r  of  the  extensometer w a s  0.00012  (Class  B2). In ele- 
va ted   t empera ture  tests, a r ig id   f r ame   ex tensomete r   o f   t he  same type as t h a t  
d e s c r i b e d   i n  Appendix B w a s  u s e d .   S t r a i n  was measured  by a l i n e a r   v a r i a b l e  
d i f f e ren t i a l   t r ans fo rmer   wh ich  w a s  an i n t e g r a l  component  of the   ex tensometer .  
The m a x i m u m  s t r a i n   e r r o r  of t h e  LVDT measuring  system w a s  0 .0001  (Class   Bl) .  
The r e s u l t s   o b t a i n e d   f r o m   t h e   t e n s i l e  tests are l i s t e d   i n   T a b l e . 1 1 1 .   W i t h i n  
e a c h   h e a t ,  no   ma jo r   d i f f e rences   i n   p rope r t i e s  were obse rved   w i th   r e spec t   t o  
sample o r i e n t a t i o n .  A summary of t h e   o v e r a l l   a v e r a g e   t e n s i l e   p r o p e r t i e s  a t  
each test temperature  i s  g i v e n   i n   T a b l e  I V .  
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Test 
Temp. 

RT 

(1200'F) 
922 K 

(1400'F) 
1033 K 

(1600'F) 
1144 K 

(18OOOF) 
1255 K 

E 1366 K 
(2000°F) 

Orient. 
L 
L 
T 
T 

L 
L 
T 
T 

L 
L 
T 
T 

L 
L 
T 
T 

L 
L 

T 
T 

L 
L 

T 
T 

TABLE 111 

TENSILE PROPERTIES FOR BASELINE THIN GAUGE  SHEETS 

0.2% YS 
MPa ( k s i )  

H e a t  2-1634 

" 

505.0  (73.3) 

485.1 (70.4) 
510.6 (74.1) 

489.2  (71.0) 

292.8  (42.5) 

294.9  (42.8) 
292.8  (42.5) 

303.9  (44.1) 

259.8  (37.7) 
258.4 (37.5) 
255.6 (37.1) 
250.8 (36.4) 

244.6 (35.5) 
224.6 (32.6) 
237.0 (34.4) 
237.0 (34.4) 

162.6 (23.6) 
193.6 (28.1) 
159.9 (23.2) 
181.2 (26.3) 

62.7 (9.1) 

58.6  (8.5) 
73.7  (10.7) 

47.5  (6.9) 

UTS 
MPa ( k s i )  - 

1003.9 
988.7 

966.7 
995.6 

675.2 
658.0 
663.5 
674.5 

557.4 

547.1 
532.6 

520.9 

425.8 
313.5 
382.4 
412.0 

243.9 
288.0 
244.6 
248.0 

127.5 
118.5 
126.8 
86.1 

(143.5) 
(145.7) 
(140.3) 
(144.5) 

(98.0) 
(95.5) 
(96.3) 
(97.9) 

(80.9) 
(77.3) 
(79.4) 
(75.6) 

(61.8) 
(45.5) 
(55.5) 
(59.8) 

(35.4) 
(41.8) 
(35.5) 
(36.0) 

(18.5) 
(17.2) 
(18.4) 
(12.5) 

El 
% 

66.3 
63.3 
62.7 
66.1 

65.4 
68.2 
59.9 
62.1 

40.4 
31.1 
35.1 
34.8 

49.1 
38.4 
48.0 
42.0 

44.4 
44.2 
33.6 
33.8 

24.4 
24.0 
20.2 
17.8 

- 

Heat 3-1622 Heat 4 
0.2% YS 

-1671 
UTS El  0.2% YS UTS El 

(ksi) Wa (ksi) 2 MPa ( k s i )  MPa (ksi) X - -" 

548.4 (79.6) 
557.4 (80.9) 
525.7 (76.3) 
536.0 (77.8) 

347.3 (50.4) 
349.3 (50.7) 
333.5 (48.4) 
347.3 (50.4) 

316.9 (46.0) 
315.6 (45.8) 
305.9 (44.4) 
303.2 (44.0) 

272.8 (39.6) 
281.1 (40.8) 
268.7 (39.0) 
283.9 (41.2) 

156.4 (22.7) 
159.9 (23.2) 
175.7 (25.5) 
163.3 (23.7) 

72.4 (10.5) 
75.8 (11.0) 
85.4 (12.4) 
85.4 (12.4) 

1019.7 
1017.0 
1017.7 
1012.8 

773.8 
768.2 
763.4 
771.0 

627.0 
667.6 
623.6 
588.4 

390.7 
432.0 
367.2 
416.2 

247.4 
250.8 
259.1 
241.8 

139.2 
148.1 
135.0 
135.0 

(148.0) 
(147.6) 
(147.7) 
(147.0) 

(112.3) 
(111.5) 
(110.8) 
(111.9) 

(91.0) 
(96.9) 
(90.5) 
(85.4) 

(56.7) 
(62.7) 
(53.3) 
(60.4) 

(35.9) 

(37.6) 
(36.4) 

(35.1) 

(20.2) 

(19.6) 
(21.5) 

(19.6) 

57.7 
58.0 
59.5 
57.3 

64.0 
58.0 
62.0 
60.0 

56.8 
64.4 
63.6 
52.5 

56.5 
65.8 
53.3 
52.4 

49.3 
45.1 
58.0 
50.7 

33.0 

29.5 
32.7 

34.0 

478.9 

485.1 
480.2 

480.9 

298.3 
285.9 
294.9 
299.0 

292.1 
272.8 
280.4 
299.7 

273.5 
267.3 
257.0 
213.6 

166.1 
162.6 
173.6 
176.4 

87.5 
84.1 
77.2 
82.0 

(69.5) 
(69.7) 
(70.4) 
(69.8) 

(43.3) 
(41.5) 
(42.8) 
(43.4) 

(42.4) 
(39.6) 
(40.7) 
(43.5) 

(39.7) 
(38.8) 
(37.3) 
(31.0) 

(24.1) 
(23.6) 
(25.2) 
(25.6) 

(12.7) 
(12.2) 
(11.2) 
(11.9) 

999.1 
999.7 

1014.2 
1010.8 

737.9 
659.4 
731.0 
727.6 

585.7 
565.7 
598.7 
647.0 

439.6 
411.3 
407.9 
293.5 

241.2 
242.5 
247.4 
251.5 

118.5 

121.3 
143.3 

126.8 

(145.0) 63.6 
(145.1) 62.7 
(147.2) 61.4 
(146.7) 61.5 

(107.1) 63.3 
(95.7) 55.4 
(106.1) 60.8 
(105.6) 59.3 

(85.0) 50.8 
(82.1) 48.8 
(86.9) 49.5 
(93.9) 51.2 

(63.8) 44.5 
(59.7) 34.6 
(59.2) 43.5 
(42.6) 43.7 

(35.0)  35.9 

(35.9) 33.2 
(35.2)  30.9 

(36.5)  31.0 

(17.2) 23.3 
(20.8) 29.6 
(17.6) 23.9 
(18.4) L9.5 



TABLE IV 

Test 
Temp. 

RT 

AVERAGE  BASELINE  TENSILE  PROPERTIES FOR THREE  PRODUCTION 
HEATS OF "HAYNES" ALLOY NO. 188 THIN GAUGE SHEET* 

0.2% Y.S. UTS 
MPa (ksi) MPa - - 
507.1  (28.3)  73.6 (4.1) 1003.9  (15.2)  145.7  (2.2) 

922 K 311.4  (24.8) 45.2 (3.6)  717.3  (47.5)  104.1  (6.9) 
(120G'F) 

1033 K 
(1400'F 

284.6  (24.1)  41.3  (3.5)  588.4  (46.2)  85.4  (6.7) 

1144 K 254.9  (23.4)  37.0 (3.4) 391.4  (46.2)  56.8  (6.7) 
(1600'F) 

1255 K 169.5  (11.0) 24.6 (1.6)  250.8  (13.1)  36.4 (1.9) 
(1800'F) 

1366 I( 
(2000'F) 

74.4 (12.4) 10.8  (1.8)  127.5 (15.9) 18.5 (2.3) 

Elong . 
% - 

61.7 (3.1) 

61.5 (3.4) 

48.3 (10.9) 

47.7  (8.5) 

40.8 (9.0) 

26.0  (5.6) 

* Average of twelve tests. Standard deviations are given  in parenthesis. 



2 .4   S t r e s s   Rup tu re   P rope r t i e s  

Dupl ica te   longi tudina l   and   t ransverse   spec imens   f rom  each   hea t  were stress 
r u p t u r e   t e s t e d  a t  1089K/165.5 MPa (1500°F/24 ks i )   and  1311K/31 MPa (1900°F/ 
4 .5   ksi)   which are s t a n d a r d   q u a l i t y   c o n t r o l   c o n d i t i o n s .  The  specimen  configura- 
t i o n  w a s  t h e  same as t h a t   i l l u s t r a t e d   i n  Appendix E. The r e s u l t s  are summarized 
i n   T a b l e  V. Normal h e a t   t o   h e a t   v a r i a t i o n s  are appa ren t .  The o n l y   s i g n i f i c a n t  
v a r i a t i o n   w i t h   r e s p e c t   t o  test d i r e c t i o n   o c c u r r e d   i n   t h e  1089K/165.5 MPa stress 
r u p t u r e  lives f o r  Heat 3-1622.  The v a l u e s   o b t a i n e d   f o r   t h e   t r a n s v e r s e   d i r e c t i o n  
were s l i g h t l y   h i g h e r   t h a n   t h o s e   f o r   t h e   l o n g i t u d i n a l   d i r e c t i o n .  Average  pro- 
p e r t y   v a l u e s   b a s e d  on t h e   l o g   t r a n s f o r m a t i o n  are a l s o   g i v e n   i n   t h e   t a b l e .  

2 .5   Creep  Propert ies  

2.5.1  Creep l i f e   e v a l u a t i o n .  - A l l  c r e e p   t e s t i n g  w a s  performed  using  the 
procedure  descr ibed  in   Appendix E. Each   o f   t he   base l ine   hea t s  w a s  i n i t i a l l y  
t e s t e d   i n   t h e   t r a n s v e r s e   d i r e c t i o n   i n   d u p l i c a t e   u n d e r   t h e   s t a n d a r d   q u a l i t y  con- 
t r o l   c o n d i t i o n  of  1200K/41.4 MPa (170OoF/6,000 p s i ) .   I n   o r d e r   t o   d e v e l o p   a n  
adequa te   desc r ip t ion   o f   base l ine   c r eep   s t r eng th ,   fu r the r  tests were conducted 
on each   hea t  a t  temperatures  of 922K (1200°F), 1033K (1400°F), 1144K  (1600OF) 
and 1255K  (1800OF) and a t  a minimum o f   f i v e  stress levels a t  each  temperature.  
Among t h e   f i v e  tests a t  each   tempera ture ,   th ree  tests were conducted  with 
longi tudina l ly   o r ien ted   spec imens   and  two wi th   t ransverse   o r ien ted   spec imens  
w i t h   r e s p e c t   t o   t h e   r o l l i n g   d i r e c t i o n .  

O r i g i n a l l y ,  i t  w a s  p l anned   t o  select stresses t o   g i v e  1 percen t   c r eep  
l i v e s   i n   t h e   r a n g e   o f   r o u g h l y  25-500 hours .  The i n i t i a l  stress levels were 
se l ec t ed   on   t he   bas i s   o f   p rev ious   s tud ie s   pe r fo rmed  by S t e l l i t e   D i v i s i o n   o n  
HAYNES a l l o y  No. 188 sheet   >0.76 mm (0.030  inch)   thick.  From t h e s e   r e s u l t s ,  
a d d i t i o n a l  stresses were s e l e c t e d  so  as t o   o b t a i n  a b road   desc r ip t ion   o f   t he  low 
s t r a in   c r eep   behav io r   ove r   t he   t empera tu re   r ange   o f   i n t e re s t .   I n   accompl i sh ing  
t h i s ,  some stresses were selected  which  gave 1 percent   c reep  l ives  ou t s ide   o f  
t h e   o r i g i n a l l y   p l a n n e d  25-500 hour  range. A c o m p l e t e   l i s t i n g   o f   t h e   c r e e p  test 
r e s u l t s  i s  g i v e n   i n  Appendix C. 

In o r d e r   t o   c h a r a c t e r i z e   t h e   c r e e p   s t r e n g t h   o f   t h e   b a s e l i n e   t h i n   g a u g e  
shee t s   ove r   t he   r ange   o f  test condi t ions ,   the   0 .5   percent   and   1 .0   percent   c reep  
s t r a i n   d a t a  were s u b j e c t e d   t o  a least squares   op t imiza t ion   of   the   Larson-Mil le r  
parameter   equa t ion   . in   the   fo l lowing   form  ( re f .   4 ) :  

c2 c3 c4 2 l o g  t = c + - + - l o g  s + T ( l o g  SI 
1 T  T 

where T = abso lu te   t empera tu re  (K o r  OR) 

t = t i m e  t o   g i v e n   c r e e p   s t r a i n ,   h o u r s  

s = stress (MPa o r   k s i )  

1 7  



TABLE V 

Heat 

SUMMARY  OF BASELINE  STRESS  RUPTURE  DATA  FOR  "HAYNES" 
ALLOY NO. 188 T H I N  GAUGE SHl3ET 

Sample 

1089  K/165.5 MPa 
(1500°F/24, 000 p s i )  

Life ,   Elong . 
No. O r i e n t a t i o n  Hours - % 

2-1604 L 
L 
T 
T 

3-1622 L 
L 
T 
T 

4-1671 L 
L 
T 
T 

41.0 38.2 
32.6 29.0 
36.9 32.7 
27.9 21.1 

77.9 52.1 
77.2 44.9 
97.8 46.8 
94.1 48.7 

25.3 42.0 
38.2 44.0 
26.4 44.3 
37.7 Void* 

Log Average  Values** 45.2  39.2 
Standard  Deviation, Log Units*** (-219)  (-116) 

* M u l t i p l e   F r a c t u r e  

** mean (2) = a n t i l o g  [I lPI" "'1 
c ( log  xi - l o g  X) 

*** s t a n d a r d   d e v i a t i o n  = 211'2 
where, X.  = o b s e r v e d   d a t a   v a l u e  

1 

n = number of d a t a   p o i n t s  

1311 K / 3 1  MPa 
(1900°F/4, 500 psi) 

L i f e ,  Elong . 
Hours - % 

26.8 39.5 
21.8 16.8 
25.3 24.4 
23.3 27.6 

19.8 25.5 
21.7 37.2 
18.9 19.6 
20.0 24.0 

12.0 33.5 
12.7 38.8 
15.1 29.2 
11.0 35.9 

18.3 28.4 
(. 130) ( .120) 
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C1 = optimized  Larson-Miller  constant 

C2,  C3, C4 = opt imized   cons tan ts  

Resu l t s   o f   t he   ana lyses  are summarized i n   T a b l e  V I .  P l o t s   o f   t h e   a c t u a l   d a t a  
a n d   t h e   l i n e s   g i v e n  by the   parameter   equa t ion  are p r e s e n t e d   i n   F i g u r e s  7-8. 
The f i t  of t h e   d a t a   t o   t h e   p a r a m e t e r   e q u a t i o n  w a s  reasonably good w i t h   c o r r e l a -  
t i o n   c o e f f i c i e n t s   o f  .884  and  .903 f o r   t h e  0.5 percent   and   1 .0   percent   c reep  
s t r a i n   d a t a ,   r e s p e c t i v e l y .  To o b t a i n  a b e t t e r   a p p r e c i a t i o n   o f   t h e   f i t   p r o v i d e d  
by the   pa rame te r   equa t ion   t o   t he   da t a  a t  i n d i v i d u a l  test temperatures ,  two 
approaches were taken .   In   one  case, r o o t  mean squa re  (RMS) e r r o r s  were com- 
puted a t  e a c h   t e m p e r a t u r e   u s i n g   t h e   l o g a r i t h m i c   c r e e p   l i f e   v a l u e s   p r e d i c t e d   b y  
the   Larson-Mil le r   parameter   ana lys i s   and   those   o f   the   ac tua l   da ta .   In   the  
second case, r o o t  mean squa re  (RMS) e r r o r s  a t  t h e   i n d i v i d u a l  test temperatures  
were ob ta ined  by f i t t i n g   t h e   c r e e p   d a t a   t o   a n   e q u a t i o n   i n   t h e   f o r m   o f  

l o g  t = B + B2 l o g  s + B ( l o g  s )  
2 

1 3 

where t and s have  the  meanings  previously  given,   and B1, B2,  and B2 are o p t i -  
mized  constants .  The r o o t  mean squa re  (RMS) e r r o r  w a s  s e l e c t e d  as he means 
o f   compar ing   t he   da t a   co r re l a t ions   s ince  it i n c l u d e s   b o t h  random e r ro r   and  
f u n c t i o n a l   b i a s .   R e s u l t s   o f   t h e s e   a n a l y s e s  are p r e s e n t e d   i n   T a b l e s  V I 1  and V I I I .  

From the   i n fo rma t ion   con ta ined   i n   Tab le  V I I ,  it is clear t h a t   t h e   o p t i m i z e d  
La r son-Mi l l e r   pa rame te r   ana lys i s   f i t s   t he   da t a  a t  e a c h   t e m p e r a t u r e   d i f f e r e n t l y .  
One m i g h t   s u s p e c t   t h i s   f r o m   i n s p e c t i o n   o f   t h e   p l o t s  shown i n   F i g u r e s  7 and 8. 
Of p a r t i c u l a r   n o t e  are the   lower  RMS v a l u e s   o b t a i n e d   f o r   t h e  922K (1200OF) test  
t e m p e r a t u r e   i n   c o m p a r i s o n   t o   t h o s e   o b t a i n e d   i n   t h e   o v e r a l l   a n a l y s i s   l i s t e d   i n  
Table V I .  Fo r   t he   o the r   t empera tu res ,   t he  RMS values   of   Table  VI1 were h ighe r  
t h a n   t h e   o v e r a l l  RMS v a l u e s ,   b u t   t h e   d i f f e r e n c e s  were no t   found   t o   be   ve ry  
g r e a t .   I n  summary, the   Larson-Mil le r   parameter   ana lys i s   p rovided  a v a r i a b l e  
f i t   f o r   t h e   d a t a  a t  ind iv idua l   t empera tures .  Its o v e r a l l  estimate o f   e r r o r  
e x a g g e r a t e d   t h e   f i t   o f   t h e   d a t a  a t  t h e  922K (1200OF) test tempera ture ,   bu t  w a s  
f a i r l y   r e p r e s e n t a t i v e   o f   t h e   f i t s   o b t a i n e d   f o r   d a t a  a t  the   o the r   t empera tu res .  

The compar ison   of   the   op t imized   Larson-Mil le r   parameter   ana lys i s   i so la ted  
a t  i n d i v i d u a l   t e m p e r a t u r e s   t o   s e p a r a t e   a n a l y s e s   o f   i n d i v i d u a l  test  temperature  
d a t a  i s  provided  by  Tables V I 1  and V I I I .  Although a b e t t e r   f i t  w a s  always 
o b t a i n e d   t h r o u g h   s e p a r a t e   a n a l y s i s   o f   t h e   d a t a  a t  ind iv idua l   t empera tu res ,  the 
d i f fe rences   be tween RMS v a l u e s  were, f o r   t h e  most p a r t ,   n o t   v e r y   g r e a t .  Excep- 
t i o n s   t o   t h i s   o c c u r r e d   f o r   t h e  0.5 p e r c e n t   c r e e p   s t r a i n   d a t a  a t  922K (1200°F) 
and   the  1.0 p e r c e n t   c r e e p   s t r a i n   d a t a  a t  1144K  (1600OF) i n  which cases t h e  RMS 
v a l u e s  of the   Larson-Mil le r   parameter   ana lys i s  were approximately 25 pe rcen t  
h ighe r .  

I n   a d d i t i o n   t o   t h e   d e s c r i p t i o n  of t he   base l ine   c r eep   p rope r t i e s   t h rough  
the   op t imized   la rson-Mil le r   parameter   equa t ion ,   there  w a s  a need t o   p r e s e n t  
t h e   d a t a   i n  a form  which  would f a c i l i t a t e   c o m p a r i s o n   t o   t h e   c r e e p   p r o p e r t i e s  
of   exper imenta l   shee ts   p roduced   in   subsequent   por t ions   o f  the program.  Since 
e a c h   d a t a  set would  probably  have a d i f fe ren t   Larson-Mil le r   cons tan t ,   compar i -  
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N 
0 TABLE V I  

OPTIMIZED  LARSON-MILLER  PARAMETER  ANALYSIS OF 
BASELINE THIN GAUGE SHEETS 

c2 3 c4 2 
C 

Regression  equation: Y = l o g  t = C + - + - l o g  S + - ( log  S) 1 T T  T 

A. where T = absolute   temperature ,   Kelvin 
t = time t o   g i v e n   c r e e p   s t r a i n ,   h o u r s  
S = stress, MPa 

F i t   o f  tes t  d a t a  
Creep  Equation  Parameters  Std.   error of Cor re l a t ion  Number of 
S t r a i n  c2 c3 c4 Estimate, Coef f i c i en t  Tests 

-  lo^ u n i t s  RMS* - - - 

0.5% 15.3550 26315.4 -3619.76 -281.34 ,371 ,884 
1.0% 16.1772 27446.9 -2966.27 -549.79 .356 .903 

B. where T = absolute  temperature,   degrees  Rankine 
t = time t o   g i v e n   c r e e p   s t r a i n ,   h o u r s  
S = stress, k s i  

0.5% 15.3550 41548.3 -7364.84 -506.41 .371 .884 
1.0% 16.1772 44231.4 -6998.92 -989.62 .356 .903 

* Root Mean Square (RMS) = .. 
11 

, where  log t = i 

l o g  t = i 
P 

74 .361 
74 .347 

74 ,361 
74 ,347 

observed  log time t o  
g i v e n   c r e e p   s t r a i n  

p red ic t ed   l og  time t o  
g i v e n   c r e e p   s t r a i n  

n =  number o f   obse rva t ions   i n  
d a t a  set  
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Figure 7r Stress  vs. 0.5% Creep Life for HAYNES alloy No. 1 8 8  Baseline  Sheets (Actual  Datu and Pammetric  Evaluation) 
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Figure 8: Stress VI. 1 . 0 %  Creep Life for HAYNES alloy No. 188 Baseline Sheets (Actual  Data and Parametric  Evaluation). 



TABLE  VI1 

COMPARISON  OF  PREDICTIONS OF LARSON-MILLER 
P M T E R  ANALYSIS  TO  ACTUAL  DATA  AT  INDIVIDUAL 

TEST  TEMPERAUTRES 

RMS* Values  for  Given 

Temp 

922 K 
(1200OF) 

1033 K 
(1400OF) 

1144 K 
(1600OF) 

1255 K 
(1800'F) 

Creep  Strain  Data 
0.5%  1.0% 

.293  .257 

.370  ,380 

.377  .369 

.383  .358 

c (log ti - log ti 1 2  112 

* Root  Mean  Square (RMS) = n 

where  log t = observed  log  time  to  given  creep  strain i 

i log t -  = predicted  log  time  to  given  creep  strain 

n = number of observations  in  data  set 
P 
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TABLE  VI11 

Temp 

FIT  OF  BASELINE  THIN  GAUGE  SHEET  CREEP 
DATA  AT  INDIVIDUAL  TEST  TEMPERATURES* 

RMS Values  for  Given 

922 K 
(1200  OF) 

1033 K 
(1400'F) 

1144 K 
(1600OF) 

1255 K 
(1800OF) 

Creep  Strain  Data 
0.5%  1.0% 

.234  .229 

.339  .355 

.353  .288 

.381  .338 

* Equation  Form:  log t = B + B2  log S + B3  (log S) 
2 

1 
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sons   o f   c r eep   p rope r t i e s   u s ing  combined p l o t s   o f   l o g - s t r e s s   v e r s u s   L a r s o n -  
Miller parameter   would  require  a nomographic   too l .   Therefore ,   in   an   e f for t  
t o   d e v e l o p  a u n i f i e d   p r e s e n t a t i o n   o f   t h e   d a t a   f o r   t h e   p u r p o s e   o f   d i r e c t  com- 
p a r i s o n ,   t h e   b a s e l i n e   c r e e p   d a t a  w a s  f o r c e - f i t   u s i n g  a va lue   o f  1 7  f o r   t h e  
Larson-Mil ler   constant .  The choice  of  C1 = 17 w a s  based  on  the  average  of  
t h e   v a l u e s   o b t a i n e d   f r o m   t h e   a n a l y s e s   o f   0 . 5   p e r c e n t   c r e e p   s t r a i n   r e s u l t s  
f o r   t h e   b a s e l i n e  and f o r   e x p e r i m e n t a l   s h e e t s   d e s c r i b e d   i n  later sec t ions   o f  
t h i s   r e p o r t .   R e s u l t s   o f   p r e v i o u s  work a t  S t e l l i t e   D i v i s i o n  on HAYNES a l l o y  
No. 188 s h e e t  0.76-2.29 mm (0.030-0.090 i n c h )   t h i c k   a l s o   i n d i c a t e d   t h a t   t h e  
optimized  Larson-Miller  constant w a s  c l o s e   t o  a va lue   o f  1 7 .  

R e s u l t s   o f   t h e   f o r c e - f i t   a n a l y s e s   f o r   t h e   b a s e l i n e   d a t a  are p r e s e n t e d   i n  
Table I X .  Graph ica l   p re sen ta t ions   o f   t he   ana lyses  are a l s o   g i v e n   i n  F;igures 9 
and 10. The d a t a   c o r r e l a t i o n s  of t h e   f o r c e - f i t   a p p r o a c h  w e r e  e q u i v a l e n t   t o  
those   o f   the   op t imized   Larson-Mil le r   parameter   ana lys i s   judging   f rom  the  RMS 
va lues   ob ta ined ,and   t he   f i gu res   p rov ide  a b a s i s   f o r  clear comparisons  to  
subsequent   da ta  sets. 

2.5.2 Minimum Creep Rate Evaluat ion.  - Minimum c reep  rate data   determined 
a t  each test  temperature  were s u b j e c t e d   t o   m u l t i p l e   r e g r e s s i o n   a n a l y s e s   t o  ob- 
t a i n   f i t s   t o   t h e  two w e l l  known phenomenological  equations: 

l o g  & = l o g  A + n l o g  s min 

min and l o g  & = l o g  A' + 6s 

where E = minimum c r e e p  rate,  percent /hour  min 

s = stress (MPa o r   k s i )  

n = stress exponent 

A,  A' , 6 = c o n s t a n t s  

Resu l t s   o f   t hese   ana lyses  are summarized i n   T a b l e s  X and X I .  Essent ia l ly   equiva-  
l e n t   f i t s  of t h e   d a t a  w e r e  ob ta ined   wi th   e i ther   equa t ion   form.   Accord ing   to  
G a r o f a l o   ( r e f .   5 ) ,  minimum c reep  rates should  conform  to a s i n g l e  stress func- 
t i on   g iven   by  

l o g  k = l o g  A" + n l o g   ( s i n h   a s )  min 

where A" and a are c o n s t a n t s  a t  a cons tan t   t empera ture .   For   va lues   o f  as C.8, 
equa t ion  ( 3 )  reduced t o   t h e  form  given  by  equation (1) and A" an = A. For 
va lues   o f  as >1.2,   equat ion (3 )  reduced   to   the   form  g iven  by equat ion  (2)   f rom 
which it can   be   de te rmined   tha t  A"/2n = A' and  na = 6. I n   o r d e r   t o   e v a l u a t e  a ,  
r e s u l t s  a t  both l o w  and  high stresses are r e q u i r e d .   I n   t h e   p r e s e n t  case, it 
a p p e a r s   t h a t   n e i t h e r   i n e q u a l i t y   f o r  as h a s   b e e n   e n t i r e l y   f u l f i l l e d ,   a n d   w i t h i n  
the   r ange   o f  stresses employed a t  each   tempera ture ,   the   over lap  i s  s u f f i c i e n t  
t o   p r o v i d e  a r e a s o n a b l e   f i t  by e i t h e r   f u n c t i o n .  
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TABLE I X  

FORCE-FIT OF BASELINE CREEP DATA TO THE LARSON-MILLER 
PARAMETER EQUATION WITH A LARSON-MILLER CONSTANT OF 17 

Regression  Equation: P = T ( log  t + 1 7 )  = C2 + C log  S + C4 ( log S) 
2 

3 

A. Where T = absolu te   t empera ture ,   Kelv in  
t = time to   g iven   c r eep   s t r a in ,   hour s  
S = stress, MPa 

F i t  of Test Data 
Std.   Error  of 

Estimate, 
Equation  Parameters LM Parameter Cor re l a t ion  Number of  

S t r a i n  

0.5%  28429.1  -3489.62  -435.01  424.72  .984  74  .367 
1 .0% 28321.0  -2690.88  -683.38  400.82  .986  74  .349 

c2  c3  c4 Uni ts   Coef f ic ien t  Tests RMS 
- - - - 

B. Where T = absolute   temperature ,   degrees   Rankine 
t = time to   g iven   c r eep   s t r a in ,   hour s  
s = stress, k s i  

0.5% 45354.8 -7594.46 -783.01 764.50 
1.0% 46051.4 -6906.48 -1230.08 721.47 

.984 

.986 
74  .367 
74  .349 
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Figure IO: Stress vs. Larson-Miller Parameter (CI = 1 7 )  for 1 . 0 %  Creep Life of HAYNES alloy No. 188 Baseline Sheets. 



TABLE X 

ANALYSIS OF BASELINE MINI" CREEP 
RATES  AS  A POWER FUNCTION OF STRESS* 

l o g  A Std. Error  of 
Stress  Stress  Estimate,  Correlation 

Temp. as  MPa  as k s i  n Log Units,  Coefficient 

922 K -15.734  (-11.127)  5.49  .262  ,953 
(1200'F) 

1033 K -13.748 
(1400OF) 

(-9.130)   5 .51  .472  .893 

1144 K -12.659 
(1600OF) 

(-7.564)   6 .08  .265  .975 

1255 K -6 .608  ( -3 .569)   3 .62  .358  .921 
(1800OF) 

* l o g  k = l o g  A + n l o g  S min 

k = minimum  creep  rate, %/hr min 

S = stress (MPa or k s i )  

A,n = constarits estimated by method of least  squares 
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TABLE XI 

ANALYSIS OF BASELINE  MINIMUM  CREEP 
RATES  AS AN EXPONENTIAL  FUNCTION OF STRESS* 

B Std. Error of 
Stress  Stress  Estimate, 

Temp log A’ as  MPa  as  ksi Log Units, 

922 K -4.846  .0087 (. 0600)  .253 
(1200OF) 

1033 K -4.956  .0210 (. 144) 
(1400OF) 

1144 K -5.388  .0571 (. 394) 
(1600OF) 

1255 K -3.766  .0837 (. 577) 
(1800OF) 

log k = log A’ + BS min 

k = minimum  creep  rate,  %/hr min 
S = stress (€@a or  ksi) 

.430 

.267 

.364 

Correlation 
Coefficient 

.956 

.912 

.974 

.918 

A’,B = constants  estimated by method  of  least  squares 
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Since  the  stress  exponent,  n, is fundamentally  important to the  description 
of  creep  rate  phenomena,  it  was  considered  more  useful  to  portray  the  minimum 
creep  rates  as  a  power  function  of  stress.  Plots  of  +.he  data  in  this  form  are 
presented  in  Figure 11. As the  figure  and  the  data  in  Table X indicate,  the 
slopes  of  the  lines  are  approximately  constant  in  the  922K  (1200OF) - 1144K 
(1600OF)  temperature  range  with  n = 5.5-6. At the  1255K  (1800OF)  test  temper- 
ature,  and  from  Table S a  value  of  approximately  3.6 is indicated  for  the 
stress  exponent.  The  data  of  Table X indicate  that  a  large  reduction  in A, the 
so-called  structure  factor,  also  occurred  between  the  1144K  (1600OF)  and 
1255K  (1800OF)  test  temperatures. 

These  differences,  which  imply  a  change  in  the  creep  kinetics,  are  most 
likely  attributable  to  changes  in  the  precipitation  characteristics  known  to 
occur  in HAYNES alloy No. 188 at  those  Eemperatures  (ref.  2  and 6). That  is, 
at  1255K  (1800OF)  the  microstructure  contains  large  M6C  carbides  distributed 
randomly  and  relatively  coarse  secondary M C carbides  precipitated  at  grain 
boundaries.  At  1144K  (1600°F),  in  addition  to  the  large  random  primary M C 
carbides,  fine  secondary M C and M  C  carbides  are  found  distributed  along 
twin  and  grain  boundaries. 

6 
6 

6 23 6 

2.6  Static  Oxidation  Resistance 

Triplicate  samples  of  each  baseline  sheet  lot  were  subjected  to  300  hours 
of  static  oxidation  testing  at  a  temperature  of  1422K  (2100OF).  The  samples 
measured'l9.05 mm x  19.05 mm (3/4  inch x 3/4  inch),  and  they  had  a  4.76 mm 
(3/16  inch)  diameter  hole  located  at  mid-width  and  6.35  (1/4  inch)  from  the 
top  edge  for  suspension on the  test  rack.  Testing  was  carried  out  in  the 
const  nt  temperature  zone of a  tube  furnace.  An  air  flow  of  0.2 m  /hour 
(7 ft /hour)  was  maintained  through  the  furnace  to  ensure  a  constant  supply 
of  oxygen to the  samples.  Every  25  hours  the  samples  were  cooled  to  a  temper- 
ature  of  422K  (300°F)  or  less  and  rotated  to an adjacent  peg  such  that  the 
surface  facing  the  rack  faced  away.  After  testing,  the  oxidized  samples  were 
chemically  descaled  and  weighed.  The  metal  loss  per  side  was  then  computed 
from  the  recorded  weight  change.  One  of  the  samples  from  each  heat  was  also 
sectioned 3.18 mm (1/8  inch)  from  the  bottom  edge  and  prepared  for  metallograph- 
ia  examination. 

9 
3 

The  parameters  measured  by  this  procedure  are  schematically  illustrated 
in  Figure  12.  The  test  results  obtained  for  the  three  baseline  heats  are  sum- 
marized  in  Table XII. Heat-to-heat  differences  are  apparent  from  the  metal 
loss  data.  However,  in  consideration  of  the  test  duration,  these  differences 
are  not  very  large.  The  oxidation  penetration  data,  which  are  more  reliable 
for  evaluating  oxidation  resistance,  indicate  that  the  differences  between 
the  three  heats  are  minor. 

2 . 7  Dynamic  Oxidation  Resistance 

Triplicate  samples  of  each  baseline  heat  were  subjected  to  dynamic  oxi- 
dation  testing  for 100 hours  at  a  temperature  of  1366K  (2000OF).  The  test  was 
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TABLE XI1 

1422 K (2100°F)/300 HOUR STATIC  OXIDATION  DATA FOR 
"HAYNES" ALLOY NO, 188  BASELINE  THIN  GAUGE  SHEETS 

To  tal 
Metal  Loss  Continuous  Penetration M a x i m u m  Penetration  Affected  Metal 

Heat No. mdside (mils/side)  mm/side  (mils/side)  =/side  (mils/sidel 

2-1604  .01939 (. 7634)  .0102  (04)  .0406  (1-  6)  .0610  (2.4) 
.01971 (. 7761) 
.02026 (. 7975) 

3-1622  ,01465 (. 5768)  .007 6 (.3) 
.01466 (. 5873) 
.01546 (. 6085) 

4-1671  .01118 (. 4402)  .0102 (.4) 
.01223 (. 4814) 
.01087 (.4279) 

Average  .01541 (. 6066)  .0094  (.37) 

Std.  Dev.  .0037 (. 1442)  .0015 (. 06) 

.0457 

.0533 

.04 65 

.0064 

(1.83)  .0617  (2.43) 

(. 25)  .0015 ( 06) 



donducted  in  a  flame  tunnel  type  rig  schematically  illustrated  in  Figure 13 
which  provid.ed  a  gas  velocity  of  Mach  0.3.  The  combustible  mixture  was  com- 
posed  of  air  and No. 2 fuel  oil  (0.3-0.5  sulfur)  in  a  weight  ratio  of  approxi- 
mately  54:l.  The  test  specimens  were  sheared  from  the  respective  sheets.  The 
sheared  edges  of  the  samples  were  then  ground  to  provide  maximum  lateral  di- 
mensions  of 1 cm x 7.6 cm  (0.375  inch x 3.0  inches).  Each  specimen  was  sub- 
sequently  surface  ground  to  a 120 grit  finish to achieve  a  uniform  starting 
surface  condition.  Sampl5  dimensions  were  measured  to  2,Ol  cm  and  the  surface 
area  was  calculated  in  cm . After  measurement,  the  samples  were  ultrasonically 
degreased  in  thicklorethane,  dried,  weighed  on  a  microbalance  to f .0005 gm, 
and  then  placed  in  test.  During  testing,  the  specimens  were  subjected  to  cycles 
consisting  of 30 minutes  in  the  test  chamber  followed  by  withdrawal  and  a  two 
minute  air  quench  to  a  temperature  <533K  (500OF).  Periodically,  the  specimens 
were  removed  from  test  and  weighed  to  document  weight  changes.  At  the  con- 
clusion  of  the  test,  the  specimens  were  sectioned,  nickel  plated  and  prepared 
metallographically  to  determine  oxidation  penetration  characteristics. 

A  summary  of  the  1366K (2000'F) dynamic  oxidation  test  results  is  given 
in  Table XIII. Average  weight  change  data  and  the  range  for  each  test  period 
are  also  presented  in  Figure 14. The  weight  change  results  reflect  heat-to- 
heat  differences.  However,  the  range  of  values,  even  after 100 hours,  is  con- 
sidered  small.  The  oxidation  penetration  data,  which  provide  a  more  reliable 
and  unambiguous  basis  for  evaluating  dynamic  oxidation  resistance,  indicate 
only  minor  differences  between  the  three  baseline  heats. 
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Figure 13: Flame  Tunnel Cross Section 



TABLE X I 1 1  

1366 K (2000°F)/100 HOUR DYNAMIC OXIDATION DATA FOR 
"HAYNES" ALLOY NO. 188 BASELINE THIN GAUGE SHEETS 

2 Continuous  Oxidation Maximum 
Weight  Change, mg/cm Penetrat ion  Penetrat ion 

Heat No. 20 hr .  40 hr .  60 hr .  100 hr .  mm/side (mils/side) m/s ide   (mi l s / s ide )  

2-1604  .148 
.148 
,189 

-. 058 -. 058 -. 008 
-. 388 -. 395 -. 345 

-1.18 
-1.23 
-1.17 

.0231 

.0196 

.0183 

.035 6 

.0381 
,0384 

3-1622  .033 
.025 
.025 

-. 388 -. 394 -. 388 
-. 884 
-.895 
-.876 

-1.82 
-1.81 
-1.79 

.0180 
,0178 
.0185 

.0404 . 0391 
,0406 

4-1671  .247 
.218 
,252 

-. 107 -. 143 -. 118 
-. 657 -. 680 -. 673 

-3.19 
-3.04 
-3.15 

.0185 

.017 0 

.0196 

,038 9 
,0422 
.0409 

(1.53) 
(1.66) 
(1.61) 

Average ,143 -.185 -. 644 -2.04 .0191 ,0394 

Std. Dev.. .094 .159 .222 ,857 .0018 ,0020 
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3.0 TEXTURE  STUDY 

3.1  Introduction 

The  development  of  a HAYNES alloy No. 188 thin  gauge  sheet  with  a  pre- 
ferred  crystallographic  texture  after  recrystallization  offered  a  potential 
means  of  improving  creep  strength.  Barrett,  et a1 (ref. 7), investigated  the 
effect  of  the  cube  texture on creep in copper  and  found  significant  benefits. 
The  cube  textured  copper  sheet  was  produced  by  cold  rolling 97 percent 
and  annealing  which  yielded an average  'recrystallized  grain  diameter  of 0.03 
mm (ASTM 7). The steady-state  creep  rates  of  the  textured  copper  sheet  were 
found  to  be  about  half  those  for  random  polycrystals.,  and  independent  of  sample 
orientation  in  the  plane  of  the  sheet. No evidence  of  grain  boundary  displace- 
ment  or  grain  growth  was  observed  in  the  textured  copper  sheet.  The  samples 
with  randomly  oriented  grains, on the  other  hand,  were  found  to  have  a  grain 
boundary  sliding  strain  component  which  was  independent  of  the  amount  of  strain 
and  which  decreased  as  the  average  grain  diameter  increased.  Evidence  of 
grain  size  instability  was  also  observed  in  some  of  the  random  polycrystals. 
The  beneficial  effects  of  the  cube  texture  were  interpreted  in  terms  of  the  low 
angle  grain  boundaries (-5' average  misorientation  angle)  serving  as  poor 
vacancy  sources  for  dislocation  climb. 

No previous  work  had  been  done  to  intentionally  develop  a  preferred 
crystallographic  texture  in HAYNES alloy No. 188 sheet.  Accordingly,  the 
plan  of  investigation  was  designed  to  obtain  the  following  information: 

1. 

2. 

3. 

4 .  

5. 

6 .  

7. 

The  amount  of  cold  work  required  to  develop  a  well  defined  texture. 

The  roles  of  cold  reduction  and  annealing  temperature  in  determining 
the  type  and  extent  of  the  texturing. 

The  effects of texture  processing  on  microstructure. 

Determination  of  any  improvements  in  the  low  strain (< 1 percent)  creep 
strength  at  a  common  quality  control  test  condition. 

- 

The  range  of  creep  conditions  over  which  improvements  would  exist  for 
the  optimum  texture. 

The  effect  of  texture  on  other  mechanical  properties. 

The  effects  of  texture  and  texture  processing on fabricability  and 
oxidation  resistance. 

The  experimental  work  plan  was  facilitated  by  limiting  initial  investi- 
gations  (items 1 through 4 )  to  a  single  heat  of  material.  Upon  defining an 
optimum  textured  sheet,  three  heats  of  material  were  employed  to  perform  the 
evaluations  required  by  items 5 through 7. The  starting  materials  used  in 

39 



th i s   and   in   subsequent   exper imenta l   por t ions   o f   the   p rogram were 4.57 mm (.180 
i n c h )   t h i c k ,   h o t - r o l l e d   p l a t e s   w h i c h  serve as t h e   f e e d s t o c k   f o r   t h e   p r o d u c t i o n  
c o l d   s t r i p  m i l l .  The h e a t   a n a l y s e s   f o r   t h e s e  materials are l i s t e d   i n   T a b l e  XIV. 
A t y p i c a l   s t a r t i n g  material m i c r o s t r u c t u r e  is shown i n   F i g u r e  15. 

3.2 I n i t i a l   I n v e s t i g a t i o n  

3 .2 .1   Prodxct ion   of   expe i rmenta l   shee t   lo t s .  - Sheets  nominally .38 mm 
( . 0 1 5   i n c h )   t h i c k   f o r   t h e   i n i t i a l   i n v e s t i g a t i o n  were produced  from Heat 3-1655 
u s i n g   s t r i p s   m e a s u r i n g  4.57 mm x 25.4 I"I x 152.4 mm ( .180  inch x 1 inch  x 6 
i n c h e s ) .  The r e su l t i ng   s t r ip s   measu red   approx ima te ly   . 38  mm x 28.57 mm x 127 
c m  ( .015  inch x 1.125  inch x  50 inches ) .  The co ld - ro l l i ng   s chedu les ,   wh ich  are 
i l l u s t r a t e d   i n   T a b l e  XV, were p lanned   such   t ha t   f i na l   co ld   r educ t ions   o f  70 
percent ,   80  percent   and 90 pe rcen t  would  be  obtained.   Three  s t r ips  were 
processed   to   each  level of f i n a l   c o l d  work   and   then   f ina l   annea led   for   10  
minutes a t  a temperature  of 1394K (2050"F), 1450K (2150°F) ,   o r  1505K 
(2250°F)  and  rapid a i r  cooled. The s t r i p s  so  produced  thus  represented  nine 
d i f f e r e n t   f i n a l   c o l d  work  and annea l ing   tempera ture   combina t ions .   Af te r   f ina l  
annea l ing ,   each   s t r ip  w a s  sa l t  ba th   desca led   and   f l a t t ened  by s t r e t c h e r  
l e v e l i n g .  The samples  were coded  using  the  numbers 7 ,  8, and 9 t o   r e p r e s e n t  
f i n a l  cold-work levels of 70 percent ,   80   percent ,   and  90 pe rcen t ,   r e spec t ive -  
l y ,  and  the le t ters  A, By and C t o   r e p r e s e n t   t h e   f i n a l   a n n e a l i n g   t e m p e r a t u r e  
in   t he   o rde r   o f   i nc reas ing   t empera tu re .   Fo r   example , the   code   des igna t ion  
7A would r e p r e s e n t  70 p e r c e n t   f i n a l   c o l d  work  and a f ina l   annea l ing   t empera -  
t u r e   o f  1394K (2050°F). 

A sample  f rom  each  experimental   s t r ip  w a s  examined   meta l lographica l ly .  
M i c r o g r a p h s   i l l u s t r a t i n g   t y p i c a l   s t r u c t u r e s  are p r e s e n t e d   i n   F i g u r e s  16-18. 
No d i s c e r n i b l e   g r a i n   s i z e   d i f f e r e n c e s  were n o t e d   w i t h   r e s p e c t   t o   s e c t i o n s  
o r i e n t e d  para l le l  o r   p e r p e n d i c u l a r   t o   t h e   r o l l i n g   d i r e c t i o n .  A s  might  be  ex- 
p e c t e d ,   t h e   f i n a l   g r a i n   s i z e  a t  each level  of   cold work  changed d r a m a t i c a l l y  
f r o m   v e r y   f i n e   t o   c o a r s e  as t h e   a n n e a l i n g   t e m p e r a t u r e  w a s  i nc reased .  A t  con- 
s t a n t   a n n e a l i n g   t e m p e a t u r e ,   d i f f e r e n c e s   i n   t h e   f i n a l   g r a i n   s i z e s   w i t h  re- 
s p e c t   t o   t h e   l e v e l   o f   f i n a l   c o l d  work were no t   ve ry   g rea t .  The c a r b i d e   s i z e s  
and d i s t r i b u t i o n s  were a l s o   o b s e r v e d   t o   c o a r s e n   w i t h   i n c r e a s i n g   a n n e a l i n g  t e m -  
p e r a t u r e ,  and i t  w a s  ev ident   tha t   those   samples   which   had   been   annea led  a t  
1505K  (2250OF) r e t a i n e d  more  carbon i n   s o l u t i o n .  

3 .2 .2   Examinat ion   of   c rys ta l lographic   t ex ture .  - Samples  from  the  experi-  
m e n t a l   s t r i p s  were examined f o r   c r y s t a l l o g r a p h i c   t e x t u r e   u s i n g   t h e   p r o c e d u r e  
p r e v i o u s l y   d e s c r i b e d   i n   S e c t i o n   2 . 2 .  The s t r i p   c h a r t   r e c o r d i n g s   o f   d i f f r a c t e d  
X-ray i n t e n s i t i e s   i n d i c a t e d   t h a t  a l l  samples  had w e l l  d e f i n e d   t e x t u r e s .  The 
r e s u l t s  of the   computer   ana lyses   o f   in tegra ted   d i f f rac ted  beam i n t e n s i t i e s  
a l s o   i n d i c a t e d   t h a t   t h e   f u l l   r a n g e   o f   r e l a t i v e   i n t e n s i t i e s   ( 1   t o   9 )  w a s  ob- 
ta ined   for   each   sample .  The r e s u l t i n g   p o l e   f i g u r e s ,  shown i n   F i g u r e s  19-27, 
are p r e s e n t e d   u s i n g   o n l y   t h e   t h r e e   h i g h e s t   i n t e n s i t y   l e v e l s  so  t h a t   t h i s  
p r i n c i p a l   t e x t u r e   f e a t u r e   c a n   b e   e a s i l y   a p p r e c i a t e d .  
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TABLE X I V  

HEAT ANALYSES FOR "HAYNES"  ALLOY NO. 1 8 8 ,   4 . 5 7 1 ~ ~  .( .180-INCH) 
THICK, HOT  ROLLED PLATES USED  AS STARTING MATERIALS 

I N  EXPERImNTAL SHEET STUDIES 

E l e m e n t  

C r  
W 
Fe 
C 
S i  
co 
N i  
Mn 
P 
S 
L a  
B 

C o m p o s i t i o n  ~~ - Weight P e r c e n t  
Heat Heat: Heat 
3-1655  4-1696  4-1697 

22.52 
14.06 

1.78 
0.10 
0.33  

37.95 
22.54 

0.65 
0.012 
0.005 
0.040 
0.006 

22.58 
14.29 

1 .50  
0 .11  
0.34 

36.86 
22.74 

0 . 7 1  
0 .011  
0.007 
0.099 
0.004 

22.57 
14.10 

1.38 
0.10 
0.35 

37.00 
22.28 

0.64 
0.011 
0.006 
0.104 
0.004 

4 1  



Figure   15 :   Micros t ruc ture  of Heat 3-1655,  4.57 mm (.180-inch) 
Th ick   S t a r t i ng   S tock ,   Gra in   S i ze  ASTM 6-1/2 t o  7. 
X300. 
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TABLE XV 

COLD  ROLLING  SCHEDULES  FOR  TEXTURE STUDY 
SHEETS:  INITIAL  INVESTIGATION 

70%  Final  Reduction 

4.571~~ Cold  Roll  1.27mm  Cold  Roll  .38mm 
(. 180") (. 050") (. 015") . - ,  

Anneal  at 
1450 K (215OoP) 

10 min. 

80%  Final  Reduction 

4.57mm  Cold  Roll 1.911~~ Cold  Roll .38m 
(. 180") (. 075") (. 015") 

An9eal  at 
1450 'K (2150'F) 

10 min. 

90% Final  Reduction 

4.57m Cold  Roll .38m (. 180") (. 015") 
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(a )  7A - 1394K (2050°F)/10  min. 
Grain  Size ASTM 8-10 & Finer .  
X300. 

(b)  7B - 1450K (2150°F)/10  min. 
Grain  Size ASTM 6-112-7. 
X300. 

(c )  7C - 1505K (2250°F)/10  min. 
Gra in   S ize  ASTM 4-1/2. 
X300. 

F igure   16 :   Micros t ruc tures  of  Texture  Study  Sheet Lots  of Heat 3-1655 Given 70% Cold  Reduction  Prior 
t o  Final  Annealing a t  the  Indicated  Temperatures 



(a) 8A - 1394K (2050°F)/10  min. 
Grain Size ASTM 9-10 & Finer. 
X300. 

(b) 8B - 1450K (2150°F)/10  min. 
Grain Size ASTM 7-112. 
X300. 

(c) 8C - 1505K (2250°F/10  min. 
Grain Size ASTM 5-5-1/2. 
X300. 

Figure 17: Microstructures of Texture Study  Sheet Lots of Heat  3-1655 Given 80% Cold Reduction Prior 
to Final Annealing at the  Indicated Temperatures 



9A - 1394K (2050°F)/16  min. (b)  9B - 1450K (2150°F)/10 min. 
Grain  Size ASTM 8-1/2-10 & Finer .  Grain  Size ASTM 7-1/2. 
X300. X300. 

. .  

Figure 18: Micros t ruc tures  of Texture  Study  Sheet  Lots of Heat 3-1655 Given  90% Cold Reduct ion  Pr ior  
to   Final   Anneal ing a t  the  Indicated  Temepratures 

: 

(c )  9C - 1405K (2250°F)/10 min. 
Gra in   S ize  ASTM 3-1/2-5-1/2. 
X300. 
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Figure   19 :   (111)   po le   f igure  f o r  7A - cold  reduced 70% and  annealed a t  
1394 K (2050OF) f o r  10 minutes 
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Figure 20: (111) pole figure  for 7B - cold reduced 70% and annealed at 
1450 K (2150'F) for 10 minutes 
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Figure 21: (111) pole  figure for 7C - cold  reduced 70% and annealed at 
1505 K (2250°F) for 10 minutes 
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R.D.  

Figure 22: (111) pole  figure  for 8A - cold reduced 80% and annealed at 
1394 K (2050OF)  for  10  minutes 
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Figure 23: (111) pole  figure  for 8B - cold  reduced 80% and  annealed 
at 1450 K (2150OF) for 10 minutes 
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R.D.  

. D .  

Figure  2 4 :  ( 1 1 1 )   p o l e   f i g u r e   f o r  8 C  - cold  reduced 80% and  annealed a t  
1505 K (2250°F) f o r  10  minutes  
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R.D.  

T . D .  

Figure  25: (111)   po le   f i gu re  for 9A - cold  reduced 90% and  annealed a t  
1394 K (2050'F) f o r   1 0   m i n u t e s  
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R.D.  

T.D. 

Figure  26: (111)   po le   f i gu re  f o r  9B - cold  reduced 90% and  annealed a t  
1450 K (2150'F) f o r  10  minutes  
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R.D.  

Figure  27: (111) p o l e   f i g u r e   f o r  9C - cold  reduced 90% and  annealed a t  
1505 K (2250OF) f o r   1 0   m i n u t e s  
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Comparison  of t h e   p o l e   f i g u r e s   i n d i c a t e d   t h a t  a l l  of the   exper imenta l  
shee t s   posses sed   t he  same type   of   t ex ture .  The c e n t e r s   o f   t h e  (111) high   in -  
t e n s i t y   r e g i o n s  a l l  l a y   o n   t h e   e q u a t o r   o f   t h e   s t e r e o g r a p h i c   p r o j e c t i o n   w i t h  
r e s p e c t   t o   t h e   a x i s   d e f i n e d  by t h e   r o l l i n g   d i r e c t i o n .  Only t h e   a n g u l a r  
sp read ing   o f   t hese  areas w a s  o b s e r v e d   t o   v a r y   w i t h   t h e   d i f f e r e n t  thermome- 
chan ica l   p rocess ing   cond i t ions .  From t h e   p o s i t i o n i n g   o f   t h e   ( 1 1 1 )   h i g h   i n -  
t e n s i t y   r e f l e c t l o n s ,  it w a s  clear t h a t   t h e   t e x t u r e   o b t a i n e d  was no t   t he   cube  
t ex tu re ,   and   s ince   each   po le   f i gu re   cove red   on ly   t he   cen t r a l  55 degrees   of   the  
s t e r e o g r a p h i c   p r o j e c t i o n ,   i n s u f f i c i e n t   d a t a  w a s  a v a i l a b l e   t o   d e f i n e   t h e   t e x t u r e  
t y p e   i n  a s p e c i f i c  manner. To remedy t h i s   s i t u a t i o n ,   s a m p l e  8 B  w a s  a r b i t r a r i l y  
s e l e c t e d   i n  view of t h e  similarities between  the  (111)   pole   f igures ,   and i ts  
corresponding  (200)   and  (220)   pole   f igures  were determined.  These  pole 
f i g u r e s  are p r e s e n t e d   i n   F i g u r e s  28  and  29,  respectively.  By Comparing t h e  
th ree   po le   f i gu res   o f   s ample  8B t o   t h e  (OOl),  (110), ( l l l ) ,  and  (112)  standard 
p r o j e c t i o n s ,  i t  became clear t h a t  more t h a n   o n e   t e x t u r a l  component was 
p r e s e n t .  A s a t i s f a c t o r y   f i t  was ob ta ined  by  assuming  the  presence  of two 
components.  These were ( 1 )   ( 1 1 0 )   p a r a l l e l   t o   t h e   s h e e t   p l a n e   w i t h   [ i l O ]   p a r a l -  
l e l  t o   t h e   r o l l i n g   d i r e c t i o n   a n d  [OOI] p a r e l l e l   t o  khe   t r ansve r se   d i r ec t ion ,   and  
( 2 )   ( 1 1 2 )   p a r a l l e l   t o   t h e   s h e e t   p l a n e   w i t h   [ 1 1 0 ]   p a r a l l e l   t o   t h e   r o l l i n g  
d i r e c t i o n a n d   [ l l i ]   p a r a l l e l   t o   t h e   t r a n s v e r s e   d i r e c t i o n .  A composi te   s tereo-  
graphic   p ro jec t ion   conta in ing   these   components  i s  i l l u s t r a t e d   i n   F i g u r e  30. 
Accord ing   to   the   condi t ion   o f   symmetry   ( re f .  8) ,  each   po le   ind ica ted   should  
have a "mir ror   image"   across   the   p lanes   normal   to   the   ro l l ing   and   t ransverse  
d i r e c t i o n s .  When these   a l lowances  are made, the  agreement   between  the  ideal  
and the   expe r imen ta l   po le   f i gu res  i s  q u i t e  good. 

In   an   a t t empt   t o   quan t i fy   t he   deg ree   o f   t ex tu r ing   obse rved ,   t he   angu la r  
s p r e a d i n g   o f   t h e   h i g h   i n t e n s i t y   r e g i o n s   a b o u t   t h e   r o l l i n g   a n d   t r a n s v e r s e  
d i r e c t i o n s  w a s  measured  on  the  (111)  pole  f igures.  Due t o  symmetry,  only 
one -ha l f   o f   each   po le   f i gu re   needed   t o   be   cons ide red .   In   t h i s   t r ea tmen t ,   t he  
angular   spreading  which  occurred  about   each  of   the  major   axes   should  be  con-  
s i d e r e d  as phenomenological  and  independent of one  another.  However, t h e  com- 
p o s i t e   p r o j e c t i o n  model p r e d i c t s   t h a t   t h e   ( 1 1 1 )   p o l e s   b e l o n g i n g   t o   t h e  (112)  
and  (110)  components  should  be  scattered  about  posit ions  on  the  equator of 
1Sb8"  and 35.3" f rom  the   cen te r   o f   t he   p ro j ec t ion ,   r e spec t ive ly .   Th i s  would 
g i v e  rise t o  a na tu ra l   sp read   o f  15.8:'  around t h e   r o l l i n g   d i r e c t i o n   i f   b o t h  
components were p r e s e n t   i n   a p p r e c i a b l e  amounts.  Therefore, by cons ide r ing  
t h e   a c t u a l   a n g u l a r   l o c a t i o n s   o f   t h e   h i g h   i n t e n s i t y   r e g i o n s   w i t h   r e s p e c t   t o   t h e  
r o l l i n g   d i r e c t i o n ,  a qua l i t a t ive   a s ses smen t   cou ld   be  made r e g a r d i n g   t h e  
presence  of  each  component. 

A summary of   the   angular   da ta   ob ta ined   f rom  the   (111)   po le   f igures  is 
p r e s e n t e d   i n   T a b l e  XVI. Genera l ly ,   the   angular   spreading   about   the   t rans-  
v e r s e   d i r e c t i o n   i n c r e a s e d   w i t h   a n n e a l i n g   t e m p e r a t u r e  a t  each   leve l   o f   co ld  
work. The changes  which  occurred a t  t h e  70 pe rcen t  level were n o t  as g r e a t  
as t h o s e   f o r   t h e  80 pe rcen t  and 90 percent  cold-work levels,  however. A t  
cons tan t   annea l ing   tempera ture ,   the   changes   in   the  amount  of angu la r  
s p r e a d i n g   a b o u t   t h e   t r a n s v e r s e   d i r e c t i o n   w i t h   c o l d  work were n o t   c o n s i s t e n t .  
It appeared,   however ,   that   increasing  cold  work,suppressed  the  (112)  com- 
ponent   and  increased  the  spreading  of   the  (110)   component   about   the  rol l ing 
d i r e c t i o n .  
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Figure  28: (200)   po le   f i gu re  f o r  8 B  - cold  reduced  80%  and  annealed at 
1450 K (2150'F) for 10 minutes 
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Figure 29: (220) pole  figure  for 8B - cold  reduced 80% and  annealed at 
1450 K (2150OF) for 10 minutes 
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i I  

Figure  30: Composi te   project ion  containing  (110)  [ i l O ] ,  closed  symbols,  
and  (112) [ T l O ] ,  open symbols 
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TABLE  XVI 

ANGULAR  DATA  OF  HIGH  INTENSITY  REGIONS  FOR (111) POLE  FIGURES 
DETERMINED  FOR  TEXTURE  STUDY  THIN  GAUGE  SHEET LOTS 

Around  Rolling  Direction  Around  Transverse  Direction 
Spec. Angular Angular Angular Angular 
No. * Locations Spread Locations Spread 

7A 
7B 
7c 
8A 
8B 
8C 
9A 
9B 
9c 

21-40" 
20-40" 
15-40' 
18-48" 
21-40" 
19-42' 
21-45" 
25-43' 
24-45' 

19" 
20 " 
25" 
30" 
19 O 

23" 
24 ' 
18 " 
21 ' 

f25" 
528 " 
f28 " 
f21 " 
+24 " 
534' 
221" 
229" 
f32" 

50" 
56" 
56" 
42 ' 
48" 
68' 
42" 
58" 
64" 

* 7, 8 and  9  indicate  70,  80,  and  90%  cold  reductions, 
respectively;  A, B and  C  indicate  final  annealing 
temperatures of 1394.. K (2050°F) , 1456. K (2150°F) , 
and 1505'K (2250°F),  respectively. 
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3.2 .3   Creep   s t rength   eva lua t ion .  - In i t i a l ly ,   dup l i ca t e   spec imens   f rom 
each   exper imenta l   shee t  were c r e e p   t e s t e d   t o  a s t r a i n  of > 1 p e r c e n t  a t  a 'test 
cond i t ion   o f  1200K/41.4 MPa (1700°F/6   ks i )   in   accordance   wi th   the   p rocedure  
d e s c r i b e d   i n  Appendix B. A c o m p l e t e   l i s t i n g   o f   t h e   c r e e p  .test d a t a  is con- 
t a i n e d   i n  Appendix D. For   the   purpose   o f   the   p resent   d i scuss ion ,   the   log  time 
averages   o f   the  test r e s u l t s   f o r  creep s t r a i n  levels of 0.5 percent   and 1 .0  
p e r c e n t  were determined. The a n t i l o g s   o f   t h e   a v e r a g e   v a l u e s  were then  computed 
t o   f a c i l i t a t e   c o m p a r i s o n s   i n  terms of t i m e  u n i t s .  The r e s u l t s  are summarized 
i n  Table XVII. 

Wi th in   each   shee t   l o t ,   t he   c r eep   s t r eng th   based   on   t he  amount  of t i m e  
t o  a g i v e n   s t r a i n  level w a s  found   t o   i nc rease   w i th   i nc reas ing   annea l ing  t e m -  
p e r a t u r e .   R e c a l l i n g   t h e   m i c r o s t r u c t u r e s   p r e s e n t e d   i n   S e c t i o n   3 . 2 . 1 ,   t h i s  
behav io r   appea red   t o   be   d i r ec t ly   co r re l a t ed   w i th   g ra in  s i z e .  That is ,  t h e  
average   g ra in   d iameter   increased   (or   average  ASTM No. decreased)   wi th   increas-  
ing   annea l ing   tempera ture .  Among the   expe r imen ta l   shee t s ,   t he   bes t   c r eep  
s t r e n g t h s  were ob ta ined   fo r   s amples  7C, 8 C  and 9C.  Due t o   t h e  small number 
of test r e s u l t s ,   s i g n i f i c a n t   d i f f e r e n c e s   b e t w e e n   t h e s e  materials could  not   be 
f u l l y   a p p r e c i a t e d .   F u r t h e r   t e s t i n g  w a s  t h e r e f o r e   c a r r i e d   o u t   u n t i l  a t o t a l  
o f   f i v e   r e p l i c a t e  tests had   been   comple t ed   fo r   each   o f   t he   t h ree   shee t   l o t s .  
The a d d i t i o n a l  test d a t a  are l i s t e d   i n  Appendix D. The log   average   c reep  
r e s u l t s   o b t a i n e d  are p r e s e n t e d   i n   T a b l e  XVIII a long   w i th   t hose   fo r   t he   base l ine  
shee ts   for   the   purpose   o f   compar ison .  

I n   o r d e r   t o   d e t e c t   s t a t i s t i c a l l y   s i g n i f i c a n t   d i f f e r e n c e s   b e t w e e n   t h e   t h r e e  
t e x t u r e   s t u d y   s h e e t   l o t s ,   t h e   c r e e p   d a t a ,   t r a n s f o r m e d   i n t o   l o g   u n i t s ,  were 
compared u s i n g   t h e  t-test ( r e f .  9).  Comparisons were a l s o  made t o   t h e   b a s e l i n e  
r e s u l t s   i n   o r d e r   t o  assess any  improvement i n   c r e e p   s t r e n g t h  a t  1200K/41.4 MPa 
(1700"? /16   ks i ) .   In   each  case, t h e   n u l l   h y p o t h e s i s  w a s  t h a t   t h e  means  of t h e  
samples   t es ted  were equa l ,   and   t he   a l t e rna t ive   hypo thes i s  w a s  t h a t   t h e  means 
were not   equa l .  The r e s u l t s   o f   t h e s e  s ta t is t ical  tests are summarized i n  
Table XIX.  A l l  t h r e e   t e x t u r e d   s h e e t   l o t s  were found t o   h a v e   c r e e p   l i v e s  
s i g n i f i c a n t l y   h i g h e r   t h a n   t h o s e  of t h e   b a s e l i n e  a t  bo th   t he  0.5 percent   and 
1 . 0   p e r c e n t   c r e e p   s t r a i n  levels. Among t h e   t e x t u r e d   s h e e t   l o t s ,  8 C  w a s  found 
t o   b e   s i g n i f i c a n t l y   s u p e r ' i o r   t o  7C (> 99 pe rcen t   con f idence   l eve l )  a t  both 
c r e e p   s t r a i n  levels. The tests between  sheets  7C and 9C i n d i c a t e d   t h e   s u p e r i -  
o r i t y   o f  9C f o r   t h e   0 . 5   p e r c e n t   c r e e p   s t r a i n  level,  b u t   t h e   r e s u l t s   f o r   t h e  
1 .0   pe rcen t   c r eep  s t ra in  level i n d i c a t e d  a confidence level of  -89.4  percent 
which is  n o r m a l l y   n o t   c o n s i d e r e d   t o   b e   s t a t i s t i c a l l y   S i g n i f i c a n t .   R e s u l t s   o f  
t h e  t-tests be tween  shee ts  8 C  and 9C showed  no s t a t i s t i c a l l y   s i g n i f i c a n t   d i f -  
f e r e n c e s .   T h e s e   r e s u l t s   e s t a b l i s h e d   t h a t  a sheet   processed  with  80  percent  
co ld  work p r i o r   t o  a f i n a l   a n n e a l  a t  1505K (2250°F)/10  minutes w a s  s u p e r i o r  
t o  a shee t   g iven   70   pe rcen t   co ld  work p r i o r   t o   t h e  same f i n a l   a n n e a l i n g  treat-  
ment,   and  that   such a s h e e t   o f f e r e d  a s i g n i f i c a n t  improvement i n   c r e e p   s t r e n g t h  
o v e r   t h e   b a s e l i n e  a t  1200K/4.1.4 MPa (1700°F/6 k s i ) .  The f a c t   t h a t  no statisti- 
cal  d i f fe rences   could   be   de tec ted   be tween  exper imenta l   shee ts  8 C  and 9C made i t  
clear t h a t  90   pe rcen t   co ld  work p r i o r   t o   t h e   f i n a l   a n n e a l   o f f e r e d  no advantages 
o v e r   t h e  80 pe rcen t   co ld  work level. Therefore ,   the   combinat ion  of  80 Percent  
f i n a l   c o l d  work  followed by a f i n a l   a n n e a l  a t  1505K (2205OF)/10  minutes was 
j u d g e d   t o   r e p r e s e n t   t h e  optimum TMP sequence  for   producing a t e x t u r e d  HAYNES 
a l l o y  No. 188 th in   gauge   shee t .  
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TABLE XVII 

Specimen 
No. * 

7A 

7B 

7c 

8A 

8B 

8C 

9A 

9B 

9c 

SUMMARY OF LOG  AVERAGE  DATA  FOR  INITIAL 
1200  K/41.4 MPa (1700°F/6 k s i )  CREEP  TESTS OF THE 

EXPERIMENTAL  TEXTURE  STUDY  SHEETS 

0.5%  Creep  Strain 
Avg  Antilog , Std. 

Log Time**  Hr s Dev. *** 

-. 126 0.7 .041 

1.237 17.3 .129 

1.605 40.2 .069 

-. 189 0.6 .146 

1.006 10.1 .027 

1.923 83.8 .044 

-. 141 0.7 .114 

.872 7.5 .430 

1.716 52.0 .280 

1.0%  Creep  Strain 
Avg  Antilog  Std. 

Log Time**  Hr s Dev. *** 

.75  1.5 

1.577  37.7 

1.931  85.3 

,110 1.3 

1.315  20.6 

2.210  162.3 

.222  1.7 

1.203 16.0 

1.991  97.9 

.041 

.131 

.047 

.097 

.019 

.074 

.130 

.432 

.266 

* 7, 8, and  9  indicate 70, 80,  and 90% 
A, By and  C  indicate  final  annealing 

final:  cold  reductions,  respectively; 
temperatures  of  1394 K (2050°F),  1450 

(2150°F),  and  1505 K (2250'F) , respectively. 
log ti 

** log t = n ti = observed  time  to  given  creep  strain 

n = no. of  observations 
*** log  units 

K 



TABLE XVIII 

SUMMARY OF LOG' AVERAGE  DATA  FOR 
1200  K/41.4  MPa  (1700"F/6  ksi)  CREEP  TESTS 
OF BASELINE AND TEXTURE  STUDY  SHEET  LOTS 

0.5%  Creep  Strain 
Sheet No. of Avg  Antilog,  Std. 
Lot  Tests, N Log Time*  Hr s Dev. ** 

Baseline 6 1.280 19.1 .339 

7c*** 5 1.660 45.7 .098 

8C*** 5 1.866  73.5  .loo 

9c*** 5 1.899 79.3  .218 

1.0% Creep  Strain 
Avg  Antilog , Std. 

Log Time*  Hrs  Dev. ** 
1.631  42.8  .346 

1.974  94.2  .062 

2.169  147.6  .071 

c log ti 
* log i = n where ti = observed  time  to  given  creep  strain 

n = no. of observations 

2.200  158.6  .235 

** log  units 

*** 7C,  8C,  9C = 70%,  80%,  and  90%  cold  work  prior  to  1505 K (2250°F)/10  min.  final  anneal 



TABLE X I X  

Tes t  

7C vs. 8 C  
7c vs. 9c 
8 C  vs. 9C 
7C vs. b a s e l i n e  
8 C  vs. b a s e l i n e  
9C vs. b a s e l i n e  

SUMMARY OF STATISTICAL COMPARISON FOR BASELINE 
AND TEXTURE STUDY SHEET LOTS 

7C vs. 8 C  
7c vs. 9c 
8 C  vs. 9C 
7C vs. b a s e l i n e  
8 C  vs. b a s e l i n e  
9C vs. b a s e l i n e  

D. F. - - t 

T i m e  t o  0 .5%  Creep   S t ra in  

8 -3.2958 
8 -2.23778 
8 -. 30703 
6.37  2.61478 
6.43  4.02753 
9 3.50522 

Time t o   1 . 0 %   C r e e p   S t r a i n  

8 -4.63314 
4.84  -2.08166 
5.08 -. 28290 
5.54  2.37891 
5.69  3.70777 
9 3.11043 

Hypotheses:  Null (Ho) x1 = X2 
- 

A l t e r n a t i v e  (HI) x1 # x2 
where x and E are the   s ample  means 1 2 

2-Tailed 
P r o b a b i l i t i e s  

.01093 

.05562 

.76666 

.03986 
-00690 
.00667 

.00168 

. lo582 

.78859 

.06325 

.01389 

.01251 
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3.3 Evaluation  of Optimum Texture   Sheets  

3.3.1 Product ion   of   exper imenta l '   shee t   lo t s .  - To o b t a i n  material f o r   a n  
ex tens ive   p rope r ty   eva lua t ion ,   shee t s   nomina l ly  .38 mm ( . 015   i nch )   t h i ck  were 
produced  from Heats 3-1655,  4-1696,  and  4-1697.  The process ing   schedule  w a s  
t h e  same as t h a t  employed in   the   p roduct ion   of   exper imenta l   shee t   sample  8 C  
( see   Table  XV). The ac tua l   p roduc t ion   o f   t he   shee t s  w a s  accomplished  by  cold 
r o l l i n g  two pieces  of  each  heat  measuring  4.57 mm x 11.4 cm wide x 15.24 c m  
long  ( .180  inch x 4.5 inches  x 6 i n c h e s )   p a r a l l e l   t o   t h e   o r i g i n a l   s h e e t   p l a t e  
r o l l i n g   d i r e c t i o n .  The s h e e t s  were purposely made w i d e r   t h a n   t h e   o r i g i n a l  
s t r i p   t o   e n a b l e   t e s t i n g   t o   b e   c a r r i e d   o u t   i n   t h e   t r a n s v e r s e   d i r e c t i o n .   A f t e r  
t h e   f i r s t   c o l d   r o l l i n g   s e s s i o n   t o  a th ickness   o f   1 .91  mm ( .075   inch) ,   each   p iece  
w a s  c u t   i n   h a l f   t o '   f a c i l i t a t e   c o l d   r o l l i n g   o n   t h e  4-Hi l a b o r a t o r y  m i l l .  The 
resu l t ing   p ieces   measured   approximate ly  .38 mm x 12.7 cm wide x 63.5 cm long 
( -015   i nch  x 5 inches x  25 i n c h e s ) .   F o l l o w i n g   t h e   f i n a l   a n n e a l i n g   t r e a t m e n t ,  
each   p i ece  w a s  sa l t  ba th   desca led   and   f l a t t ened  by s t r e t c h e r   l e v e l i n g .  

3 . -3 .2   Examinat ion  of   grain  s ize   and  crystal lographic   texture .  - Each 
c o l d - r o l l e d   s h e e t   s e l e c t e d   f o r   m e c h a n i c a l   p r o p e r t y   e v a l u a t i o n  w a s  examined f o r  
g r a i n   s i z e ,  and   (111)   c rys t a l log raph ic   t ex tu r ing   u s ing   t he   po le   f i gu re  method 
p rev ious ly   desc r ibed .  The r e s u l t s  o f   t hese   ana lyses  are p r e s e n t e d   i n   T a b l e  XX. 
I n  a l l  c a s e s ,   t h e   g r a i n   s i z e s   o b t a i n e d  were s l i g h t l y   c o a r s e r   t h a n   t h a t  of   the 
o r i g i n a l   s t r i p   p r o d u c e d   f r o m  Heat 3-1655 (ASTM 4-5 1 / 2  as compared t o  ASTM. 
5-5 1 / 2 ) .  

There were a l s o   v a r i a t i o n s   i n   t h e   t e x t u r e s  of the  sheets.   Those  produced 
from Heat 3-1655  had s l i g h t l y  less angular   spreading   of   the   (111)   h igh   in -  
t e n s i t y   r e g i o n s   a b o u t   t h e   r o l l i n g   d i r e c t i o n  as compared t o   t h e   o r i g i n a l  8 C  
s t r i p .  The a n g u l a r   s p r e a d i n g   a b o u t   t h e   t r a n s v e r s e   d i r e c t i o n   f o r   t h e   s h e e t s  
of Heat 3-1655 w a s  a l s o   o b s e r v e d   t o   b e   s i g n i f i c a n t l y  less t h a n   i n   t h e   o r i g i n a l  
s t r i p  (48-50" versus   68") .   Sheets   f rom Heat 4-1696  had s l igh t ly   h ighe r   sp read -  
ing   a round   t he   ro l l i ng   d i r ec t ion   and  much h ighe r   sp read ing   a round   t he   t r ans -  
verse d i r e c t i o n .  For Heat 4-1697,  more v a r i a t i o n   i n   t e x t u r e  w a s  observed 
among t h e   i n d i v i d u a l   p i e c e s   t h a n  w a s  observed   be tween  p ieces   o f   the   o ther  two 
h e a t s .  The  amounts   of   angular   spreading  of   the  (111)   high  intensi ty   regions 
a r o u n d   b o t h   t h e   r o l l i n g   a n d   t r a n s v e r s e   d i r e c t i o n s  were found to   vary   above   and  
below t h e   v a l u e s   o b t a i n e d   o n   t h e   o r i g i n a l   s t r i p .  

3 .3 .3  Bend d u c t i l i t y .  - A s  a check  on room t e m p e r a t u r e   f a b r i c a b i l i t y ,  
dupl ica te   longi tudina l   and   t ransverse   samples   f rom  each   hea t   o f   t ex tured   shee t  
were sub jec t ed   t o   gu ided  bend tests around a d i ame te r   equa l   t o   1 .5  times t h e  
nominal   shee t   th ickness .  The samples  measured  25.4 mm long x 19  mm wide x .38 
mm t h i c k  (1 inch  x .75   inch  x . 015   i nch ) .   P r io r   t o   t e s t ing ,   t he   shea red   edges  
of   the  samples  were rounded  by be l t   g r ind ing   t o   p reven t   edge   c r ack ing .   In  a l l  
cases, a 180"  bend w a s  obtained  without  any  signs  of  sample  cracking. 

3 .3 .4   Tens i l e   p rope r t i e s .  - D u p l i c a t e   l o n g i t u d i n a l   a n d   t r a n s v e r s e   t e n s i l e  
tests were performed  on  samples  from  each  heat  of  the Type 8C t e x t u r e d   s h e e t s  
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TABLE XX 

GRAIN SIZE AND (111) POLE FIGURE DATA  FOR  TYPE 8C* TEXTURE 
STUDY  SHEETS  PRODUCED  FOR  EXTENSIVE  EVALUATION 

Around R. D. Around T. D. 
P i e c e  
No. ASTM G . S .  

Angular 
Loca t ions  

Heat 3-1655 

4-5 Pred 5 21-40' 

4-112-5-112 Pred** 5 20-40" 

4-112-5-112 Pred 5 21-40' 

4 

4-4-112 

4-4-112 

Heat 4-1696 

20-48" 

19-43" 

19-45" 

Heat 4-1697 

2 4-4-112- Pred 4-112  20-40" 

3 4-4-112 Pred 4-112 18-42 " 

4 4-112 16-40" 

Angular Angular Angular 
Spread Locat ions  Spread 

19"  +25 " 

20"  +25 " 

19"  524" 

50" 

50" 

48" 

28 " f50 " 100 " 

24 " 249 O 98" 

26"  +49 " 98" 

20°  +28" 56 " 

24 O +50 " 100 " 

24 " + 3 8 O  76" 

O r i g i n a l   S t r i p . ,  Heat 3-1655 

8 C  5-5-112 19-42"  23"  234 " 68" 

~ ~ ~~ ~~ 

* 80% c o l d  work + f i n a l   a n n e a l  a t  1505 K (2250"F)/10 min. 

** Pred = Predominantly 
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over   the   t empera ture   range   of  room t empera tu re   t o  1366K (2000'F).  The  pro- 
cedures  employed were t h e  same as those   desc r ibed  i n  Sec t ion  2.3. A complete 
l i s t i n g  of t h e  test r e s u l t s  is  g i v e n   i n   T a b l e  XXI. T h e s e   d a t a   i n d i c a t e   t h a t  
t h e r e  were no s i g n i f i c a n t   d i f f e r e n c e s   i n   t h e   t e n s i l e   p r o p e r t i e s   w i t h   r e s p e c t  
t o  test d i r e c t i o n .   A v e r a g e   t e n s i l e   p r o p e r t y   v a l u e s   f o r   t h e   t h r e e   h e a t s  are 
p r e s e n t e d   i n   T a b l e  XXII. The y i e l d   a n d   u l t i m a t e   s t r e n g t h s  were similar t o   t h o s e  
o b t a i n e d   f o r   t h e   b a s e l i n e   ( T a b l e  I V )  o v e r   t h e   f u l l   r a n g e   o f  test  temperatures .  
The ave rage   e longa t ions  were equ iva len t   t o   t hose   o f   t he   base l ine   t h rough  1033K 
(1400°F) ,   bu t   s ign i f icant ly   lower  a t  temperatures  of 1144K  (1600'F)  and  above. 
P resumab ly ,   t he   l ower   duc t i l i t 5es   o f   t he   t ex tu red   shee t s  a t  t h e   t h r e e   h i g h e s t  
t e m p e r a t u r e s   c a n   b e   a t t r i b u t e d   t o   t h e i r   c o a r s e r   g r a i n  s i ze  ( r e f .   1 0 ) .  

3 . 3 . 5   S t r e s s   r u p t u r e   p r o p e r t i e s .  - D u p l i c a t e   l o n g i t u d i n a l   a n d   t r a n s v e r s e  
samples  from  each  heat were stress r u p t u r e   t e s t e d  a t  1089K/165.4 MPa (1500°F/ 
24 k s i )  and a t  1311K/31 MPa (1900°F/4.5  ksi) .  The specimen  configurat ion 
employed was t h e  same as t h a t   i l l u s t r a t e d   i n  Appendix E.  A summary of t h e  
r e s u l t s   o f   t h e s e  tests is g iven   i n   Tab le  XXIII.. A t  t h e  1089K/165.4 MPa 
(1500°F/24 k s i )  test c o n d i t i o n ,   t h e   r u p t u r e  lives of t h e   t e x t u r e d   s h e e t s  were 
similar t o   t h o s e  of t he   base l ine   shee t s   (Tab le   V) ,   bu t   t he   e longa t ions  were 
s i g n i f i c a n t l y l o w e r .  No  s i g n i f i c a n t   d i f f e r e n c e s  were n o t e d   i n   t h e   p r o p e r t i e s  
o b t a i n e d   w i t h   r e s p e c t   t o  test d i r e c t i o n .  A t  t h e  1311K/31 MPa (190OoF/4.5 k s i )  
test c o n d i t i o n ,   t h e   r u p t u r e  l ives  of t h e   t e x t u r e d   s h e e t s  were s i g n i f i c a n t l y  
h igher   than   the   base l ine   va lues ,   and   independent   o f  test d i r e c t i o n .  The elonga- 
t i ons ,   on   t he   o the r   hand ,  were dependent  on test d i r e c t i o n .  The va lues   ob ta ined  
i n   t h e   t r a n s v e r s e   d i r e c t i o n  were l o w e r   t h a n   t h o s e   f o r   t h e   l o n g i t u d i n a l   d i r e c t i o n  
and s i g n i f i c a n t l y   d i f f e r e n t   ( - 9 9   p e r c e n t   c o n f i d e n c e  level) .  The l o n g i t u d i n a l  
e longa t ion   va lues  were e q u i v a l e n t   t o   t h o s e   o f   t h e   b a s e l i n e .  

3.3.6  Creep l i f e   e v a l u a t i o n .  - A s  a n   i n i t i a l   c h e c k   o n   t h e   q u a l i t y   o f  
t h e   t e x t u r e d   s h e e t s  as compared t o   t h e   o r i g i n a l  8 C  s t r i p ,   d u p l i c a t e   l o n g i -  
tudinal   and  t ransverse  samples   f rom  each  heat  were c r e e p   t e s t e d  a t  1200K/ 
41.4 MPa (1700°F/6  ksi) .  A l l  c r eep  tests were conducted in   acco rdance   w i th  
the   p rocedure   g iven   in   Appendix  E.  Complete test  d a t a  are c o n t a i n e d   i n  
Appendix D. A summary o f   t h e   l o g   a v e r a g e   d a t a   f o r   c r e e p   s t r a i n   l e v e l s  of  0.5 
percent   and   1 .0   percent  is p r e s e n t e d   i n   T a b l e  XXIV a long   wi th   the   cor responding  
r e s u l t s   f o r   t h e   o r i g i n a l  8 C  s t r i p  and   t he   base l ine   hea t s   fo r   compar i son .  Among 
t h e   t e x t u r e d   s h e e t s   o f   t h e   t h r e e   d i f f e r e n t   h e a t s ,   c r e e p  lives were found t o  
va ry   above   and   be low  those   fo r   t he   o r ig ina l   s t r i p .  However, t h e  combined 
averages were e s s e n t i a l l y   e q u i v a l e n t   t o   t h o s e  of t h e   o r i g i n a l   s t r i p .   I n  a l l  
cases, t h e   c r e e p  lives o f   t h e   t e x t u r e d   s h e e t s  were s i g n i f i c a n t l y   s u p e r i o r   t o  
t h o s e   o b t a i n e d   f o r   t h e   b a s e l i n e   h e a t s .  

I n   o r d e r   t o   o b t a i n  a more d e t a i l e d   c h a r a c t e r i z a t i o n   o f   t h e   c r e e p   s t r e n g t h  
o f   t h e   t e x t u r e d   s h e e t s ,   f u r t h e r   c r e e p   t e s t i n g  w a s  conducted  on  each  heat a t  
temperatures  of 922K (1200°F), 1144K  (1600OF) and 1255K (1800°F),  and a t  
t h r e e  stress levels a t  each  temperature.  A l l  tests were performed  using  longi-  
t u d i n a l l y   o r i e n t e d   s a m p l e s .  As w i t h   t h e   b a s e l i n e ,  it was p lanned   t o  select 
stresses which  would  give 1 percent   c reep  lives i n   t h e   r a n g e   o f   r o u g h l y  25- 
500  hours.  The i n i t i a l  stress levels s e l e c t e d  were based   on   the   base l ine   c reep  
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T e s t  
Temp. 

R.T.  

- 

922 K 
(1200'F) 

1033 K 
(1400OF) 

1144 K 
(1600°F) 

1255 K 
(1800'F) 

1366 K 
(2000'F) 

Orient. 

L 
L 

T 
T 

L 
L 
T 
T 

L 
L 
T 
T 

L 
L 
T 
T 

.L 
L 
T 
T 

L 
L 
T 
T 

TABLE XXI 

TENSILE PROPERTIES OF TEXTURE STUDY SHEET - TYPE 8C* 

Heat 3-1655 Heat 4-1696 
0.2% YS UTS E l  0.2% YS UTS E l  
" - - MPa (hi) MPa ( k s i )  MPa ( k s i )  MPa ( h i )  

"" 

553.3 
565.7 
570.5 
544.3 

321.1 

338.3 
307.3 

328.0 

331.4 
336.2 
330.0 
315.6 

304.5 
299.7 
295.6 
296.3 

113.7 
159.2 
143.3 
159.2 

81.3 

93.0 
78.5 

77.2 

(80.3) 
(82.1) 
(82.8) 
(79.0) 

(46.6) 
(44.6) 
(49.1) 
(47.6) 
(48.1) 
(48.8) 
(47.9) 
(45.8) 

(43.5) 
(44.2) 

(42.9) 
(43.0) 

(16.5) 
(23.1) 

(23.1) 
(20.8) 

(11.8) 
(11.4) 
(13.5) 
(11.2) 

1020.4 
1012.8 
1008.7 
983.2 

691.1 

678.0 
713.8 

702.1 

643.5 
638.0 
589.8 
602.2 
429.9 
425.8 
443.0 
400.3 

176.4 
241.2 
208.1 
229.4 

122.6 
124.0 
146.1 
117.1 

(148.1) 
(147.0) 
(146.4) 
(142.7) 

(100.3) 
(103.6) 

(101.9) 
(98.4) 

(93.4) 
(92.6) 
(85.6) 
(87.4) 

(62.4) 
(61.8) 
(64.3) 
(58.1) 

(25.6) 
(35.0) 
(30.2) 
(33.3) 

(17.8) 
(18.0) 
(21.2) 
(17.0) 

- y. 

57.8 
54.0 
64.1 
62.9 

48.8 
51.6 
49.5 
59.1 

40.3 
38.7 
33.3 
43.1 

31.1 
32.4 
33.1 
31.6 

37.1 
26 .O 
27.8 
22.8 

19.9 
17.6 
16.5 
14.5 

475.4 
487.1 
460.3 
449.9 

300.4 
270.8 
203.2 
281.1 

311.4 
305.2 
301.8 
303.8 
270.1 
259.1 
283.2 
263.2 

149.5 
146.8 
155.0 
155 .O 
77.2 
75.1 
89.6 
75.1 

(69.0) 
(70.7) 
(66.8) 
(65.3) 

(43.6) 

(41.1) 
(39.3) 

(40.8) 

(45.2) 
(44.3) 
(43.8) 
(44.1) 

(39.2) 
(37.6) 
(41.1) 
(38.2) 

(21.7) 
(21.3) 
(22.5) 
(22.5) 

(11.2) 
(10.9) 
(13.0) 
(10.9) 

989.4 
956.3 
962.5 
984.6 

715.9 
669.7 
674.5 
684.2 

606.3 
569.1 
560.2 
613.2 

372.1 
372.1 
390.0 
396.2 

224.6 
214.3 
229.4 
227.4 

121.3 
122.6 
137.8 
120.6 

(143.6) 
(138.8) 
(139.7) 
(142.9) 

(103.9) 
(97.2) 
(97.9) 
(99.3) 

(88.0) 
(82.6) 
(81.3) 
(89.0) 

(54.0) 
(54 .O) 
(56.6) 
(57.5) 

(32.6) 
(31.1) 
(33.3) 
(33.0) 
(17.6) 
(17.8) 
(20.0) 
(17.5) 

- % 

59.7 
64.4 
68.6 
65.4 

57.6 
67.5 
67.6 
70.2 

46.2 
42.0 
44.4 
51.1 

23.5 
25.5 
24.7 
37.6 

23.8 
26.9 
30.1 
26.8 

17.1 
18.6 
19.8 
15.6 

- 
0.2% YS 

Heat 4-1697 

MPa ( k s i )  MPa (ksi) 
UTS 

" - - 
474.0 
483.0 
494.7 
450.6 

268. i 
269.4 
281.1 
309.4 

274.2 

281.8 
307.3 

280.4 

234.9 
267.3 
276.3 
283.9 

164.7 
145.4 
164.0 
150.9 

84.1 
86.8 
84.1 
91.6 

(68.8) 
(70.1) 
(71.8) 
(65.4) 

(39.0) 
(39.1) 
(40.8) 
(44.9) 

(39.8) 
(44.6) 
(40.9) 
(40.7) 

(34.1) 
(38.8) 
(40.1) 
(41.2) 

(23.9) 
(21.1) 
(23.8) 
(21.9) 
(12.2) 
(12.6) 
(12.2) 
(13.3) 

994.2 
946 .O 
967.4 
985.3 

653.9 
696.6 
665.6 
664.9 

582.9 
618.0 
591.2 
533.3 

361.7 

407.9 
392.0 

380.3 

245.3 
226 .O 
233.6 
210.8 

131.6 
130.2 
120.6 
134.4 

(144.3) 
(137.3) 
(140.4) 
(143.0) 

(94.9) 
(101.1) 
(96.6) 
(96.5) 

(84.6) 
(85.8) 
(85.8) 
(77.4) 

(52.5) 
(56.9) 
(59.2) 
(55.2) 

(35.6) 
(32.8) 
(33.9) 
(30.6) 

(19.1) 
(18.9) 
(17.5) 
(19.5) 

~ 

El 
x 

62 .O 
65.2 
68.5 
61.7 

63.8 
69.3 
69.5 
61.2 

44.5 
47.5 

40.0 
47.5 

23.6 
26.6 
34 .O 
29.2 

25.6 
23.0 
26.5 
20.8 
16.1 
14.3 
13.3 
11.9 

- 

* 80% cold w o r k  + 1505 K (2250°F)/10 m i n .  f inal  anneal 

L = l o n g i t u d i n a l  

T = transverse 



TABLE X X I I  

T e s t  
Temp. 

R. T. 

922 K 
(1200°F) 

1033 K 
(1400 OF) 

1144 K 
(1600OF) 

1255 K 
(1800'F) 

1366 K 
(2000'F) 

AVERAGE TENSILE  PROPERTIES FOR TEXTURE 
STUDY SHEET - TYPE 8C* 

0.2% YS UTS 
(ksi)  MPa ( k s i )  

E l o n g  . 
% 

500.9 72.7 984.6 142.9 62.9 
(44.8) (6.5) (22.7) (3.3) (4.2) 

296.3 43.0 684.2 99.3 61.3 
(24.1) (3.5) (20.0) (2.91 (8- 0) 

306.6 44.5 596.0 86.5 43.2 
(20.0) (2.9) (31.7) (4.6) (4.8) 

277.7 40.3 397.6 57.7 29.2 
(20.0) (2.9) (25.5) (3.7) (4.8) 

150.9 21.9 222.5 32.3 26.4 
(13.8) (2.0)  (17.9) (2.6) (4.2) 

82.7 12.0 127.5 18.5 16 .3  
(6.2) (0.9) (9.0) (1.3) (2.5) 

* S t a n d a r d  deviations are given i n  parentheses. 
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TABLE XXIII 

STRESS RUPTURE DATA FOR TEXTURE STUDY TPPE 8C* SHEETS 

1089 K/165.4 MPa  (1500°F/24 ksi) 1311  K/31  MPa (1900°F/4.5 ksi), 
Sample  Life  Elongation  Life  Elongation 
Oriehtation 

L 
L 
T 
T 

Log Avg.** 

Std.  Dev. 
(Log  Units) 

L 
L 

T 
T 

Log Avg.** 

Std.  Dev. 
(Log Units) 

L 
L 
T 
T 

Log Avg.** 

Std.  Dev. 
(Log  Units) 

Log Avg. 

Std.  Dev. 
(Log Units) 

Hours 

57.1 
39.5 

43.1 
51.9 

47.4 

(.073) 

26.7 

43.5 
36.2 

29.2 

33.3 

(. 095) 

43.1 
36.8 
49.2 
38.5 

41.6 

(. 056) 

x 

14.3 
15.9 
14.3 
15.4 

15.0 

(. 023) 

20.7 
30.0 

20.3 
17.3 

21.6 

(. 101) 

19.8 
19.9 

19.8 

19.5 

(.014) 

la. 6 

Heat 3-1655 

Heat 4-1696 

Heat  4-1697 

Hours 

129.6 
67.2 
62.5 
56.7 

74.1 

(.159) 

64.8 
30.8 
59.1 
39.9 

46.6 

(. 151) 

46.3 
71.1 

67.2 
71.8 

63.1 

(. 091) 
Heats 3-1655,  4-1696 and 4-1697 Combined 

40.3 18.5 60.2 

(.096) (.089) (. 151) 

* 80% cold work 4- 1505  K  (225OoF)/10 min. final  anneal 

x 

34. a 
30.8 
23.0 
21.4 

27.0 

(.101) 

23.6 
40.4 
23.5 
21.8 

26.4 

(. 124) 

31.1 
28.5 
13.3 
17.0 

21.2 

(.177) 

24.7 

(. 134) 

L - longitudinal 
T - transverse 
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TABLE  XXIV 

Sheet 
Lot 

Heat 
3-1655 

Heat 
4-1696 

Heat 
4-1697 

Combined 
Heats 

SUMMARY OF LOG  AVERAGE  DATA  FOR  1200  K/41.4  MPa  (1700°F/6  ksi) 
CREEP  TESTS OF TYPE  8C  TEXTURE  SHEET  LOTS  WITH  COMPARISON 

TO  THE  ORIGINAL  8C  STRIP AND THE BASELINE 

0.5%  Creep  Strain  1.0%  Creep  Strain 
No. of Avg Antilog, Std. Avg Antilog, Std. 
Tests, N Log  Time* Hr s Dev. ** Log  Time* Hr s Dev. ** 

4 1.876  75.1  .093  2.270  186.2  .073 

4 1.663  46.0  .237  2.043  110.3  .222 

4 1.914  82.0  .223  2.258 181.2 .295 

12 1.817  65.7  .211  2.190  155.0  .225 

Original  8C 
Strip  5  1.866  73.5 ,100 2.169  147.6  .071 

Baseline 
Heats 6 1.280 19.1 .339  1.631  42.8  .346 

G log ti * log i = n where t = observed  time to given  creep  strain i 
4 
I" ** log  units 

n = no. of observations 



test  r e s u l t s .   A d d i t i o n a l  stresses were t h e n   s e l e c t e d   t o   o b t a i n   t h e   r e q u i r e d  
d e s c r i p t i o n   o f   c r e e p   s t r e n g t h   o v e r   t h e   t e m p e r a t u r e   r a n g e   o f   i n t e r e s t .  A com- 
p l e t e   l i s t i n g   o f   t h e   c r e e p  test d a t a  i s  contained  in   Appendix D. 

Cha rac t e r i za t ion   o f   t he   c r eep   p rope r t i e s   o f   t he   t ex tu red   shee t  was ac- 
compl i shed   by   sub jec t ing   t he   0 .5   pe rcen t   and   1 .0   pe rcen t   c r eep   s t r a in   da t a   t o  
a leas t  squares   op t imiza t ion   of   the   Larson-Mil le r   parameter   equa t ion   descr ibed  
i n   S e c t i o n   2 . 5 . 1 .   R e s u l t s   o f   t h i s   a n a l y s i s  are p r e s e n t e d   i n   T a b l e  XXV. P l o t s  
showing t h e   a c t u a l   d a t a  and   t he   l i nes   g iven  by the   parameter   equa t ion  are il- 
l u s t r a t e d   i n   F i g u r e s  31 and  32.  The f i t  o f   t he   da t a   t o   t he   La r son-Mi l l e r  
equa t ion  w a s  ve ry  good wi th   co r re l a t ion   coe f f i c i en t s   o f   - . 94  a t  both   c reep  
s t r a i n   l e v e l s .   I n   c o m p a r i s o n   t o   t h e   b a s e l i n e   ( T a b l e  V I ) ,  much less s c a t t e r  
w a s  observed. The s t a n d a r d   e r r o r   o f   t h e  estimate and RMS va lues   ob ta ined  were 
approx ima te ly   ha l f   o f   t hose   r epor t ed   fo r   t he   base l ine   shee t s .  

A comparison  of  Figures  31  and 32 t o   t h e i r   b a s e l i n e   c o u n t e r p a r t s   ( F i g u r e s  
7 and   8 )   i nd ica t ed   t ha t   t he   t ex tu red   shee t s   p rov ided   de f in i t e   improvemen t s   i n  
creep s t r e n g t h  a t  each   of   the   t empera tures   inves t iga ted .  To a f f o r d  a more 
d i r e c t  means of  comparison,  the 0.5 pe rcen t   and   1 .0   pe rcen t   c r eep   s t r a in   da t a  
were f o r c e - f i t   t o   t h e   p a r a m e t e r   e q u a t i o n   u s i n g  a va lue   o f   17   for   the   Larson-  
Miller cons t an t  as w a s  d o n e   p r e v i o u s l y   f o r   t h e   b a s e l i n e   d a t a .  The r e s u l t s  of 
t h e   f o r c e - f i t   a n a l y s e s  are p r e s e n t e d   i n   T a b l e  XXVI. The RMS v a l u e   f o r   t h e   0 . 5 %  
c r e e p   s t r a i n   d a t a  w a s  e q u i v a l e n t   t o   t h a t   o b t a i n e d   i n   t h e   o p t i m i z e d   L a r s o n - M i l l e r  
a n a l y s i s ,   w h i l e   t h a t   o b t a i n e d   f o r   t h e   1 . 0 %   c r e e p   s t r a i n   d a t a  w a s  s l i g h t l y  
h ighe r .   These   va r i a t ions   i n   ag reemen t   r e f l ec t   t he   d i f f e rence   be tween   t he  
va lues   ob ta ined   fo r   t he   La r son-Mi l l e r   cons t an t   i n   t he   op t imized   ana lyses   and  
the   va lue   o f   17  assumed i n   t h e   f o r c e d - f i t   a p p r o a c h .  

Comparison p l o t s  of t h e   b a s e l i n e  and t ex tu re   s tudy   c r eep   p rope r t i e s   based  
o n   t h e   f o r c e - f i t  of the  Larson-Mil ler   parameter   equat ion are p r e s e n t e d   i n  
Figures  33  and 34.  The  minus  2-sigma  and  minus  3-sigma limits based  on  the 
s t a n d a r d   e r r o r s   o f   t h e  estimates are a l s o   i l l u s t r a t e d   f o r   t h e   t e x t u r e   s t u d y  
s h e e t s  so  t h a t   t h e   s i g n i f i c a n c e  of t h e   d i f f e r e n c e s   i n   c r e e p   p r o p e r t i e s   c a n   b e  
apprec ia ted .   That  is, only  2.27  percent  of  the test  r e s u l t s  a t  a g iven   c r eep  
test  c o n d i t i o n  are expected t o  be less than   t he   va lue   g iven  by t h e  minus 2- 
sigma l i m i t ,  and  only  0.13  percent are expec ted   to   be  less t h a n   t h e   v a l u e  
given by t h e  minus  3-sigma l i m i t .  Using  these cr i ter ia ,  Figures  33  and 34 
i n d i c a t e   t h a t   t h e   t e x t u r e d   s h e e t   o f f e r  a s i g n i f i c a n t  improvement i n   c r e e p  
s t r eng th   ove r   t he   base l ine   ove r  most  of the  range  of  test  cond i t ions .  
S p e c i f i c a l l y ,   t h e  minus  3-sigma limits of t h e   t e x t u r e g   s h e e t s  are above  the 
ba  e l ine  average  f rom  approximate y 206.8  MPa/l8 x 1 0  LMP-5 (30   ks i /32 .5  x 
1 0  LMP-OR) t o   17 .2  MPa/23.5  x 1 0  LMP-K (5 .5   ks i /42 .3  x 1 0  LMP-;R) f o r  0.5% 
c r e e p   s t r a i n ,  and  from 1 7 2 . 4  MPa/18.9 x 10 LMP-K (25   ks i /34  x 10 L M P - O R )  f o r  
1 . 0 %   c r e e p   s t r a i n .  The  minus  2-sigma limits o f   t h e   t e x t u r e d   s h e e t s  are s u p e r i o r  
t o  t2e basel ine  average  f rom  approx 'mately 290  MPa/17.2  x 10 LMF"K (42 k s i / 3 1  
x 1 0  L M E " O R )  t o   12 .4  MF'a/24.1 x 1 0  LMP-K (138 ksU43 .4  x 1 0  LMP-OR) f o r  
0 . 5 %   c r e e p   s t r a i n ,  and f om 297 MPa/17.5 x 10 LMP-Ij (43   ks i /31 .5  x 10 LMP- 
O R )  t o   8 . 6  MPa/25.2  x 1 0  LMP-K (1.25  ksi /45.4 x 10 LMP-OR) f o r   1 . 0 %   c r e e p  
s t r a i n .  
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TABLE XXV 

OPTIMIZED  LARSON-MILLER  PARAMETER  ANALYSIS OF TYPE  8C  TEXTURE  STUDY  SHEETS 

c2  c3 c4 2 Regression  Equation:  Y = log t = C + - + - log S + - (log S) 1 T T  T 

A. Where  T = Absolute  temperature,  Kelvin 

t = Time  to  fiven  creep  strain,  hours 

S = Stress,  MPa 

Creep  Equation  Parameters 
Strain - c1 - c2 - c3 - c4 

0.5%  17.2025  25789.5  933.04  -1690.86 

1.0% 19.6910  30433.8  256.59  -1726.15 

B. Where  T = Absolute  temperature,  degrees  Rankine 

t = Time  to  fiven  creep  strain,  hours 

S = Stress,  ksi 

0.5%  17.2025  45689.2  -3424.68  -3043.55 

1.0%  19.6910  52983.5  -4748.79  -3107.06 
d 
w 

Fit  of  Test  Data 

Estimate  Coefficient  Tests RMS 
Std. Error of Correlation  Number of 

- 

.185  .941  39  .176 

,198  ,946  39  .187 

.185 

.198 

.941 

,946 

39  .176 

39  .187 



Figure 31:  Stress vs. 0.5% Creep Life for Texture Study  Sheets (Actual  Data and Parametric  Evaluation). 
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Figure 32: Stress  vs. 1 . 0 %  Creep Life for Texture Study  Sheets. (Actual  Data and Parametric Evaluation) 
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TABLE  XXVI 

FORCE-FIT  OF  TEXTURE STUDY CREEP  DATA  TO  THE  LARSON-MILLER  PARAMETER 
EQUATION  WITH  A  LARSON-MILLER  CONSTANT OF 17 

2 Regression  Equation:  P = T ( log  t + 1 7 )  = C2 + C 3  log S + C4 (log S) 

A. Where  T = Absolute  temperature,  Kelvin 

t = Time  to  given  creep  strain,  hours 

S = Stress,  MPa 

Creep  Equation  Parameters 
Strain c7 

Fit of Test  Data 
Std.  Error  of 
Estimate, 

LM Parameter  Correlation  Number of 
Units  Coefficient  Tests RMS 

0.5% 25565.8 879.14 -1664.23 

1 .0% 26813.0 184.60 -1521.45 

B. Where  T = Absolute  temperature,  degrees  Rankine 

212.96 .997 39  .176 

237.72 .996 39  .197 

t = Time  to  given  creep  strain,  hours 

S = Stress, ksi 

0.5% 45239.0 -3441.29 -2995.61 383.34 .997 

1 .0% 46614.5 -4260.47 -2739.61 427.90 .996 

39  .176 

39  .197 
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Figure 33: Comparison of Stress vs. Larson-Miller Parameter (CI = 1 7 )  for 0.5% Creep  Lives of Baseline 
and Texture  Study  Sheets. 
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3.3.7  Minimum  creep  rate  evaluation. - The  minimum  creep  ratg  data  ob- 
tained  for  the  texture  study  sheets  were  subjected  to  multiple  regression 
analyses  assuming  both  power  and  exponential  stress  functional  relationships 
as  described  in  Section  2.5.2  Results  of  these  analyses  are  presented  in 
Tables  XXVII  and  XXVIII.  As  was  found  in  the  analyses  of  the  baseline  data, 
essentially  equivalent  fits  were  obtained  with  either  equation  form.  The  ex- 
planation  of  this  behavior  is  likely  the  same  as  that  described  for  the  base- 
line.  Namely,  the  inequalities  for aS based  on  the  hyperbolic  sine  law  were 
not  fulfilled,  and  the  overlap  in as allowed  either  function  to  provide  a 
reasonable  fit  to  the  data. 

As  in  the  case  of  the  baseline  data,  it  was  considered  more  useful  to 
describe  the  minimum  creep  rates  of  the  textured  sheets  in  terms  of  the  power 
function  of  stress.  Plots  of  the  data  in  this  form  are  shown  in  Figure  35. 
The  minimum  creep  rates  of  the  textured  sheets  were  generally  lower  than  those 
observed  in  the  baseline  sheets  (Figure 11) at  equivalent  stress  levels.  These 
differences  were  most  pronounced  at  the  1144K  (1600OF)  and  1255K (1800'F)  test 
temperatures  where  the  minimum  creep  rates  of  the  textured  sheets  were  more 
than  five  times  lower  than  those of the  baseline  sheets.  Examination  of  the 
power  function  parameters  contained  in  Tables X and  XXVII  also  revealed  some 
striking  differences. At the  922K (1200'F)  and 1144K  (1600OF)  test  temperatures, 
the  "structure  factor"  parameters of the  textured  sheets  were  several  order 
of  magnitude  smaller  than  those  of  the  baseline.  At  the  same  time,  however, 
the  stress  exponents of the  textured  sheets  were  higher,  indicating  a  greater 
sensitivity  to  the  level  of  stress  which  resulted  in  a  reduction of the  overall 
effects  on  the  minimum  creep  rates. At the  1255K  (1800OF)  test  temperature, 
the  stress  exponents  of  the  textured  and  the  baseline  sheets  were  approximately 
equal,  but  the  "structure  factor"  parameter of the  textured  sheets  was  still 
approximately  one-half  an  order  of  magnitude  less  than  that of the  baseline. 

3.3.8  Examination of microstructures  after  creep  testing. - The  dif- 
ferences  noted  between  the  textured  and  the  baseline  sheets  with  respect  to 
their  low  strain  creep  lives  and  minimum  creep  rates  strongly  suggested  the 
possibility  of  significant  microstructural  differences.  To  test  this  hypothe- 
sis,  a  brief  investigation  was  conducted  on  the  samples  which  had  been  creep 
tested  at  1200K/41.4  MPa  (1700°F/bksi).  The  crept  samples  were  examined  using 
the  techniques  of  both  optical  metallography  and  transmission  electron  micros- 
copy so that  bulk  as  well  as  microstructural  features  could  be  appreciated. 

Optical  photomicrographs  of  typical  structures  observed  in  the  three  base- 
line  heats  and  in  the  textured  sheets  produced  from  Heat  3-1655  are  presented 
in  Figures  36  and  37,  respectively.  In  all  cases,  the  metallographic  sections 
were  prepared  and  photographed  such  that  the  specimen  tensile  axis  lies  in  the 
field  of  view  parallel  to  the  horizontal  axis  of  the  photograph.  This  was  done 
to  detect  any  structural  changes  that  might  be  associated  with  the  direction  of 
stress. 
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TABLE XXVII 

ANALYSIS OF TEXTURE STUDY M I N I m  CREEP  IWCES 
AS A POWER  FUNCTION  OF  STRESS* 

l o g  A Std .   Er ror  of 
S t r e s s   S t r e s s  E s t i m a t e ,  C o r r e l a t i o n  

Temp. as MPa as KSI  n Log Units C o e f f i c i e n t  

922 K -22.206  (-15.572)  7.92  .142 
(1200'F) 

1144 K -14.979  (-9.181)  6.91 .313 

1255 K -7.098  (-4.225)  3.43  .154 
(1800'F) 

* l o g  imin = l o g  A = n l o g  S 

t = minimum c reep  rate,  % / h r  min 

S = stress (MPa o r   k s i )  

.977 

.915 

.972 

A, n = c o n s t a n t s   e s t i m a t e d  by method of least squa res  
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TABLE XXVIII 

Temp. 

922 K 
(1200°F) 

1144 K 
(1600'F) 

1255 K 
(1800OF) 

ANALYSIS  OF  TEXTURE  STUDY MINIMUM CREEP  RATES 
AS AN EXPONENTIAL  FUNCTION  OF  STRESS* 

B Std.   Error   of  
1 S t r e s s  S t r e s s  Estimates, C o r r e l a t i o n  

l o g  A as MPa as KSI Log Units C o e f f i c i e n t  

-5.661 .0102 (. 0703) .125 .982 

-6.040  .0551 (. 3796)  .317  .913 

-4.052  .0659 (. 4541)  ,107  .986 

1 * l o g  i: = l o g  A + BS min 

i: = minimum c reep  rate, %/hr  min 

S = stfess (MPa o r  KSI) 

1 

A , B = cons tan t s   e s t ima ted  by method  of least  squa res  
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Figure 35: Stress vs. Minimum  Creep Rate for Texture Study Sheets. 



Figure 36: Optical Photomicrographs of Baseline Sheets  after  Creep  Testing  at  1200K/41.4 MPa 
(1700°F/6 k s i ) :  (a)  Heat  2-1604, (b) Heat  3-1622, (c) Heat  4-1671.  Test specimens 
were oriented transverse to the rolling direction.  X300. 
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(a )  (b) (c )  

Figure  37:  Optical   photomicrographs of Textured  Sheet  Produced  from Heat 3-1655 a f t e r  Creep  Testing 
a t  1200K/41.4 MPa (1700°F/6 ksi): ( a )   Or ig ina l  8 C  S t r i p ,   T e n s i l e  Axis P a r a l l e l   t o   R o l l i n g  
Di rec t ion ,  (b) Type 8 C  Shee t ,   Tens i le  Axis P a r a l l e l   t o   R o l l i n g   D i r e c t i o n ,  (c) Type 8 C  
Shee t ,   Tens i le  Axis Transverse   to   Rol l ing   Di rec t ion .  X300. 



The e x t e n t   o f   s e c o n d a r y   c a r b i d e   p r e c i p i t a t i o n   i n   t h e   v a r i o u s   s a m p l e s   a f t e r  
c r e e p   t e s t i n g  w a s  qui te   pronounced as judged  from.  the  as-annealed  microstruc- 
t u re s   (F igu res   1 -3   fo r   t he   base l ine   shee t s   and   F igu re   17 (c )   fo r   t he   o r ig ina l  
8 C  t e x t u r e d   s t r i p ) .  However, t h i s   t y p e   o f   p r e c i p i t a t i o n   b e h a v i o r   c a n   b e  con- 
s i d e r e d  mrmal f o r  HAYNES a l l o y  No. 188  based  on its aging   response  a t  1200K 
(1700OF) ( r e f .  2 and 6 )  a l b e i t  somewhat acce le ra t ed   due   t o   t he   cond i t ion   o f  
c o n t i n u a l   p l a s t i c   d e f o r m a t i o n .  The c r e p t   m i c r o s t r u c t u r e s   o f   t h e   b a s e l i n e  
s h e e t s  were t y p i f i e d  by f i n e   p r e c i p i t a t e s   d i s t r i b u t e d   b o t h  randomly  and i n  
gra in   boundar ies .  Twin boundar i e s   con ta ined   f ew  p rec ip i t a t e s .   In   con t r a s t ,  
t h e   m i c r o s t r u c t u r e s   o f   t h e   t e x t u r e d   s h e e t s   c o n t a i n e d   r e l a t i v e l y   c o a r s e  car- 
b i d e s   d i s t r i b u t e d  randomly  and i n   g r a i n   b o u n d a r i e s ,   a n d   p r e c i p i t a t i o n   o n  
twin  boundaries  w a s  much more in   ev idence .   Ne i the r   t he   base l ine   shee t s   no r  
t h e   t e x t u r e d   s h e e t s  showed any   s igns   o f   g ra in   s i ze   i n s t ab i l i t y ,   o r   any   mic ro -  
s t r u c t u r a l   f e a t u r e   w h i c h   c o u l d   b e   a s s o c i a t e d   w i t h   t h e   d i r e c t i o n   o f   t h e   t e n s i l e  
stress. 

Informat ion   on   the   subs t ruc tures   p roduced   dur ing   c reep   deformat ion  w a s  
ob ta ined   th rough  examinat ion   of   the   c rep t   samples   by   t ransmiss ion   e lec t ron  
microscopy.   Representa t ive   e lec t ron   micrographs   o f   the   base l ine   and   tex tured  
s h e e t s  are i l l u s t r a t e d   i n   F i g u r e s  38 and  39,  respectively.  Comparison  of  the 
photographs reveals some ma jo r   subs t ruc tu ra l   d i f f e rences .   Typ ica l   d i s loca t ion  
s t r u c t u r e s   i n   t h e   b a s e l i n e   s h e e t s   c o n s i s t e d  of  tangles  produced by t h e   i n t e r -  
s e c t i o n  and r e a c t i o n   o f   t h e   g l i d e   d i s l o c a t i o n s ,  and  pile-ups a t  r e l a t i v e l y  
l a rge   ca rb ide   pa r t i c l e s   and   g ra in   boundar i e s .   Fo r   t he   t ex tu red   shee t s ,   on   . t he  
o the r   hand ,   t he re  w a s  a marked  tendency  toward  the  formation of d i s loca t ion   sub -  
boundar ies .   These   occur red   in   the   form  of   ioose ly   cons t ruc ted   subgra in  walls 
as shown i n   F i g u r e   3 9 ( a ) ,   o r  as w e l l  def ined  planar   networks  resul t ing  f rom  the 
i n t e r a c t i o n   o f   t h e   p r i m a r y   g l i d e   d i s l o c a t i o n s  as shown i n   F i g u r e   3 9 ( b ) .   I n  ad- 
d i t i o n   t o   t h i s ,   f i n e   c a r b i d e   p r e c i p i t a t e s  were obse rved   w i th in   t he   d i s loca t ion  
boundar ies   and   on   t angled   d i s loca t ions  as shown i n   F i g u r e s   3 9 ( b ) ,   ( c ) ,   a n d   ( d ) .  

These   observa t ions   p rovide   the   bas i s   for   expla in ing   the   improved  creep 
r e s i s t a n c e   o f   t h e   t e x t u r e d   s h e e t s :  

1. The p re fe r r ed   g ra in   o r i en ta t ions   p romote   t he   fo rma t ion   o f   d i s -  
l oca t ion   subboundar i e s   wh ich   r ep resen t s   an   e f f ec t ive  stale- 
m a t i n g   p r o c e s s   f o r   t h e   g l i d e   d i s l o c a t i o n s .  

2. The c a r b o n   t a k e n   i n t o   s o l u t i o n   d u r i n g   t h e   h i g h   t e m p e r a t u r e   f i n a l  
annea l ing   t rea tment   p rovides   an   addi t iona l   source   o f   impediment   to  
d i s l o c a t i o n   f l o w   t h r o u g h   t h e   p r e c i p i t a t i o n   o f   f i n e   c a r b i d e s   o n   p a r -  
t i a l l y  immobi l ized   d i s loca t ions .  

Using t h i s  model, the  observed  temperature  and stress e f f e c t s   c a n   b e   q u a l i t a -  
t ive ly   unders tood .  A t  t he   l owes t  test temperature ,  922K (1200°F),   carbide 
p r e c i p i t a t i o n   k i n e t i c s  are slow. A t  h igh  stress levels such as 413.7 MPa 
( 6 0 k s i ) ,   c r e e p   r e s i s t a n c e  is  p r i n c i p a l l y  a func t ion   of   d i s loca t ion   dynamics  
t h e   d r i v i n g   f o r c e  of  which is  t o o   h i g h   f o r   e f f e c t i v e   s t a l e m a t i n g  by d i s -  
l oca t ion   boundar i e s .  A s  t h e  stress level is  reduced,  subboundary s.tale- 
mating  becomes  more e f fec t ive ,   and   the   reduced   deformat ion  rate a l lows   suf -  
f i c i e n t  t i m e  f o r   c a r b i d e   p r e c i p i t a t i o n   t o  become ef fec t ive .   This   might  ex- 
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(a) Heat  2-1604 (b) Heat 3-1622 (c) Heat  4-1671 

Figure 38: Substructures  Observed in "HAYNES"  ALLOY No. 188 Baseline  Thin  Gauge  Sheets  after  Creep 
Testing at 1200K/41.4  MPa  (1700°F/6 ksi). X23,900. 



(a) Heat 3-1655 
Original  8C Strip. X9,500 

(c) Heat  4-1696 
Type 8C. X23,900. 

(b) Heat 3-1655 
Type 8C. X15,lOO. 

. .  
, -.' ,,- 

-. . " 
(d) Heat 4-1697 

Type 8C. X23,900. 

Figure 39: Substructures  Observed in Textured  Thin  Gauge  Sheets  after 
Creep  Testing at 1200K/41.4 MPa (1700°F/6 ksi) 
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p l a i n  why t h e  stress dependence  of  the minimum c reep  rate a t  922K (1200OF) i s  
s o  g r e a t .  A t  t h e   i n t e r m e d i a t e  tes t  temperature ,  1144K (1600°F),   carbide 
p r e c i p i t a t i o n   k i n e t i c s  are much more r ap id ,   and   t he  stress Leve1,wi th in   the  
r a n g e   i n v e s t i g a t e d ,  w a s  n o t  so important.  A t  t h e   h i g h e s t  test temperature ,  
1255K ( 1 8 0 0 ° F ) ,   c a r b i d e   p r e c i p i t a t i o n   k i n e t i c s  are v e r y   r a p i d .  However, t h e  
na tu re   o f   t he   ca rb ides  is d i f f e r e n t   i n  terms o f   t y p e   ( p r i n c i p a l l y  M C) and 
tendency  toward  coarse   s izes .  A t  h igh  stress levels, the re   shou ld  ke a n  
abundance   of   d i s loca t ion  sites a v a i l a b l e   f o r   c a r b i d e   n u c l e a t i o n  so  t h a t   a n  
e f f e c t i v e   d i s t r i b u t i o n   o f   r e l a t i v e l y   f i n e   c a r b i d e s   s h o u l d   b e   o b t a i n e d .  A t  
low stress levels, f e w e r   d i s l o c a t i o n   n u c l e a t i o n  sites would b e   a v a i l a b l e .  
This  would make g r a i n   b o u n d a r y   p r e c i p i t a t i o n  more f avorab le ,   and   t he   ca rb ides  
p r e c i p i t a t e d   o n   d i s l o c a t i o n s  would  be  expected  to   be  re la t ively  coarse   and 
s p a r s e l y   d i s t r i b u t e d .  The c reep   res i s tance   would ,   therefore ,   aga in   depend 
p r inc ipa l ly   on   d i s loca t ion   subboundary   fo rma t ion .  

3.3.9  Residual room 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   a f t e r   c r e e p   t e s t i n g .  - 
Due t o   t h e   s i g n i f i c a n t  improvement i n   c r e e p   s t r e n g t h   o b t a i n e d   i n   t h e   t e x t u r e d  
s h e e t s ,  i t  w a s  cons ide red   impor t an t   t o   examine   t he   r e s idua l  room temperature  
t e n s i l e   p r o p e r t i e s   o f   t h e   c r e p t   s p e c i m e n s   i n   o r d e r   t o  assess any  creep damage 
effects .   For   the  purpose  of   comparison,   creep  specimens  f rom  the  basel ine 
s h e e t s  were a l s o  examined.  Samples were s e l e c t e d   s o  as t o   i n c l u d e   b o t h   s h o r t -  
and  long-term tests i n   o r d e r   t o   a p p r e c i a t e   a n y   e f f e c t s   d u e   t o   a g i n g .  The d a t a  
o b t a i n e d   f o r   t h e   b a s e l i n e   a n d   t e x t u r e d   s h e e t s  are l i s t e d   i n   T a b l e s  XXIX and 
XXX, respec t ive ly .   Compar isons   to   the   roomtempera ture   t ens i le   p roper t ies  of 
t h e s e  materials i n   t h e   a s - a n n e a l e d   c o n d i t i o n   c a n   b e  made by r e f e r r i n g   t o  
Tables T I 1  and XXI, r e s p e c t i v e l y .  

Obse rva t ions   on   t he   r e s idua l   t ens i l e   p rope r t i e s   can   be  summarized ac- 
c o r d i n g   t o   c r e e p  test tempera ture in   the   fo l lowing   manner :  

922K (1200°F)  Creep Test Samples 

A l a r g e   i n c r e a s e   i n   y i e l d   s t r e n g t h  and a s l i g h t   i n c r e a s e   i n   u l t i m a t e   t e n -  
s i l e  s t r e n g t h  were o b t a i n e d   i n   b o t h   t h e   b a s e l i n e   a n d   t h e   t e x t u r e   s t u d y   s h e e t s .  
No s i g n i f i c a n t   d i f f e r e n c e s  were n o t e d   f o r   t h e   t e x t u r e   s t u d y   s h e e t s   w i t h   r e s p e c t  
t o  test du ra t ion .   Fo r   t he   base l ine   shee t s ,   on   t he   o the r   hand ,   y i e ld   s t r eng th  
levels ob ta ined   i n   l ong- t e rm tests were less than   t hose   fo r   sho r t - t e rm tests. 
Although  the materials o f   bo th   s tud ie s   exh ib i t ed  a s i g n i f i c a n t   d e c r e a s e   i n  duc- 
t i l i t y ,   t h e   r e s i d u a l  levels o f   e longa t ion  were s t i l l  reasonably  high.  Aside 
from  one test, r e s i d u a l   b a s e l i n e   d u c t i l i t i e s  were o n   t h e   a v e r a g e   s l i g h t l y  
h ighe r   t han   t hose   o f   t he   t ex tu red   shee t s .  

1144K  (1600OF) Creep T e s t  Samples 

For HAYNES a l l o y  No. 188, i t  is known t h a t  maximum prope r ty   deg rada t ion  
occurs   on  aging a t  1144K (1600OF) ( r e f .  2 )  and   the   p roper ty   mos t   a f fec ted  is  
d u c t i l i t y .  The much lower  e longat ion  values   obtained  f rom  the  samples ,  
t h e r e f o r e ,  were n o t   s u r p r i s i n g .  To emphas ize   the   e f fec t   o f  time a t  tempera- 
t u r e ,  samples  r ep resen t ing   sho r t ,   i n t e rmed ia t e ,   and   l ong- t e rm tests were evalu- 
a t ed .  The t r end   o f   dec reas ing   r e s idua l   duc t i l i t y   w i th   i nc reas ing   exposure  time 
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Heat  No. 

2-1604 
II 

3-1622 
11 

4-1671 
11 

2-1604 
II 

11 

3-1622 
II 

II 

4-1671 
11 

11 

2-1604 
11 

3-1622 
If 

4-1671 
I 1  

TABLE  XXIX 

RESIDUAL  ROOM TWERATURE TENSILE  PROPERTIES  OF  BASELINE  SBEETS 

Creep 
Condition 

922  K/206.8MPa  (1200°F/30 k s i )  
922  K/344.7MPa  (12Q0°F/50 k s i )  

922  K/206.8MPa  (1200°F/30 k s i )  
922  K/344.7MPa  (1200°F/50 k s i )  

922  K/206.8MPa  (1200°F/30 k s i )  
922  K/344.7MPa  (1200°F/50 k s i )  

1144  K/27.6MPa  (1600°F/4 k s i )  
1144  K/51.7MPa  (160OoF/7.  5 k s i )  
1144  K/68.9MPa  (1600°F/10 k s i )  

1144  K/27.6MPa  (1600°F/4 k s i )  
1144  K/51.7MPa  (160OoF/7.  5 k s i )  
1144  K/68.9MPa  (1600°F/10 k s i )  

1144  K/27.6MPa  (1600°F/4 k s i )  
1144  K/51.7MPa  (160OoF/7.  5 k s i )  
1144  K/68.9MPa  (1600°F/10 k s i )  

1255  K/13.8MPa  (1800°F/2 k s i )  
1255  K/27.6MPa  (1800°F/4  ksi) 

1255  K/13.8MPa  (1800°F/2 k s i )  
1255  1(/27.6MPa  (1800°F/4 ksi) 

1255  K/13.8MPa  (1800°F/2 k s i )  
1255  K/27.6MPa  (180OoF/4 ksi) 

Total 
Time, hr. 

950.8 
65.5 

949.5 
90.0 

558.0 
92.1 

2031.9 
90.0 
21.4 

7864.5 
357.3 
63.8 

3545.0 
114.3 
17.8 

425.9 
62.8 

280.3 
47.0 

164.7 
16.4 

0.2%, YS 
MPa ( k s i )  

587.0 
700.0 

856.6 
698.7 

627.7 
735.2 

440.3 
467.1 
476.1 

396.2 
462.3 
474.0 

417.5 
475.4 
483.7 

407.2 
439.6 

425.8 
432.0 

415.5 
435.5 

(85.2) 
(101.6) 

(95.3) 
(101.4) 

(91.1) 
(106.7) 

(63.9) 
(67.8) 
(69.1) 

(57.5) 
(67.1) 
(68.8) 

(60.6) 
(69.0) 
(70.2) 

(59.1) 
(63.8) 

(61.8) 
(62.7) 

(60.3) 
(63.2) 

966.7 
832.3 

1075.5 
1083.8 

1026.6 
1043.2 

777.9 
875.7 
913.6 

703.5 
800.6 
989.4 

767.6 
967.4 
961.8 

868.1 
921.2 

919.1 
955.6 

872.3 
968.1 

(140.3) 
(120.8) 

(156.1) 
(157.3) 

(149.0) 
(151.4) 

(112.9) 
(127.1) 
(132.6) 

(102.1) 
(116.2) 
(143.6) 

(111.4) 
(140.4) 
(139.6) 

(126.0) 
(133.7) 

(133.4) 
(138.7) 

(126.6) 
(140.5) 

Elong . 
x 

44.3 
11.2 

37.8 
43.0 

33.5 
31.8 

7.1 
15.8 
33.7 

6.4 
7.2 
33.8 

8.4 
23.2 
28.3 

40.1 
37.5 

43.9 
47.8 

23.5 
47.4 



Heat No. 

3-1655 
11 

4-1696 
11 

4-1697 
I1  

3-1655 
I1 

I I  

4-1696 
11 

I1  

4-1697 
I 1  

I1 

3-1655 
11 

4-1696 
I I  

4-1697 
II 

TABLE XXX 

RESIDUAL ROOM TEMPERATURE TENSILE  PROPERTIES OF TEXTURE STUDY - TYPE 8C SHEETS 

Creep Total 
Condition Time,  hrs.  

922  K/275.8MPa  (1200°F/40 k s i )  478.2 
922  K/344.7MPa  (120OoF/50 k s i )  142.4 

922  K/275.8MPa  (1200°F/40 k s i )  501.1 
922  K/344.7MPa  (1200°F/50 k s i )  160.0 

922  K/275.8MPa  (1200°F/40 k s i )  834.0 
922  K/344.7MPa  (120OoF/50 k s i )  136.0 

1144  K/41.4MPa  (160OoF/6 k s i )  1247.3 
1144 K/51.7MPa  (1600°F/7.  5 k s i )  1292.3 
1144  K/68.9MPa  (1600°F/10 k s i )  238.6 

1144  K/41.4MPa  (1600°F/6 k s i )  4842.4 
1144  K/51.7MPa  (1600°F/7.5 k s i )  545.2 
1144  K/68.9MPa  (1600°F/10 k s i )  191.8 

1144  K/41.4MPa  (1600°F/6 k s i )  3886.3 
1144  K/51.7MPa  (1600°F/7.  5 k s i )  1647.6 
1144  K/68.9MPa  (1600°F/10 k s i )  159.5 

1255  K/13.8MPa  (180O0F/2 k s i )  1127.5 
1255  K/34.5MPa  (1800°F/5 k s i )  63.4 

1255  K/13.8MPa  (1800°F/2 k s i )  642.2 
1255  K734.5MPa  (1800°F/5 h i )  64.6 

1255  K/13.8MPa  (1800°F/2 k s i )  909.6 
1255  K/34.5MPa  (1800°F/5 k s i )  90.6 

0.2%, . YS 
!!es ( k s i )  

708.3 
693. a 
730.3 
714.5 

724.1 
734.5 

467.8 
455.4 
502.3 

398.9 
442.3 
467.8 

410.0 
447.2 
480.2 

364.5 
425.1 

387.9 
384.5 

374.1 
426.5 

(102.8) 
(100.7) 

(106.0) 
(103.7) 

(105.1) 
(106.6) 

(67.9) 
(66.1) 
(72.9) 

(57.9) 
(64.2) 
(67.9) 

(59.5) 
(64.9) 
(69.7) 

(52.9) 
(61.7) 

(56.3) 
(55.8) 

(54.3) 
(61.9) 

- MPa 

1088.6 
1022.5 

1107.2 
1087.9 

1045.9 
1065.2 

844.7 
692.5 
884.7 

634.6 
776.5 
789.6 

737.9 
729.7 
848.9 

736.5 
897.8 

842.7 
797.9 

781.3 
908.8 

UTS 
( k s i )  

(158.0) 
(148.4) 

(160.6) 
(157.9) 

(151.8) 
(154.6) 

(122.6) 
(100.5) 
(128.4) 

(92.1) 
(112.7) 
(114.6) 

(107.1) 
(.05.9) 
(123.2) 

(106.9) 
(130.3) 

(122.3) 
(115.8) 

(113.4) 
(131.9) 

Elong. 
x; 

29.3 
23.2 

29.4 
32.3 

23.4 
30.9 

8.6 
4.2 
13.6 

2.9 
7.0 
9.9 

5.6 
4.4 
14.5 

14.8 
27.1 

26.6 
18.8 

21.4 
31.6 



is  clearly  evident  from  the  values  listed  in  the  tables.  The  minimum  levels 
reported  for  the  baseline  and  texture  study  sheets  for  long-term  -tests  are 
essentially  equivalent.  Due  to  the  large  differences  in  short-term  test  dura- 
tions  between  the  baseline  and  textured  sheets,  a  direct  comparison  of  the  re- 
sidual  ductilities  cannot  be  made. It is  conceivable,  however,  that  the  tex- 
tured  sheet  with  its  higher  solutiontemperature,  would  exhibit  a  more  rapid 
initial  decrease  in  ductility  with  exposure  time  than  would  the  baseline 
sheets. 

Strength  values  were  also  found  to  decrease  with  exposure.  Yield  strengths 
were  not as greatly  affected  as  ultimate  strength  values.  The  minimums  found 
for  long-term  tests  were  roughly  equivalent  for thebaselineand textured 
sheets. 

1255K  (1800OF) "" Creep  Test  Samples 

Samples  creep  tested  at  1255K  (1800OF)  exhibited  residual  ductility 
levels  which  were  comparable  to  those  obtained  for  the  922K  (1200OF)  test 
samples.  The  elongation  values  for  the  baseline  sheets  were  significantly 
higher  than  those  for  the  textured  sheets.  However,  the  residual  ductility 
levels of the  textured  sheets  were  still  reasonably  high. 

The  yield  strength  values of the  baseline  and  textured  sheets  were  slightly 
lower  than  those  obtained  for  the  1144K  (1600OF)  creep  test  samples.  Values 
reported  for  the  baseline  sheets  were  slightly  higher  than  those for the  tex- 
tured  sheets-.  The  residual  ultimate  tensile  strengths  were  comparable  to  those 
of  the  1144K  (1600OF)  samples.  Based  on  values  obtained  for  short-term  tests, 
the  rate of decline  was  greater  in  the  textured  sheets. 

In  summary,  the  roomtemperature  tensile  properties of both  the  baseline 
and  the  textured  sheets  were  generally  adversely  affected  by  high-temperature 
creep.  The  property  most  affected  in  a  detrimental  way  was  ductility.  The 
baseline  sheets  tended  to  be  superior to the  textured  sheets  in  terms  of  the 
amount  of  ductility  retained  after  creep  test  exposure.  However,  the  re- 
sidual  ductilities  obtained  for  the  textured  sheets  in  this  investigation  were 
at  levels  which  would  not  discourage  consideration of using  such  materials 
for  high-temperature  applications. 
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4.0 GRAIN  SIZE  STUDY 

4.1 Investigation of the  Dependence  of  Creep 
Strength  on  Grain  Size 

The  purpose  of  this  investigation  was  to  determine  whether  a  significaht 
improvement  in  the  low  strain (< 1 percent)  creep  strength of HAYNES alloy No. 
188 thin  gauge  sheet  could  be  achieved  through  the  optimization  of  grain  size. 
To  accomplish  this,  sheets  nominally  .38 mm (.015  inch)  thick  having  uniform 
grain  sizes  corresponding  to  ASTM  7-8,  ASTM  5-6,  and  ASTM  2-4  were  evaluated. 
These  sheets  were  produced  in  the  laboratory  from  three  heats  of  standard 
production  hot-rolled  sheet  plate  nominally  4.57 mm (.180 inch)  thick.  In 
order  to  determine  the TMP schedules  which  would  provide  the  required  grain 
sizes,  an  initial  laboratory  processing  study  was  carried  out.  The  vari- 
ables  employed in this  study  were  limited  to  amounts  of  cold  work,  annealing 
temperature  and  time  at  temperature.  The  range  of  each  variable  was  also 
restricted  to  be  within  current  production  capabilities. In addition,  em- 
phasis  was  placed on  determining  processing  schedules  which  would  minimize 
microstructural  variations  other  than  grain  size.  The  final TMP schedules 
resulting  from  this  study  are  presented  in  Table  XXXI. 

4.1.1 Production of experimental  sheet  lots. - Using  the  processing 
schedules  listed  in  Table  XXXI,  strips  nominally  .38 mm (.015  inch)  thick  were 
produced  with  grain  sizes  of  ASTM  7-8,  ASTM  5-6,  and  ASTM  2-4  using  4.57 mm 
(.180 inch)  thick  hot-rolled  plate  from  each  of  Heats  3-1655,  4-1696,  and 
4-1697  as  starting  material.  The  chemical  analyses  of  these  heats  were  pre- 
viously  given  in  Table  XIV.  The  starting  pieces  measured  4.57 mm x  25.4 mm 
wide  x  152.4 nun long (.180 inch  x 1 inch  x 6 inches).  All  cold  rolling  was 
carried  out  parallel  to  the  original  hot-rolling  direction.  The  resulting 
strips  measured  approximately  .38 mm x  28.6 mm wide x 127 cm  long  (.015  inch 
x  1.125  inches  x 50 inches).  After  the  final  annealing  treatment,  each  strip 
was salt  bath  descaled  and  flattened  by  stretcher  leveling.  Optical  photo- 
micrographs  illustrating  typical  structures  observed  in  the  initial  sheet  lots 
are  presented  in  Figures  40-42. 

4.1.2  Examination  of  crystallographic  texture. - Samples  from  the  ex- 
perimental  strips  were  examined  for  crystallographic  texture  in  the  plane  of 
the  sheet  using  the  diffractometer  reflection  method  previously  described  in 
Section 2.2. In  each  case,  the (111) pole  figure  was  determined  and  evaluated. 

Judging  from  the  strip  chart  recordings  of  the  diffracted  X-ray  inten- 
sities,  the  strips  comprising  the  ASTM  2-4  sheet  lot  were  very  weakly  tex- 
tured.  That  is,  the  diffracted  beam  intensity  scans  were  jagged  and  not  much 
above  the  background  levels.  Furthermore,  the  scans  did  not  possess  distinct 
intensity  maxima  or  minima  which  are  indicative  of  crystallographic  texturing. 
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TABLE XXXI 

THERMOMECHANICAL  PROCESSING  SCHEDULES  FOR  GRAIN  SIZE STUDY SHEETS 

ASTM  2-4 

4.57m Cold  Roll  2.29rad (. 180") (. 090") 
*Intermediate 

ASTM 5-6 

Stretcher  Level ~ ~~ ~~~~ ~ 

Cold  Roll . 8 9 d  Cold  Roll  .38mm*  3% .38m 
(. 035") (. 015") (. 015") 

and  final  anneals  at  1463 K (2175"F)/10  min. 

4.57mm  Cold  Roll  2.2%  Cold  Roll .89mm Cold  Roll  .38mm 
(. 180") (. 090") (. 035") (. 015") 

Anneal  at  Anneal  at  Anneal  at 
1463 K(2175'F)/10  min 1478  K(2200°F)/10 min 1463  K(2175"F)/10 min 

ASTM  7-8 

4.57mm  Cold  Roll  2.54mm*  Cold  Roll 1.52m* Cold  Roll .38m 
(. 180") (. 100") (. 060") (. 015") 

*Intermediate  and  final  anneals  at  1450 K (215OoF)/10 min. 



(a) Heat 3-1655 
Grain Size ASTM 2-112-3-112. 
X300. 

(b) Heat 4-1696 
Grain Size ASTM 3 .  
X300. 
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(c) Heat 4-1697 
Grain  Size ASTM 4-4-112. 
X300. 

Figure 4 0 :  Typical Microstructures of Grain Size Sheet - Lot ASTM 2-4 



(a )  Heat 3-1655 (b) Heat 4-1696 
Grain  Size 4-112-6. Grain  Size ASTM 5-5-112. 
Pred. 5-112. X300. 
X300. 

( c )  Heat 4-1697 
Grain Size ASTM 5-6-112. 
Pred. 6 
X300. 

Figure 41: Typical  Microstructures of Grain  Size  Sheet - Lot ASTM 5-6 



(a) Heat 3-1655 
Gra in   S ize  ASTM 7-7-1/2.  
Pred. 7-1/2.  
X300. 

(b)  Heat 4-1696 (c )  Heat 4-1697 
Gra in   S ize  ASTM 7. Gra in   S ize  ASTM 7 .  
X300. X300. 

Figure 4 2 :  Typica l   Micros t ruc tures  of Grain  Size  Sheet  - Lot ASTM 7-8 



D e f i n i t e   t e x t u r i n g  w a s  found i n   t h e  ASTM 5-6 and AS" 7-8 s h e e t   l o t s .  
The form w a s  t h e  same as tha t   obse rved  i n  the   t ex tu re   s tudy   shee t s .   Angu la r  
d a t a   o b t a i n e d   f o r   t h e   h i g h   i n t e n s i t y   r e g i o n s  are summarized i n  Table XXXII. 
Due t o  its more d i f f u s e   n a t u r e ,  no angular   spreading  measurements  were made f o r  
Heat 3-1655, ASTM 5-6 g r a i n   s i z e .  The degree   o f   t ex tur ing   observed   in   these  
s h e e t s   c o u l d   b e   c o r r e l a t e d   t o   t h e  amount  of c o l d   r e d u c t i o n   p r i o r   t o   t h e   f i n a l  
annea l ing   t rea tment  as w a s  found   fo r   t he   t ex tu re   s tudy   shee t s .   Tha t  i s ,  t h e  
degree   o f   t ex tur ing   increased  as t h e  amount  of f i n a l   c o l d  work inc reased .  

4 .1 .3  Creep   s t rength   eva lua t ion .  - To evaluate   the  dependence  of   creep 
s t r e n g t h   o n   g r a i n   s i z e ,   d u p l i c a t e   s a m p l e s   f r o m   e a c h   e x p e r i m e n t a l   s t r i p  were 
c r e e p   t e s t e d   t o  a s t r a in  of > 1 percen t  a t  a test c o n d i t i o n  of 1200K/41.4 MPa 
in   acco rdance   w i th   t he   p rocedure   desc r ibed   i n   Append ix  B. A c o m p l e t e   l i s t i n g  
of t h e   c r e e p  test d a t a  is c o n t a i n e d   i n  Appendix E. The log   averages   o f   the  
test r e s u l t s   f o r   c r e e p   s t r a i n  levels of  0.5  percent  and 1.0 pe rcen t  are sum- 
marized i n  Table XXXIII a long   w i th   t hose   ob ta ined   fo r   t he   base l ine   shee t s   fo r  
the  purpose  of  comparison. 

U s i n g   t h e s e   d a t a , s t a t i s t i c a l   c o m p a r i s o n s  were made be tween  the   base l ine  
and g r a i n   s i z e   s t u d y   l o t s  by means  of t h e  t-test ( r e f .  9 ) .  In each case, t h e  
n u l l   h y p o t h e s i s  w a s  t h a t   t h e  means  of t he   s amples   t e s t ed  were equal ,   and  the 
a l t e r n a t i v e   h y p o t h e s i s  w a s  t h a t   t h e  means were not   equa l .  The r e s u l t s  of 
t h e s e  s t a t i s t i ca l  comparisons are l i s t e d   i n   T a b l e  XXXIV. 

The r e s u l t s   o f   t h e  s ta t i s t ica l  compar i sons   subs t an t i a t ed   t he   fo l lowing  
conc lus ions  : 

1. The ASTM 2-4 and ASTM 5-6 g r a i n   s i z e   l o t s  were s i g n i f i c a n t l y   s u p e r i o r  
i n   c r e e p   s t r e n g t h   t o   t h e  ASTM 7-8 l o t .  

2. The ASTM 2-4 and ASTM 5-6 l o t s  were n o t   s i g n i f i c a n t l y   d i f f e r e n t .  

3 .  The ASTM 2-4 and ASTM 5-6 l o t s  were n o t   s i g n i f i c a n t l y   d i f f e r e n t  from 
t h e   b a s e l i n e   s h e e t s .  

4. The ASTM 7-8 l o t  w a s  s i g n i f i c a n t l y   i n f e r i o r   t o   t h e   b a s e l i n e   s h e e t s .  

A l t h o u g h   t h e s e   r e s u l t s   i n d i c a t e d   t h a t  no s i g n i f i c a n t .  improvement  over  the  base- 
l i n e  1200K/41.4 MPa (1700"F /6   k s i )   c r eep   s t r eng th  w a s  achieved by v a r y i n g   t h e  
g r a i n   s i z e ,  i t  w a s  c l e a r l y   e s t a b l i s h e d   t h a t   t h e   c r e e p   s t r e n g t h  of HAYNES a l l o y  
No. 188 de te r io ra t e s   marked ly   w i th  a g r a i n   s i z e   o f  ASTM 7 o r   f i n e r .  The 
r e a s o n   f o r   t h i s   b e h a v i o r  w a s  not  determined.  However, a p o s s i b l e   e x p l a n a t i o n  
migh t   be   an   i nc rease   i n   t he   con t r ibu t ion   o f   g ra in   boundary   s l i d ing   t o   t he  
o v e r a l l   c r e e p   s t r a i n  as the   average   g ra in   d iameter   decreased .  The oppos i t e  
response w a s  expec ted   wi th   increas ing   average   g ra in   d iameter .  The f a c t   t h a t  
t h e  ASTM 2-4 and ASTM 5-6 l o t s  were n o t   s i g n i f i c a n t l y   d i f f e r e n t   w i t h   r e s p e c t  
t o   t h e  times to   0 .5   pe rcen t   and   1 .0   pe rcen t   c r eep   s t r a in  w a s ,  t h e r e f o r e ,  some- 
what   surpr i s ing .  Review  of t h e   c r e e p   d a t a   i n  Appendix E i n d i c a t e s   t h a t   t h i s  
might   be  explained by t h e   l a r g e r  amount of pr imary  creep  which  occurred  in   the 
ASTM 2-4 g r a i n   s i z e   s h e e t s .   D e t e r m i n a t i o n   o f   t h e   c a u s e s   o f   t h i s   d i f f e r e n c e  
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TABLE XXXII 

i 

ANGULAR DATA OF HIGH INTENSITY REGIONS FOR (111) POLE  FIGURES 
DETERMINED FOR G R A I N  S IZE STUDY  SHEET  LOTS 

Around Ro l l ing   D i rec t ion  Around TransverseDirec t ion  
F i n a l  Cold Final  Annealing Angular Angular Angular Angular 

Reduction, % . Condition Locations Spread Locations Spread 

G.S. Study ASTM 5-6 

Heat 4-1696  57 1463K(2175'F)/lO min 21-45' 24 ' 542 ' 84 ' 

Heat 4-1697 57 1463K(2175OF)/10 min 19-45'  26 O 540" 80 " 

G.S. Study ASTM 7-8 

Heat 3-1655 

Heat 4-1696 

Heat 4-1697 

75  1450K(2150°F)/10 min 21-40'  19' 

75  1450K(2150°F)/10 min 21-40'  19' 

75  1450K(215OoF)/10 min 22-43' 21 ' 

225 ' 

522' 

224 ' 

50" 

44 ' 

48 ' 

i 
i 



TABLE XXXIII 

SUMMARY OF LOG  AVERAGE  DATA FOR 1200  K/41.4 MPa 
(1700°F/6 ksi)  CREEP  TESTS OF BASELINE AND GRAIN  SIZE 

STUDY  SHEET  LOTS 

0.5% Creep  Strain 1.0% Creep  Strain 
Sheet  Number of Avg . Antilog , Std.  Avg . Antilog , Std .  
Lot  Tests,  N  Log  Time*  Hr s Dev. ** Log  Time*  Hr s Dev. ** 

Baseline 6 1.280  19.1  .339  1.631  42.8  ,346 

ASTM 2-4 6 1.359  22.8  .174  1.821  62.2 . l o 9  

ASTM 5-6 6 1.279  19.0  .278  1.646  44.3  .260 

ASTM 7-8 6 .907 8.1 .3 70  1.203  16.0  .356 

c log ti 
* l o g  f = n where ti = observed  time  to  given  creep  strain 

n = no. of observations 

** log  units 



TABLE XXXIV 

SLlMIfARY OF STATISTICAL  COMPARISONS FOR THE BASELINE 
AND G R A I N  S I Z E  STUDY  SHEET  LOTS 

T e s t  

T ime  t o   0 . 5 %   C r e e p   S t r a i n  

2-4 VS. 5-6 

2-4 VS. 7-8 

5-6 VS. 7-8 

2-4 vs. b a s e l i n e  

5-6 v s .   b a s e l i n e  

7-8 vs.  b a s e l i n e  

T ime  t o   1 .0%  Creep   S t r a in  

2-4 VS. 5-6 

2-4 VS. 7-8 

5-6 VS. 7-8 

2-4 vs. b a s e l i n e  

5-6 vs. b a s e l i n e  

7-8 vs. b a s e l i n e  

Hypothesis : Null  (Ho) f?, = X2 
- 

D. F. 

10 

10 

10 

10 

10 

10 

7.37 

6.28 

10 

6.35 

1 0  

10 

- t 

.59824 

2.71053 

1.96336 

0.50314 

-0.01121 

-1.82189 

1.52262 

4.06028 

2.46022 

1.28543 

0.09061 

-2.10133 

A l t e r n a t i v e  X # X2 

where x and are the  sample means 

1 

2 

2-Tailed 
P r o b a b i l i t i e s  

0.56298 

0.02191 

0.07800 

0.62576 

0.99127 

0.09847 

0.17167 

0.00665 

0.03366 

0.24603 

0.92959 

0.06194 
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w a s  beyond the   s cope   o f   t h i s   b r i e f   s tudy .  However, it might   be   pos tu la ted  
t h a t   t h e   s t e a d y - s t a t e   d i s l o c a t i o n   s u b s t r u c t u r e  is  achieved more r a p i d l y   i n  
t h e  smaller g r a i n   s i z e   s h e e t   l o t s .  Such a t r e n d  is appa ren t   f rom  the   da t a   fo r  
t he   r ange   o f   g ra in   s i ze s   i nves t iga t ed .  S i m i l a r  behav io r   w i th   g ra in   s i ze   has  
a l s o   b e e n   r e p o r t e d   i n   t h e   l i t e r a t u r e   ( r e f .  7 and 11). 

I n   s p i t e  of t h e   f a c t   t h a t   n o n e   o f   t h e   g r a i n   s i z e s   i n v e s t i g a t e d   p r o v i d e d  
an  improvement i n   c r e e p   s t r e n g t h  a t  t h e  1200K/41.4 MPa (1700"F/6 k s i )  te.st 
cond i t ion ,  i t  w a s  d e s i r e d   t o  select an  optimum s h e e t   l o t   f o r   c r e e p   s t r e n g t h  
eva lua t ion   ove r  a wide  range of temperature  and stress cond i t ions .  The fo re -  
going s t a t i s t i ca l  tests i n d i c a t e d  a choice  between  grain  s izes   of  ASTM 2-4 
and ASTM 5-6 which were j u d g e d   n o t   t o   b e   s i g n i f i c a n t l y   d i f f e r e n t .   C o n s i d e r -  
a t i o n  of   p r imary   c reep   charac te r i s t ics   and   the  TMP schedules   of   these materials, 
t h e r e f o r e ,   l e a d   t o   t h e   s e l e c t i o n   o f  ASTM 5-6 as t h e  optimum g r a i n   s i z e .  

4 .1 .4   Apparen t   ac t iva t ion   ene rg ie s   fo r   c r eep .  - In  a n   a t t e m p t   t o   g a i n  a 
b e t t e r   u n d e r s t a n d i n g   o f   t h e   o b s e r v e d   v a r i a t i o n   i n   c r e e p   p r o p e r t i e s   w i t h   g r a i n  
s i z e ,   t h e   a p p a r e n t   a c t i v a t i o n   e n e r g i e s   f o r   c r e e p  were determined  for  each  of 
t h e   g r a i n   s i z e   s t u d y   s h e e t   l o t s .  To accompl i sh   t h i s ,  minimum creep rates were 
de te rmined   fo r   add i t iona l   c r eep  tests a t  a stress of  41.4 MPa (6 k s i )  a t  t e m -  
pe ra tu re s   o f  1172K (1650°F), 1227K (1750°F)  and 1255K (1800°F).  Complete 
r e s u l t e  of t h e s e  tests are g i v e n   i n  Appendix E. The a p p a r e n t   a c t i v a t i o n  
e n e r g i e s   f o r   c r e e p  were de termined   assuming  the   fo l lowing   re la t ionship   to  
e x i s t  : 

-AHc 
k = C (S) e - RT min 

where E = minimum creep ra te ,  percent /hour  min 

c (SI  

AH = 

R =  

C 

T =  

= c o n s t a n t   f o r  a cons t an t  stress level ,  percent /hour  

apparent   ac t iva t ion   energy   for   c reep ,   J /mole   (ca l /mole)  

gas   cons t an t  = 8.31434  J/mole * K 
(1.9872  cal/mole * K) 

T h i s   r e l a t i o n s h i p   p r e d i c t s  a s t r a i g h t   l i n e   f o r  a p l o t  of t h e   n a t u r a l   l o g a r i t h m  
o f   t he  minimum c reep  rate ve r sus   t he   r ec ip roca l   o f   t he   abso lu t e   t empera tu re ,  
t h e   s l o p e  of which is  e q u a l   t o   t h e   n e g a t i v e  of t he   appa ren t   ac t iva t ion   ene rgy  
f o r   c r e e p   d i v i d e d  by the   gas   cons tan t .   Determina t ion   of   the   s lopes   requi red  
for   the   ac t iva t ion   energy   computa t ions  w a s  made by o b t a i n i n g  least  s q u a r e s   f i t s  
of the  appropriately  t ransformed  data .   Analyses  were pe r fo rmed   fo r   t he   da t a  
o f   i n d i v i d u a l   h e a t s   a n d   f o r   t h e   d a t a   o f  a l l  h e a t s  combined f o r   e a c h   g r a i n   s i z e  
range. A summary of t h e   r e s u l t s   o b t a i n e d  is p r e s e n t e d   i n   T a b l e  XXXV. Within 
each   gra in   s ize   range ,   agreement   wi th   the   assumed  re la t ionship  w a s  q u i t e  good. 
However, hea t - to -hea t   va r i a t ions  were a p p a r e n t   w i t h   r e s p e c t   t o   t h e   a c t i v a t i o n  
energy   va lues   ob ta ined .  Among t h e   t h r e e   g r a i n   s i z e   g r o u p s ,   s i g n i f i c a n t l y  
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TABLE XXXV 

APPARENT  ACTIVATION  ENERGIES  FOR  CREEP I N  GRAIN SIZE STUDY  SHEETS 

Apparent   Act iva t ion  
Slope  Energy f o r  Creep, AHc C o r r e l a t i o n  

Heat No. (-AHc/R) J /mole   (CaUmole )   Coe f f i c i en t  

ASTM 2-4 

3-1655 -67,147.8  553,294  (133,436)  .9882 

4-1696  -68,444.7  569,078  (136,013)  .9931 

4-1697  -77,961.9  648 , 210  (154 , 926)  .9920 

Combined Heats -71,184.8  591,860  (141,458) . .9852 

3-1655  -58,429.7 

4-1696  -47,066.4 

4-1697 -59.954.0 

Combined Heats -55,150.0 

3-1656  -63,286.9 

4-1696  -50,653.6 

4-1697  -58 , 268.4 

Combined Heats -57 , 403.0 

ASTM 5-6 

485,808 (116 , 111)  

391,330 (93,530)  

498,486 (119,141)  

458,541  (109,594) 

ASTM 7-8 

526,197 (125,764)  

421,157 (100,659)  

484,470 (115,791)  

477,273  (114,071) 

.9505 

.9923 

.9859 

.8935 

.9573 

.9734 

.9694 

.9035 

Minimum 
Creep  Rate  
S t d .  Dev. 
LOR e 

.31084 

.24045 

.29576 

.28662 

.5  7054 

,17516 

.30394 

.64109 

.57028 

.35584 

.44075 

.26962 



h i g h e r   a p p a r e n t   a c t i v a t i o n   e n e r g i e s  were found f o r   t h e  ASTM 2-4 sheets.   Those 
o b t a i n e d   f o r   t h e  ASTM 5-6 and ASTM 7-8 s h e e t s  were e s s e n t i a l l y   e q u i v a l e n t .  

Semi-log p lo t s   based   on   t he  combined h e a t   a n a l y s e s  are i l l u s t r a t e d   i n  
F igu res  43-45. Compar ison   of   the   f igures   ind ica tes  a t rend  of   decreasing  mini-  
mum c reep  r a t e  wi th   increas ing   average   ga in   d iameter   (decreas ing  ASTM No.) a t  
each   tempera ture   inves t iga ted .  A s  f a r  as low s t r a i n  (< 1 percen t )  creep l i f e  
i s  concerned,  however, review of   t he   c r eep   da t a   i n   Append ix  E i n d i c a t e s   t h a t  
t he   ex ten t   o f   p r imary   c r eep   i nc reases  as the   ave rage   g ra in   d i ame te r   i nc reases .  
T h e s e   o f f s e t t i n g   r e s p o n s e s   t o   g r a i n   s i z e   h e l p   e x p l a i n   t h e   s i m i l a r i t y   i n  low 
s t r a i n   c r e e p  lives o f   t he  ASTM 2-4 and ASTM 5-6 s h e e t s   p r e v i o u s l y   n o t e d   i n   t h e  
i n i t i a l   q u a l i t y   c o n t r o l  creep tests. 

The a p p a r e n t   a c t i v a t i o n   e n e r g i e s   f o r   c r e e p   d e t e r m i n e d   f o r   e a c h   g r a i n   s i z e  
range are much h i g h e r   t h a n   t h e   a c t i v a t i o n   e n e r g y   f o r   s e l f - d i f f u s i o n   t h a t  would 
be   expec ted   fo r  HAYNES a l l o y  No. 188. Based  on r e su l t s   fo r   6 -coba l t   and   coba l t -  
n i c k e l   a l l o y s   ( r e f .   1 2 ) ,   t h e   a c t i v a t i o n   e n e r g y   f o r   s e l f - d i f f u s i o n   i n  HAYNES 
a l l o y  No. 188  should  be  approximately  271,960  J/mole  (65,000  cal/mole).  These 
f i n d i n g s  are not  without  precedent,   however.  S i m i l a r  resu l t s   have   been  re- 
p o r t e d   f o r  Nimonic 80A, Nimonic 90 and   d i spe r s ion   s t r eng thened   a l loys   such  as 
S.A.P., TD-Ni,  etc.  ( ref .   5 ,   p .   97) .  More s p e c i f i c a l l y ,   a n   i n v e s t i g a t i o n   p e r -  
formed  on HAYNES a l l o y  No. 25  (L-605) which is c l o s e l y   r e l a t e d   t o  HAYNES a l l o y  
No. 188 i n  terms of   composi t ion ,   y ie lded   an   apparent   ac t iva t ion   energy   fz r  
creep  of  502  KJ/mole  (120  Kcal/mole) i n   t h e  1255K (1800°F) - 1478K (2200 F) 
t empera ture   range   ( re f .  13). One obvious   explana t ion  of t h e   h i g h   a c t i v a t i o n  
e n e r g i e s   o b t a i n e d  is  t h a t  more than  one rate c o n t r o l l i n g  mechanism is opera- 
t ive.  I f   t h e   a c t i v a t i o n   e n e r g i e s   f o r   t h e s e  mechanisms are of t h e  same o rde r  
of   magni tude,   the   computed  act ivat ion  energies  w i l l  n o t   b e   t r u e   a c t i v a t i o n  
energies .   That  is, t h e   v a l u e   o b t a i n e d  w i l l  be f i c t i t i o u s   s i n c e  i t  does  not 
cor respond  to  a s ing le   p rocess .   In   t he   p re sen t   ca se ,  a p o s s i b l e   p h y s i c a l  ex- 
planat ion  might   be  the phenomenon o f   s t r a in -ag ing   w i th   t he   p rec ip i t a t ion   o f  
c a r b i d e s   t h u s   s i g n i f i c a n t l y   a f f e c t i n g   t h e  minimum creep ra te .  The s t ra i rL-aging 
behavior   obtained  should  a lso  depend  on TMP. This  might  explain why t h e  ASTM 
2-4 shee t s   have   h ighe r   appa ren t   ac t iva t ion   ene rg ie s   t han   t he  ASTM 5-6 and 
ASTM 7-8 s h e e t s  as opposed t o   a t t r i b u t i n g   t h i s   d i f f e r e n c e   t o   g r a i n   s i z e .  Pre-  
v ious   s tud ie s   have   no t  shown a dependence   o f   ac t iva t ion   ene rgy   on   g ra in   s i ze  
( re f .   5 ,   p .   99) .  

4 .2   Evalua t ionof  ASTM 5-6 Gra in   S ize   Shee ts  

4 .2 .1   P roduc t ion   o f   expe r imen ta l   shee t   l o t s .  - In   o rde r   t o   pe r fo rm  an  
ex tens ive   eva lua t ion   o f   t he  ASTM 5-6 g r a i n   s i z e  material, l a r g e r   s i z e d   s h e e t s  
nominally  0.38 mm' (0 .015   inch)   th ick  were produced  from Heats 3-1655, b-1696 
and 4-1697 us ing   t he   p rev ious ly   de f ined   p rocess ing   s chedu le   con ta ined   i n   Tab le  
XXXI. This  w a s  accomplished  by  cold  roll ing two p i e c e s  of  each  heat  measuring 
4.57 mm t h i c k  by 1 1 . 4  c m  wide by 15.24 c m  long  (0.180  inch x 4.5  inches x 6 
i n c h e s )   p a r a l l e l   t o   t h e   o r i g i n a l   h o t - r o l l i n g   d i r e c t i o n .   A f t e r   t h e   s e c o n d   c o l d -  
r o l l i n g   s e s s i o n ,   e a c h   p i e c e  w a s  c u t   i n   h a l f   t o f a c i l i t a t e   r o l l i n g   t o   f i n a l  
gauge  on  the 4-Hi l a b o r a t o r y  m i l l .  The r e s u l t i n g   p i e c e s  measured  approximately 
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0.38 mm by  12.7 c m  by 63.5 c m  long  (0.015  inch x 5 inches  x 25 inches) .   Fol-  
l o w i n g   t h e   f i n a l   a n n e a l i n g   t r e a t m e n t ,   e a c h   p i e c e  w a s  salt  bath  descaled  and 
f l a t t e n e d  by s t r e t che r   l eve l ing .   Me ta l log raph ic   ana lys i s   o f   s amples   f rom  the  
s h e e t s   i n d i c a t e d   t h a t   t h e   d e s i r e d  ASTM 5-6 g r a i n   s i z e  w a s  o b t a i n e d   i n  a l l  t h e  
pieces  produced. 

4 .2 .2   Tens i le  " p r o p e r t i e s .  - Duplicate   longi tudinal   specimens  f rom  each 
h e a t  were t e n s i l e   t e s t e d   i n  a i r  over   the  temperature   range  of  room temperature  
t o  1366K (2000OF). The procedures  employed were t h e  same as t h o s e   d e s c r i b e d   i n  
Sect ion2.3.  A summary o f   t h e   r e s u l t s   o b t a i n e d  is presented   in   Table  XXXVI. 
Average t e n s i l e   p r o p e r t i e s   f o r   t h e   t h r e e   h e a t s  are l i s t e d   i n   T a b l e  XXXVII. 

The va lues   ob ta ined   fo r   0 .2   pe rcen t   o f f se t   y i e ld   and   u l t ima te   s t r eng ths  
were similar to   t hose   r epor t ed   fo r   t he   base l ine   shee t s   (Tab le   IV) .   Wi th   r ega rd  
t o   t h e   e l o n g a t i o n s ,   t h e  same t r end  w a s  appa ren t  as no ted   p rev ious ly   fo r   t he  
t ex tu red   shee t s .   Tha t  is ,  t h e   e l o n g a t i o n s   o b t a i n e d  were e q u i v a l e n t   t o   t h o s e  
of t h e   b a s e l i n e   s h e e t s   t h r o u g h  1033K (1400°F) ,   bu t   s ign i f icant ly   lower  a t  
1144K  (1600OF) and  above.   Presumably,   th is   effect  w a s  d u e   t o   t h e   c o a r s e r   g r a i n  
s i z e   o f   t h e   g r a i n   s i z e   s t u d y   s h e e t s .  

4 .2 .3   S t r e s s   rup tu re   p rope r t i e s .  - Duplicate   longi tudinal   specimens  f rom 
each  heat  were stress r u p t u r e   t e s t e d  a t  1089K/165.4 MPa (1500°F/24 k s i )  and 
1311K/31 MPa (1900°F/4.5  ksi) .  The specimen  configurat ion w a s  t h e  same as 
t h a t   i l l u s t r a t e d   i n  Appendix B. A summary of t he   da t a   ob ta ined  is p resen ted  
i n   T a b l e  X X X V I I I .  

The r e s u l t s  of t h e  1089K/165.4 MPa (1500°F/24  ksi)  tests i n d i c a t e   t h a t   t h e  
g r a i n   s i z e   s t u d y   s h e e t s  had e s s e n t i a l l y   t h e  same r u p t u r e   s t r e n g t h  as t h e  
base l ine   shee t s   (Tab le  V ) ,  b u t   l o w e r   d u c t i l i t y .  The d e c r e a s e   i n   d u c t i l i t y  w a s  
m o s t   l i k e l y   d u e   t o   t h e   c o a r s e r   g r a i n   s i z e  of t h e   g r a i n   s i z e   s t u d y   s h e e t s .  Such 
a t r e n d  i s  supported by t h e   v a l u e s   o b t a i n e d   f o r   t h e   t e x t u r e d   s h e e t s   ( T a b l e  
XXIII). 

A t  t h e  1311K/31 MPa (1900°F/4.5  ksi)  test c o n d i t i o n ,   t h e   g r a i n   s i z e  
s t u d y   s h e e t s   h a d   g r e a t e r   s t r e n g t h   t h a n   t h e   b a s e l i n e   s h e e t s   w i t h   e s s e n t i a l l y  
equ iva len t   e longa t ion .   These   da t a   subs t an t i a t e   t he  w e l l  known t r e n d   t h a t   h i g h  
t e m p e r a t u r e   r u p t u r e   s t r e n g t h   i n c r e a s e s  as the   ave rage   g ra in   d i ame te r   i nc reases  
(ASTM gra in   s i ze   dec reases ) .   Apparen t ly ,  a t  lower  temperatures (1089K - . 7  Tm), 
t h i s   a d v a n t a g e   d i s a p p e a r s .  

4.2.4  Creep l i f e   e v a l u a t i o n .  - To o b t a i n  a d e t a i l e d   c h a r a c t e r i z a t i o n   o f  
t h e  low s t r a i n  (< 1 p e r c e n t )   c r e e p   p r o p e r t i e s   o f   t h e   g r a i n   s i z e   s t u d y   s h e e t s ,  
creep tests were-conducted  on  samples  from  each  heat a t  temperatures  of 922K 
(1200°F), 1144K  (1600OF) and 1255K (1800°F),  and a t  t h r e e  stresses a t  each 
temperature.  A l l  tests were per formed  us ing   longi tudina l ly   o r ien ted   spec imens .  
The' t e s t i n g   p r o c e d u r e  w a s  t h e  same as t h a t   d e s c r i b e d   i n  Appendix B. As w i t h  
t h e   b a s e l i n e ,  i t  w a s  p lanned   to  select  stresses which  would  give 1 percen t  
c r eep  lives i n   t h e   r a n g e   o f   r o u g h l y  25-500 hours.  The i n i t i a l  stress levels 
s e l e c t e d  were based  on  creep test r e s u l t s   o b t a i n e d   f o r   t h e   b a s e l i n e   s h e e t s .  
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P 
0 
03 

TABLE XXXVI 

LONGITUDINAL  TENSILE  PROPERTIES OF GRAIN  SIZE  STUDY  SHEET: ASTM 5-6 

Heat 3-1655 
0.2% YS UTS El 

Test Temp. MPa ( k s i )  MPa ( k s i )  
" 

R.T. 

(1200°F) 
922 K 

1033 K 
(1400°F) 
1144. K 
(1600'F) 
1255 K 
(1800'F) 

1366 K 
(2000'F) 

503.7 
463.7 

308.0 
301.1 
292.8 
292.8 
279.7 
272.2 
124.0 
148.1 

66.1 
73.0 

(73.1) 
(67.3) 
(44.7) 
(43.7) 
(42.5) 
(42.5) 
(40.6) 
(39.5) 
(18.0) 
(21.5) 

( 9.6) 
(10.6) 

992.2 
956.3 
704.8 
691.1 

555.3 
540.2 
411.3 
408.6 
188.1 
224.6 

121.3 
99.2 

(144.0) 
(138.8) 
(102.3) 
(100.3) 

( A0.6) 
( 78.4) 

( 59.i) 
( 59.3) 
( 27.3) 
( 32.h) 

( 14.4) 
( 17.6) 

60.9 
64.9 
62.6 
62.4 

43.9 
43.8 

26.6 
36.4 
20.4 
23.6 
12.6 
15.0 

0.2% YS 
Heat 4-1696 

UTS El 
E(ksi) 

533.3 (77.4) 
558.1 (81.0) 

356.9 (51.8) 
338.3 (49.1) 
311.4 (45.2) 
313.5 (45.5) 

292.1 (42.4) 
311.4 (45.2) 

164.0 (23.8) 
141.3 (20.5) 
64.1 ( 9.3) 
78.6 (11.4) 

- MPa 
1023.2 
992.9 

745.5 
717.3 

549.8 
626.3 
436.8 
415.5 
250.1 
234.9 

1.24.0 
95.8 

0 
(148.5) 
(144.1) 
(108.2) 
(104.1) 

( 79.8) 
( 90.9) 
( 63.4) 
( 60.3) 
( 36.3) 
( 34.1) 

( 18.0) 
( 13.9) 

x 
55.9 
56.9 
61.8 
61.6 

42.8 
37.3 

32.3 
45.5 
29.4 
26.9 
16.0 
16.6 

- 
0.2% YS 

Heat 4-1697 
UTS El 

MPa 

503.7 
497.5 
319.0 
299.7 

339.0 
275.6 
292.1 
274.2 
155.0 
139.2 
64.8 
75.1 

- (ksi) 

(73.1) 
(72.2) 
(46.3) 
(43.5) 

(40.0) 
(49.2) 

(42.4) 
(39.8) 
(22.5) 
(20.2) 

(10.9) 
( 9.4) 

- MPa 

994.9 
968.7 
695.9 
691.1 

611.8 
593.9 
409.3 
383.8 
232.2 
215.7 

109.6 
114.4 

( k s i ) K  
(144.4) 60.9 
(140.6) 61.4 
(101.0) 63.5 
(100.3) 61.3 

( 88.8) 45.2 
( 66.2)  45.9 
( 59.4)  29.1 
( 55.7) 30.9 
( 33.7)  24.7 
( 31.3) 24.3 

( 16.6)  13.4 
( 15.9)  15.1 



TABLE XXXVII 

AVERAGE LONGITUDINAL TENSILE  PROPERTIES FOR GRAIN S I Z E  STUDY SHEET: 
ASTM 5-6* 

T e s t  
Temp. 

R. T. 

922 K 
(1200'F) 

1033 K 
(1400'F) 

1144 K 
(1600'F) 

1255 K 
(1800'F) 

1366 K 
(2000'F) 

0.2% YS 
MPa (ks i )  

509.9 74.0 
(32.4) (4.7) 

320.4  64.5 
(22.7) (3.3) 

304.5 44.2 
(22.0) (3.2) 

287.3 41.7 
(14.5) (2.1) 

145.4 21.1 
(13.8) (2.0) 

UTS 
MPa (ks i) 

988.0 143.4 
(23.4) (3.4) 

707.6 102.7 
(21.4) (3.1) 

579.4 84.1 
(35.8) (5.2) 

410.6 59.6 
(17.2) (2.5) 

224.6 32.6 
(21.4) (3.1) 

110.9 16.1 
(11.7) (1.7) 

* S t a n d a r d  deviations are given i n  parentheses 
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TABLE XXXVIII 

Heat No. 

3-1655 

4-1696 

4-1697 

LONGITUDINAL STRESS RUPTURE DATA FOR GRAIN  SIZE 
STUDY SHEET - ASTM 5-6 

1089  K/165.4 MPa (1500°F/24 ksi) 1311 K / 3 1  MPa (1900°F/4.5 ksi) 
Life Elongat ion Life Elongation 
Hours % Hours % 

47.7 
43.3 

31.2 
35.0 

29.4 
40.3 

24.9 
2 7 . 8  

25.1 
29.6 

22.7 
23.8 

44.0  32.1 
35.5  33.2 

47.9  39.7 
27.9  20.3 

43.6  34.1 
38.8  44.4 

Log Avg. 37.3  25.5  39.0  33.0 

Std. Dev. 
(Log Units) (. 083) (. 043) (. 085) (. 1 1 7 )  



Addi t iona l  stresses were t h e n   s e l e c t e d  so  as t o   o b t a i n   t h e   r e q u i r e d   d e s c r i p -  
t i o n  of   c reep   s t rength   over   the   t empera ture   range  of i n t e r e s t .  A complete - 
l i s t i n g  of t h e   c r e e p  test  d a t a  is contained i n  Appendix E. It should  be  noted 
t h a t  two of t h e  tests performed a t  1255K/113.8 MFa (1800°F/2   ks i )   ran  much 
longe r   t han   an t i c ipa t ed   and  were te rmina ted   before   1 .0   percent   c reep   s t ra in   had  
been   r eached .   On ly   t he   0 .5   pe rcen t   c r eep   s t r a in   l i ves   ob ta ined   fo r   t hese  tests 
were used i n   t h e   s u b s e q u e n t   c r e e p   l i f e   e v a l u a t i o n .  

The c r e e p   l i f e   c h a r a c t e r i z a t i o n   o f   t h e   g r a i n   s i z e   s t u d y   s h e e t s  w a s  ac- 
complished by s u b j e c t i n g   t h e   0 . 5   p e r c e n t   a n d   1 . 0   p e r c e n t   c r e e p   s t r a i n   d a t a   t o  
a least squares   opt imizat ion  of   the  Larson-Mil ler   parameter   equat ion  descr ibed 
in   Sec t ion   2 .5 .1 .   Resu l t s   o f   t h i s   ana lys i s  are p resen ted   i n   Tab le  XXXIX. 
P l o t s   s h o w i n g   t h e   a c t u a l   d a t a   a n d   t h e   l i n e s   g i v e n  by the   parameter   equa t ion  
are i l l u s t r a t e d   i n   F i g u r e s  46  and  47. The f i t  o f   t he   da t a   t o   t he   La r son-Mi l l e r  
parameter   equat ion w a s  r e l a t i v e l y  good w i t h   c o r r e l a t i o n   c o e f f i c i e n t s   o f   0 . 9 3  
and  0 .95  for   the 0.5 p e r c e n t   a n d   1 . 0   p e r c e n t   c r e e p   s t r a i n   l e v e l s ,   r e s p e c t i v e l y .  
In   compar i son   t o   t he   base l ine   (Tab le   VI ) ,  less scatter w a s  observed. The 
s t a n d a r d   e r r o r  of t h e  estimate and RMS v a l u e s   o b t a i n e d   f o r   t h e   g r a i n   s i z e   s t u d y  
s h e e t s  w e r e  approximate ly   two- th i rds   the   va lues   de te rmined   for   the   base l ine  
s h e e t s .  

To provide a b a s i s   f o r   d i r e c t   c o m p a r i s o n s   t o   o t h e r  materials, t he   0 .5  
pe rcen t   and   1 .0   pe rcen t   c r eep   s t r a in   da t a  were a l s o   f o r c e - f i t   t o   t h e   p a r a m e t e r  
equa t ion   u s ing  a va lue   o f   17   for   the   Larson-Mil le r   cons tan t .   Resul t s  of t h e s e  
ana lyses  are  l i s t e d   i n   T a b l e  XL. The agreement   ob ta ined   to   th i s   form of t h e  
parameter equa t ion  w a s  q u i t e  good wi th  RMS v a l u e s   s l i g h t l y   h i g h e r   t h a n   t h o s e  
ob ta ined   i n   t he   op t imized   pa rame te r   ana lys i s .  A s  a l ready   no ted   prev ious ly ,  
t he   ag reemen t   i n   t he  RMS va lues   o f   t he  two a n a l y s i s  methods r e f l e c t s   t h e  
differences  between  the  opt imized  Larson-Mil ler   constants   and  the  value  of  1 7  
s e l e c t e d   i n   t h e   f o r c e d - f i t   a p p r o a c h .  

Comparison p l o t s  o f   t h e   b a s e l i n e   a n d   g r a i n   s i z e   s t u d y   c r e e p   p r o p e r t i e s  
based   on   t he   fo rced - f i t   t o  a Larson-Miller  constant  of 1 7  are p r e s e n t e d   i n  
F igu res  48  and  49.  These f i g u r e s   i n d i c a t e   t h a t  improvements   over   the  basel ine 
low s t r a i n   c r e e p   s t r e n g t h  were o b t a i n e d   i n   t h e  ASTM 5-6 g r a i n   s i z e   s t u d y  
shee ts ,   bu t   the   improvements  were n o t  as g r e a t  as t h o s e   f o u n d   f o r   t h e   t e x t u r e d  
s h e e t s .  The ave rage   c r eep   s t r eng th   o f   t he   g ra in   s i ze   s tudy   shee t s  w a s  g r e a t e r  
t h a n   t h a t  of t he   base l ine   shee t s   fo r   bo th   t he   0 .5   pe rcen t   and   1 .0   pe rcen t  creep 
s t r a i n   l e v e l s .   I n   a d d i t i o n ,   w i t h   r e f e r e n c e   t o   F i g u r e s  9 and 10, t h e  minus 
3-sigma l i m i t s  of t h e   g r a i n   s i z e   s t u d y   s h e e t s  were found  to  l i e  above  the  minus 
2-sigma l i m i t s  of t h e   b a s e l i n e   s h e e t s   f o r   b o t h   s t r a i n  levels. 

Comparisons  of t h e   0 . 5   p e r c e n t   a n d   1 . 0   p e r c e n t   c r e e p   s t r e n g t h s   o f   t h e   g r a i n  
s i z e  and t e x t u r e   s t u d y   s h e e t s  are p r e s e n t e d   i n   F i g u r e s  50  and 51. For  0.5  per- 
cen t   c reep ,   the   minus  2-sigma limits o f   t h e   t e x t u r e   s t u d y   s h e e t s  are above 
ave rage   o f   t he   g ra in   s i ze   s tudy   shee t s   f rom  appro   ima te ly   186  MPa/18.6 x 1 0  !3he LMP 
-K (27  ksi /33.5 x 10 LMP-OR) t o  38 MPa/22.4  x 1 0  LMP-K (5 .5   ks i /40 .3  x 1 0  LMP 
-OR). Beyond t h e  l a t te r  p o i n t ,   d i f f e r e n c e s   i n   t h e   c r e e p   s t r e n g t h s   o f   b o t h  . 

materials become less s i g n i f i c a n t .   F i g u r e   5 1   i n d i c a t e s   t h a t   t h e  mean o f   t he  
g r a i n   s i z e   s t u d y  i s  w i t h i n   o r  a t  t h e  minus  2-sigma l i m i t  o v e r   t h e   f u l l   r a n g e   o f  

3 3 3 
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TABLE XXXIX 

OPTIMIZED TARSON-MILLER PARAMETER ANALYSIS FOR G R A I N  S IZE STUDY SHEETS: ASTM 5-6 

c2 3 c4 2 
C 

Regression  Equation: Y = l o g  t = C + - + - l o g  S -I- - ( log  S) 1 T T  T 

A. Where T = Absolute   temperature ,   Kelvin 

t = T i m e  t o   g iven   c r eep   s t r a in ,   hour s  

S = Stress, MPa 

F i t  of Test Data 
Creep  Equation  Parameters  Std.   Error  of  Correlation Number of 
S t r a i n  c1 c2  c3  c4 

Estimate Coef f i c i en t  Tests RMS 
- - - - - 

0.5%  18.6476  31052.4  -3019.60  -767.26  ,252  .933  27  .233 

1.0% 19.7198  31813.2  -1782.29  -1158.46  .205  .955  25  .188 

B. Where T = Absolute  temperature,  degrees  Rankine 

t = T i m e  t o   g i v e n   c r e e p   s t r a i n ,   h o u r s  

S = Stress, k s i  

0.5% 18.6476 50365.8 -7751.37 -1381.06 .252 

1.0% 19.7198 53107.5 -6705.13 -2085.23 ,205 

.933 

.955 

27 

25 

.233 

.188 
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Figure 46: Stress vs. 0.5% Creep Life for Grain Size Study Sheets: ASTM 5 -  6(Actual Data and  Parametric Evaluation). 
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TABLE  XL 

FORCE-FIT  ANALYSIS OF ASTM  5-6  GRAIN  SIZE  STUDY  SHEETS  TO  THE  LARSON-MILLER  PARAMETER  EQUATION 
WITH  A  LARSON-MILLER  CONSTANT  OF  17 

Regression  Equation:  P = T  (log t + 17) = C2 + C3  log S 4- C4 (log S) 
2 

A.  Where  T = Absolute  temperature,  Kelvin 

t = Time  to  given  creep  strain,  hours 

S = Stress,  MPa 

Creep  Equation  Parameters 
Strain 

Fit of Test  Data 
Std.  Error of 
Estimate, 

LM Parameter  Correlation  Number of 
Units  Coefficient  Tests RMS 

0.5%  28877.7  -3092.40  -636.96  296.66  .995  27  .236 

1.0%  27791.0  -1458.07  -1051.43  252.32  .996  25  .200 

B. Where  T = Absolute  temperature,  degrees  Rankine 

t = Time  to  given  creep  strain,  hours 

S = Stress,  ksi. 

0.5%  46506.2  -7489.10  -1146.53  533.99 
P 

wl P 1.0%  46492.4  -5798.43  -1892.57  454.17 

.995  27  .236 

.996  25  .200 
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Figure 50: Comparison of Stress  vs. Larson-Miller Parameter (CI = 1 7 )  for 0.5% Creep  Lives  of Texture  Study  and 

ASTM 5 -6 Grain  Size Study  Sheets. 
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test  conditions  for  1.0%  creep.  Aside  from  these  observations,  reference  to 
previous  Figures 48 and 49 reveals  that  the  minus  3-sigma  limits  of  the 
textured  sheet  lie  above  the  minus  2-sigma  limits  of  the  grain  size  study  sheets 
from  413.7  MPa/l5.2 x 10 LMP-K (60 k~i/28.4~x 10 LMP-OR) to  approximately 3 3 
17.2  MPa/23.5 x 10 LMP-K (2.5  ksi/42.3  x 10 LMP-OR)  for  0.5  percent  creep  and 
essentially  over  the  entire  range  for 1.0 percent  creep. 

4.2.5  Minimum  creep  rate  .evaluation. - The  minimum  creep  rates  determined 
for  the  ASTM  5-6  grain  size  study  sheets  were.examined  by  multiple  regression 
analysis  assuming  both  a  power  and  an  exponential  dependence on stress  as  de- 
scribed  in  Section  2.5.2.  Results  of  these  mathematical  treatments  are  given  in 
Tables  XLI  and  XLII.  The  fit  of  the  data  to  either  functional  relationship  was 
essentially  equivalent.  This  behavior  was  also  observed  for  the  baseline  and 
textured  sheets,  and an explanation  based  on  the  hyperbolis  sine  law  is  de- 
scribed in  Section  2.5.2. 

Plots  of  the  data  conforming  to  the  power  function  of  stress  are  illustrated 
in  Figure  52.  Comparison  of  this  figure  to  that  obtained  for  the  baseline 
(Figure ll), indicates  that  the  minimum  creep  rates  for  the  grain  size  study 
sheets  and  the  baseline  sheets  were  approximately  the  same  at  the  922K  (1200°F) 
and  1144K (1600'F) test  temperatures.  However,  at  1255K  (1800°F),  the  minimum 
creep  rates  of  the  grain  size  study  sheets  were  lower  and  divergent  from  those 
of  the  baseline.  In  terms  of  the  power  function  parameters  of  Tables  X  and  XLI, 
the  grain  size  study  sheets  exhibited  greater  stress  sensitivity  at  922K 
(1200'F) which  was  offset  by  a  much  lower  "structure  factor."  At  1144K  (1600°F), 
the  response  of  the  two  materials  was  approximately  the  same.  At  1255K  (1800"F), 
the  grain  size  study  sheets  again  exhibited  greater  stress  sensitivity  but 
a  lower  "structure  factor."  In  this  case,  the  two  effects  were  not  offsetting 
due  to  the  lower  stresses  employed  at  that  temperature. 

In  comparison  to  the  textured  sheets  (Figure 35), the  minimum  creep 
rates  of  the  grain  size  study  sheets  were  about  the  same  at  922K  (1200OF) 
and  slightly  higher  at 1144K (1600°F).  At  1255K  (1800°F),  the  grain  size 
study  sheets  exhibited  higher  creep  rates  at  stresses  greater  than  about  20.7 
MFa (3  ksi),  but  lower  creep  rates  at  stresses  below  that  value.  Reference 
to  the  power  function  parameter  of  Tables  XXVII  and  XLI  reveals  the  off- 
setting  effects  between  the  stress  sensitivities  and  "structural  factors"  of 
these  two  materials  at  922K  (1200OF) so that  approximately  equivalent  minimum 
creep  rates  result. At 1144K (1600°F), due  to  the  lower  stress  values,  these 
effects  are  not  quite  offsetting,  and  the  textured  sheets  have  slightly  lower 
creep  rates.  At  1255K (1800°F), the  stress  sensitivity  and  "structure  factor'' 
effects  reverse  for  the  two  materials  which  accounts  for  the  observed  changes 
with  respect  to  the  level of stress. 

4.3  Supplementary  Grain  Size  Study:  Investigation  of 
the  Dependence of Creep  Strength on Sheet  Thickness 

The  purpose  of  this  supplementary  investigation  was  to  determine  if  the 
creep  strength  of HAYNES alloy No. 188 is  affected  by  grain  size  alone  or  by 
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TABLE XLI  

ANALYSIS  OF M I N I "  CREEP  RATES  OF  ASTM 5-6 
G R A I N  SIZE STUDY  SHEETS AS A POWER  FUNCTION OF STRESS* 

l o g  A Std.   Error   of  
S t r e s s   S t r e s s  Estimate, C o r r e l a t i o n  

Temp. as MPa as KSI  n  Log Units C o e f f i c i e n t  

922 K -20.168  (-14.135)  7.20  .lo6 
(1200°F) 

1144 K -12.053  (-7.446)  5.49  ,222 
(1600°F) 

1255 K -10.517  (-5.450)  6.04  .480 
(1800°F) 

* l o g  i = l o g  A + n l o g  S min 

t = minimum c reep  rate, %/hr  min 

S = stress (MPa o r  KSI) 

A, n = c o n s t a n t s   e s t i m a t e d  by method  of least  squa res  

,984 

.931 

.919 
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TABLE  XLII 

ANALYSIS OF MINIMUM  CREEP  RATES OF ASTM 5-6 
GRAIN  SIZE  STUDY  SHEETS AS AN  EXPONENTIAL  FUNCTION 

OF STRESS* 

B Std. Error of 
1 Stress Stress  Estimate,  Correlation 

Temp. l o g  A  as  MPa as KSI Log Units  Coefficient 

922 K -5.151  .0093 (. 0640)  .075  .992 
(1200'F) 

1144 K -4.941  .0436 (. 3004)  .231  .925 
(1600OF) 

1255 K -4.998  . lo98 (. 7570)  .574  .881 
(1800OF) 

1 * log k = l o g  A + BS min 

k = minimum  creep  rate,  %/hr min 

S = stress (MPa or KSI) 
? 

A , B = constants  estimated by method of least  squares 
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Figure 52: Stress vf. Minimum Creep Rate  for ASTM5-6  Groin  Size Study Sheets. 



thickness-to-grain  diameterratio.  Richards  (ref.  15),  convincingly  showed 
that  the  thickness-to-grain  diameter  ratio  was  more  fundamental  to  the  creep 
strength  of  several  nickel-base  sheet  alloys  than  was  grain  size  alone.  There 
was  ample  reason,  therefore,  to  suspect  that  thickness-to-grain  diameter  ratio 
might  be  similarlyfundamentalto  the  creep  strength  of  thin-gauge HAYNES alloy 
No. 188. To  assess  this  possibility,  a  sheet 0.76 mm (.030 inch)  thick  with  a 
grain  size  of ASTM 5-6  was  produced  and  evaluated.  This  selection  provided  a 
thickness-to-grain  diameter  ratio  of  approximately 14:l for  comparison  to  the 
experimental  strips  having  a  grain  size  of ASTM 7-8.  Further  compariosns  were 
also  afforded  to  the  thin  gauge  sheets  having  the  same  grain  size.  In 
addition  to  this,  creep  properties  developed  on  the  initial  grain  size  study 
strips  were  re-examined  in  search  of  any  thickness-to-grain  diameter  effects. 

4.3.1  Production  of  experimental  sheet. - Sheet  for  the  supplementary 
grain  size  study  was  produced  from  Heat  4-1697  using  the  thermomechanical 
processing  schedule  given  in  Table  XLIII. In terms  of  the  percentage  of  cold 
reduction  and  the  annealing  treatments,  the  rolling  schedule  was  equivalent  to 
the  latter  portion  of  the  processing  schedule  used  to  produce  the  ASTM  5-6 
grain  size  thin  gauge  shee  ts. 

Production  of  the  sheet  was  accomplished  by  rolling  a  piece  of  production 
hot  rolled  plate  from  Heat  4-1697  measuring  4.57 mm thick  by  12.7  cm  wide  by 
30.48  cm  long (0.180 inch  x  5  inches  x 12 inches)  parallel  to  the  original  hot 
rolling  direction.  The  resulting  sheet  measured  approximately 0.76 mm thick  by 
13.97  cm  wide  by  165.10  cm  long  (0.030  inch x 5.5  inches  x 65 inches).  After 
the  final  annealing  treatment,  the  sheet  was  salt  bath  desclaed  and  flattened 
by  stretcher  leveling. To ensure  that  the  desired  grain  size  was  obtained, 
metallographic  samples  were  prepared  from  material  taken  from  the  center  and 
both  edges  of  the  sheet  at  locations  near  the  middle  of  the  length  and  at  both 
ends  of  the  sheet.  Results of the  metallographic  analyses  confirmed  that  a 
grain  size  of  ASTM  5-6  was  achieved.  The  typical  microstructure  obtained  in 
the  sheet  is  illustrated  in  Figure  53. 

4.3.2  Examination  of  crystallographic  texture. - A  sample of the  supple- 
mentary  grain  size  study  sheet  was  examined  for  the  presence  of  crystallo- 
graphic  texture in the  sheet  plane  using  the  same  experimental  procedure  de- 
scribed in  Section  2.2  The  type  of  texturing  was  the  same  as  that  observed 
in  the  texture  study  sheets  and  some  of  the  grain  size  study  sheets.  Angular 
data  measured  for  the  high  intensity  regions  are  given  in  Table  XLIV.  In  com- 
parison  to  the  ASTM  5-6  thin  gauge  strips  (Table  XXXII),  the  angular  spreading 
around  the  rolling  direction  was  equivalent,  but  less  spreading  was  found 
around  the  transverse  direction. 

4.3.3  Tensile  properties. - Duplicate  longitudinal  specimens  were  tensile 
tested in air  at  room  temperature,  922K  (1200°F),  1033K  (1400°F), 1144K 
(1600°F), 1255K (1800°F),  and 1366K (2000OF). The  procedures  employed  were 
the  same  as  those  described  in  Section  2.3.  A  summary  of  the  results  is  given 
in  Table  XLV.  The  values  obtained  were  essentially  equivalent -to  those  reported 
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TABLE  XLIII 

THERMOMECHANICAL  PROCESSING  SCHEDULE  FOR 
SUPPLEMENTARY  GRAIN  SIZE  STUDY  SHEET  LOT 

4.57mm  Cold  Roll  1.78mm  Cold  Roll  .76mm 
(0.180") (0.070") (0 .030" )  

Anneal  at  Anneal  at 
1478 K(2200°F)/10 min 1464 K(2175OF)/10 min 

TABLE  XLIV 

ANGULAR  DATA  FOR  HIGH  INTENSITY  REGIONS 
OF (111) POLE  FIGURE  DETERMINED  FOR  SUPPLEMENTARY 

GRAIN  SIZE  STUDY  SHEET 

Around  Rolling  Direction 
Angular  Angular 
Locations  Spread 

Around  Transverse  Direction 
Angular  Angular 
Locat ions Spread 

19-45 O 26  +34 68 O 
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Figure 53: Microstructure of .76 mm (0.030 inch) Thick Supplementary 
Grain  Size Study  Sheet Produced  from Heat 4-1697. Grain 
Size ASTM 5-6, Predominantly 5-1/2. X300. 
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T e s t  
T e m p e r a t u r e  

TABLE  XLV 

LONGITUDINAL TENSILE TEST DATA FOR SUPPLEMENTARY  GRAIN 
SIZE STUDY SHEET LOT - HEAT 4-1697 

[ 0.76 mm (0.030-inch) thick, ASTM 5-61 

R. T. 

922 K (1200'F) 

1033 K (1400'F) 

1144 K (1600'F) 

1255 K (1800'F) 

1366 K (2000'F) 

0.2% YS UTS Elong . 
MPa ( k s i )  MFa ( k s i )  % 

521.9 
488.8 

316.5 
293.7 

302.0 
291.6 

272.3 
263.4 

151.0 
167.5 

79.3 
86.2 

(75.7) 1034.9 
(70.9) 980.4 

(45.9) 797.0 
(42.6) 736.4 

(43.8) 582.6 
(42.3) 638.5 

(39.5)  399.9 
(38.2) 430.2 

(21.9) 226.8 
(24.3) 261.3 

(11.5) 124.8 
(12.5) 135.1 

(150.1) 
(142.2) 

(115.6) 
(106.8) 

(84.5) 
(92.6) 

(58.0) 
(62.4) 

(32.9) 
(37.9) 

(18.1) 
(19.6) 

59.3 
64.4 

63.1 
70.5 

47.1 
53.2 

41.8 
53.0 

31.3 
40.4 

22.8 
25.7 



for  the  baseline  sheets  (Tables I11 and IV). In  comparison  to  the  tensile 
properties  of  the  ASTM  5-6  grain  size  thin  gauge  sheets  (Tables XXXVI and 
XXXVII), the  yield  and  tensile  strengths  were  essentially  the  same,  but  the 
elongations  obtained in the  supplementary  grain  size  study  sheet  were  higher  at 
test  temperatures  of 1144K (1600OF) and  above. 

These  observations  indicate  that  yield  and  ultimate  strength  properties 
were  not  affected  by  sheet  thickness  of  thickness-to-grain  diameter  ratios 
within  the  range  investigated.  Approximate  values  for  the  thickness-to-grain 
diameter  ratios  for  the  baseline,  grain  size  study  and  supplementary  grain 
size  study  sheets  were  8.5:1,  7.1:l  and  14.3:1,  respectively.  From  these  values, 
it  does  not  seem  likely  that  the  ductility  differences  between  these  materials 
is  simply  related  to  thickness-to-grain  diameter  ratio.  If  the  baseline  sheets 
are  excluded  from  the  comparison  due  to  their  different T" and  lack  of  crystal- 
lographic  texture,  a  thickness-to-grain  diameter  effect  might  seem  plausible. 
However,  one  could  also  attribute  the  differences  in  elongation  to  differences 
in cross-sectional  area  which  would  change  the  amount  of  necking  strain  at 
fracture  (ref. 16). Furthermore,  it  does  not  seem  reasonable  that  a 
thickness-to-grain  diameter  effect  would  be  evident  only  at  temperatures  of 
1144K (1600'F)  and  above.  This  suggests  that  some  other  causes  might  be 
responsible. 

4.3.4  Stress  rupture  properties. - Duplicate  longitudinal  and  transverse 
samples  from  the  supplementary  grain  size  study  sheet  were  stress  rupture 
tested  at  1089K/165.4  MPa  (1500°F/24  ksi)  and  1300K/31 ME'a (1900°F/4.5  ksi). 
The  results  of  these  tests  are  listed  in  Table XLVI.  The  stress  rupture  prop- 
erties  were  similar  to  those  reported  for  the  baseline  thin  gauge  sheets 
(Table V) except  that  elongations  for  the  1311K/31  MPa  (1900°F/4.5  ksi)  tests 
were  generally  lower.  Comparison  to  the  results  for  the  ASTM  5-6  thin  gauge 
sheets  (Table XXXVIII) indicates  that  equivalent  life  and  slightly  higher 
elongation  values  were  obtained  in  the  supplementary  grain  size  study  sheet  for 
the  1089K/165.4  MPa  (1500°F/24  ksi) test condition,  but  lower  life  and  elonga- 
tion  values  were  obtained  at  the  1311K/31  MPa  (1900°F/4.5  ksi)  test  condition. 
These  data  do  not  reveal  any  correlation  between  stress  rupture  properties  and 
thickness-to-grain  diameter  ratio  that  might  be  expected  based  on  the  work  of 
Richards  (ref. 15). 

4.3.5  Creep  life  evaluation. - To  characterize  the  low  strain (< 1 percent) 
creep  properties  of  the  supplementary  grain  size  study  sheet,  creep  tests  were 
conducted on longitudinally  oriented  samples  at  temperatures  of  922K  (1200°F), 
1144K  (1600OF)  and  1255K (1800'F)  and  at three  stresses  at  each  temperature. 
The  testing  procedure  was  the  same  as  that  described  in  Appendix B. As  with 
the  other  materials  evaluated,  it  was  planned  to  select  stresses  which  would 
give 1.0 percent  creep  strain  lives  in  the  range  of  roughly  25-500  hours. 
Initial  stress  levels  were  selected on the  basis  of  results  obtained  for  the 
baseline  sheets.  Additional  stresses  were  then  selected so as  to  obtain  the 
required  description  of  creep  strength  over  the  temperature  range  of  interest. 
Duplicate  longitudinal  and  transverse  samples  were  also  tested  at  1200K/ 
41.4 MPa  (1700°F/6  ksi) so that  comparisons  could  be  made  at  the  standard 
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TABLE XLVI 

Sample 
Or ien ta t ion  

L 
L 
T 
T 

*Log  Avg. 

Std. Dev. 
(Log Units)  

L = Longitudinal 

T = Transverse 

STRESS  RUPTURE DATA FOR  SUPPLEMENTARY GPAIN 
SIZE STUDY SHEET LOT - HEAT 4-1697 

[0.76 mm (0.030-inch)  thick, ASTM 5-61 

1089  K/165.4 MPa (1500°F/24 k s i )  1311 K/31 MPa (1900°F/4.5 k s i )  
L i f e ,  Elongation L i fe  , Elongation 

% Hours % Hours 

38.9 
39.8 
36.0 
40.6 

38.8 

(. 023) 

- 

40.6 
28.3 
32.3 
28.6 

32.1 

(. 073) 

p 1% t,.] * t = a n t i l o g  i n 

31.4 15.2 
9.9 40.4 

26.3 13.2 
25.6 15.5 

21.4 18.8 

(. 226) (. 223) 



quality  control  test  condition. A complete  listing  of  the  creep  test  data is 
contained in Appendix E. 

The  creep  life  characterization  of  the  supplementary  grain  size  study  sheet 
was  obtained  by  subjecting  the  0.5  percent  and 1.0 percent  creep  strain  data 
to  a  least  squares  optimization  of  the  Larson-Miller  parameter.  The  results 
of  this  analysis  are  presented in Table  XLVII.  Plots  of  the  actual  data  and 
the  lines  given  by  the  parameter  equation  are  illustrated in  Figures  54  and 55. 
The  fit  of  the  data  to  the  parameter  equation  was  quite  good  with  correlation 
coefficients > .95  for  both  creep  strain  levels. 

The  0.5  percent  and 1.0 percent  creep  data  were  also  force-fit  to  the 
parameter  equation  using  a  value  of 17  for  the  Larson-Miller  constant  to  pro- 
vide  a  basis  for  direct  comparison  to  the  creep  properties  of  the  baseline  and 
ASTM  5-6  grain  size  study  sheets.  Results  of  these  analyses  are  presented  in 
Table  XLVIII.  Agreement  to  the  parameter  equation in this  form  was  good,  but 
the RMS values  obtained  were  higher  than  those  of  the  optimized  analyses  due 
to  the  differences  between  the  optimized  Larson-Miller  constants  and  the  value 
of 17 used  in  the  forced-fit  approach. 

Plots  comparing  the  0.5  percent  and 1.0 percent  creep  strengths  of  the 
baseline,  grain  size  study  and  supplementary  grain  size  study  sheets  based  on 
the  forced-fit  analyses  are  presented in  Figures  56  and  57.  These  figures  in- 
dicate  equivalent  creep  strengths  at  both  creep  strain  levels  for  the  thin 
gauge  grain  size  study  sheets  and  the  supplementary  grain  size  study  sheet  at 
conditions  corresponding  to  tests  performed  at  922K  (1200OF)  and  1144K 
(1600°F).  However, at conditions  corresponding  to  the  1255K  (1800OF)  creep 
tests,  the  creep  strength  of  the  supplementary  grain  size  study  was  inferior  to 
and  below  the  minus  3-sigma  limits  (see  Figures 48 and  49)  of  the  thin  gauge 
grain  size  study  sheets.  Reference  to  Figures  9  and 10 indicates  that  although 
the  average  creep  strength  of  the  supplementary  grain  size  study  sheet  was  be- 
low that  of  the  baseline  at  1255K  (1800"F),  it  was  within  the  baseline  scatter 
band.  These  comparisons  clearly  indicate  that  no  improvement  in  low  strain 
creep  strength  was  obtained  through an increase  in  the  thickness-to-grain 
diameter  ratio. 

As  a  further  test  of  the  thickness-to-grain  diameter  ratio  hypothesis, 
the  creep  data  obtained  at  1200K/41.4  MPa  (1700°F/6  ksi)  for  the  initial 
grain  size  study  thin  gauge  strips  were  re-analyzed  in  terms  of  thickness-to- 
grain  diameter  ratio.  Plots  of  the  times  to  0.5  percent  and 1.0 percent  creep 
strain  versus  thickness-to-grain  diameter  ratios  obtained  for  these  sheets  are 
presented  in  Figures 58 and  59.  Results  of  statistical  comparisons  reported 
in  Section  4.1.3  indicated  no  significant  differences  in  the  creep  properties 
of  the  ASTM  2-4  and  the  ASTM  5-6  grain  size  sheets.  Thsrefore,.the  low  strain 
creep  lives  of  these  materials  showed  no  dependence  on  thickness-to-grain 
size  ratio.  For  the  ASTM  7-8  grain  size  sheets,  creep  lives  were  found  to 
decrease  with  increasing  thickness-to-grain  diameter  ratio  rather  than  the 
opposite  as  might  be  expected.  With  reference  to  the  data  contained in Table 
XLIX,  it  can  be  seen  that  this  trend is not  supported  by  the  results  obtained 
for  the  ASTM  5-6  supplementary  grain  size  study  sheets.  Instead,  the  results 
for  the  supplementary  grain  size  study  sheet  were  essentially  equivalent  to 
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TABLE XLVII  

OPTIMIZED LARSON-MILLER PARAMETER  ANALYSIS  FOR  SUPPLEMENTARY 
G R A I N  SIZE STUDY SHEET 

c2 c3 c4 Regression  Equation: Y = l o g  t = C + - + - l og  S + - (log S) 2 
1 T T  T 

A. Where T = Absolute  temperature,  Kelvin 

t = Time t o   g iven   c r eep   s t r a in ,   hour s  

S = Stress, MPa 

F i t  of Test Data 
Creep Equation  Parameters Std.  Error  of Corre la t ion  Number of 
S t r a i n  C. C, C.  Estimate Coeff ic ien t  Tests RMS 

0.5%  22.5517  31156.6  1534.94  -2028.90 .224 .955  9  .167 

1.0% 20.9238  29122.2  2206.53 -2147.97 ,180  .970 9 .135 

B. Where T = Absolute  temperature,  degrees  Rankine 

t = Time to   g iven   c r eep   s t r a in ,   hour s  

S = Stress, k s i  

0.5% 22.5517  55830.8  -3361.68  -3652.02  .224 
w 
P 

I-Q 1.0% 20.9238  53031.8  -2512.27 -3866.35  .180 

,955 

.970 

9 

9 

.167 

.135 



080- 

t! 
- 3 4  YI 

bo 

.- 
2 104 .I -" - 

" 
" 

- 
- 8  
-4- 

\I600 F) 
1144 b< -6 

v, 

- - 
\ -4  
-I 

P- -34--., .- - 
- 

10:- - 
8. - I I I I I i l l 1  1 I I I I I I i I  I 1 I I I I I I  
. 1  . 2  .4 .6 .8 1 2 4 6 8 1 0  20 40 60 80 100 200 400 600 800 1,000 

Time for 0.5% Creep  Strain, Hours 

Figure 54: Stress vs. 0.5% Creep Life  of Supplementary Grain  Size Siudy  Sheet (Actual Data and Parametric  Evaluation) 



. .  . 

I I 1 I I I I l l  I I I 1 1  1 1 1 1  1 I I I I 1 1 1 1  I 600 
c -I 

1 
t" 

1 2 4 6 8 1 0  20 40 60 80 100 200 400 600  8001,000  2,000 4,0006,000 10,000 
Time for 1.0% Creep Strain, Hours 

Figure 55: Stress vs. 1.0% Creep Life of  Supplementary Grain Size Study  Sheet (Actual  Data a d  Parametric  Evaluation). 

P 
W 
W 



TABLE XLVIII 

FORCE-FIT ANALYSIS OF  SUPPLEMENTARY G R A I N  S IZE STUDY SHEET TO LARSON-MILLER 
PARAMETER EQUATION WITH A LARSON-MILLER CONSTANT OF 17 

2 
Regression  Equation: P = T ( log  t + 17)  = C2 + C3 l o g  S + C4 ( log  S )  

A. Where T = Absolute  temperature,   Kelvin 

t = Time t o   g i v e n   c r e e p   s t r a i n ,   h o u r s  

S = S t r a i n ,  MPa 

Std.   Error  of 
Estimate, 

Creep  Equation  Parameters LM Parameter   Correlat ion Number of 
S t r a i n  

c2 c3 c4 
Uni t s   Coef f ic ien t  Tests RMS 

- - - - 
0.5% 23932.5  1318.98  -1618.25  295.84  .996 9 .203 

1.0% 23960.8  2120.11  -1875.50  222.89  .998 9 .157 

B. Where T = Absolute  temperature,   degrees  Rankine 

t = T i m e  t o   g i v e n   c r e e p   s t r a i n ,   h o u r s  

S = Stress, k s i  

0.5%  43021.3  -2510.79  -2912.85 

1.0% 43955.7  -1845.31  -3375.90 

-:> 

532.51 

401.21 

.996 

.998 

9 

9 

,203 

.157 



Larson-Miller Parameter, T (OR) ( l o g  t + 17) x I O 3  

29 30 31 32  33 34 35 36 37 38  39 40 41 42 43  44 45 46 
I I I I 1 I I I I I I I I I I I 

400P 
I 

I c 7 
~ 1 2 0  

4'40 

200 ,- 

loo L 

80 - 
- 
- -10 

2 60- z8 f 2 .- 

bl - Y) Grain Size Study: ASTM 5-6 
e 
* + -6  G 

-1 E 
40- 

0 922 K (I20O0F) -1 

0 1144 K (1600OF) 

A 1255 K (180O0F) - 

- - 4  

20 - 
Supplementary Grain  Size Study 

Mean - 2  

IO - 
8- 
- 
1 I I I I I I I I I I 
16 17 18 19 20 21 22 23 24  25  26 

Lanon-Miller Parameter, T (K) (log t + 1 7 )  x 10-3 
Figure 56: Comparison of Stress  vs. Lanon-Miller Parameter (CI = 1 7 )  for 0.5% Creep Lives of Baseline, Grain  Size 

Study  and  Supplementary Grain  Size Study  Sheets. 



Larson-Miller Parameter, T (OR) ( l a g  t + 17) x 

400 

ao 

60 

40 L -Grain  Size Study 
ASTM 5 -6 
Mean 

Larson-Miller  Parameter, T (K) ( l o g  t + 17) x 
Figure 57: Comparison of Stress vs. Lanon-Miller Parameter (CI = 1 7 )  for 1.0% Creep Lives of Baseline, Grain  Size 

Study and  Supplementary Grain  Size Study  Sheets. 

10 

30 

50 

40 

20 

.- 
2 

IO $ 

8 s  2 

6 

4 

2 

I 



60 I I I I I I I I I 
HEAT CODE 

50 - 

l o t  

0- 3-1655 

0- 4-1696 

A- 4-1697 0 

0 

0 

0 

A 0 
A 0 

A 

0 
0 

A A 
0 0 1 

I I I I I I I I I 
2 4  6  8 10  12  14  16  18 ' 20 

Thickness/Grain Diameter 

Figure 58: Time to 0.5% Creep  Strain vs. Thickness - t o  - Grain Diameter  Ratio for 1200 K/41.4 MPa 
(I7OO0F/6 k.s.i.) Tests of  Grain  Size Study Thin  Gauge Strips. 



. 

I 

HEAT CODE 

- 0 
0- 3-1655 

0- 4-1696 

I 

A 
A 

A\ 0 o\ 
I I I I 

2 4  6 8 10 12 14  16  18 
Thickness/Grain  Diameter 

I 

Figure 59: Time to 1.0% Creep  Strain vs. Thickness - to - Grain  Diameter  Ratio for 1200 K/41.4 MfJa 
(I7OO0F/6 k.s.i.) Tests of Grain  Size Study Thin  Gauge Strips. 



TABLE XLIX 

Number of 
Tests,  N 

4 

SUMMARY OF 1200  K/41.4  MPa  (1700°F/6  ksi)  CREEP  DATA 
FOR  SUPPLEMENTARY  GRAIN  SIZE  STUDY  SHEET 

0.5% CREEP  STRAIN 1.0% CREEP  STRAIN 
Avg . Antilog, Std. Avg . Antilog, Std. 

Log  Time* Hr s Dev. ** Log  Time* Hr s Dev. ** 

1.523  33.4  .346 1.828 67.3  .331 

c log ti 
* log f = n where t = observed  time  to  given  creep  strain i 

n = No. of observations 

** log  units 



t h o s e   o b t a i n e d   f o r   t h e  ASTM 2-4 and ASTM 5-6 t h i n   g a u g e   s t r i p s .   T h e s e   f a c t s  
l e a d   t o   t h e   c o n c l u s i o n   t h a t  low s t r a i n   c r e e p   s t r e n g t h  i s  dependent   on  grain 
s i ze   a lone   and   no t   on   t h i ckness - to -g ra in   d i ame te r   r a t io   w i th in   t he   r ange  of 
g r a i n   s i z e s   a n d   t h i c k n e s s e s   i n v e s t i g a t e d .  

4.3.6 Minimum c reep  
supp lemen ta ry   g ra in   s i ze  
analyses   assuming  both a 
d e s c r i b e d   i n   S e c t i o n   2 . 5 .  

rates. - The minimum c reep  rates de te rmined   fo r   t he  
s t u d y   s h e e t  were examined  by m u l t i p l e   r e g r e s s i o n  
power  and an  exponent ia l   dependence  on stress as 
,2 .   Resu l t s   o f   t hese   ana lyses  are p r e s e n t e d   i n  

Tables L and L I .  A s  w a s  s e e n   i n   t h e   a n a l y s e s   f o r  a l l  p rev ious  materials, t h e  
f i t  o f   t h e   d a t a   t o   e i t h e r  stress r e l a t i o n s h i p  w a s  approximately  equivalent .  
The exp lana t ion   based   on   t he   hype rbo l i c   s ine  l a w  which w a s  d e s c r i b e d   i n  
Sect ion  2 .5 .2  is aga in   thought   to   apply .   P lo ts   o f   the   da ta   cor responding   to  
t h e  power f u n c t i o n  of stress are i l l u s t r a t e d   i n   F i g u r e  60. The minimum c reep  
rates ob ta ined  a t  test temperatures  of 922K (1200'F)  and 1144K (1600'F) were 
e q u i v a l e n t   t o   t h o s e   o f   t h e  ASTM 5-6 t h i n   g a u g e   g r a i n   s i z e   s t u d y   s h e e t s   ( F i g u r e  
52)   and   the   base l ine   shee ts   (F igure   11) .  A t  1255K (1800  F),  however,  the 
minimum creep rates of the   supplementary   g ra in   s ize   s tudy   shee t  were h ighe r  
t h a n   t h o s e   o f   t h e   g r a i n   s i z e   s t u d y   s h e e t s ,   b u t   w i t h i n   t h e  scatter band 
of   the   base l ine   shee ts .   These   t rends  are c o n s i s t e n t   w i t h   t h e   f i n d i n g s   o f   t h e  
0 . 5   p e r c e n t   a n d   1 . 0   p e r c e n t   c r e e p   l i f e   e v a l u a t i o n s   o f   t h e   p r e v i o u s   s e c t i o n .  

The  power f u n c t i o n   p a r a m e t e r s   l i s t e d   i n   T a b l e  L i n d i c a t e   t h a t   t h e  stress 
s e n s i t i v i t y   a n d   t h e   " s t r u c t u r e   f a c t o r "  a t  922K (1200'F) were comparable  to 
t h o s e   o b t a i n e d   f o r   t h e   g r a i n   s i z e   s t u d y   s h e e t s   ( T a b l e  XLI ) .  A t  1144K 
(1600°F),   the stress s e n s i t i v i t y  of t he   supp lemen ta ry   g ra in   s i ze   s tudy   shee t  
w a s  h ighe r ,   bu t  i t s  e f f e c t   o n   t h e   r e s u l t i n g  minimum c reep  rates w a s  o f f s e t  by 
a low ' ' s t r u c t u r e   f a c t o r "   v a l u e .  A t  1255K (1800'F),   the minimum creep r a t e  
response w a s  ve ry  much d i f f e r e n t .  The stress s e n s i t i v i t y  w a s  much lower,  and 
t h e   " s t r u c t u r e   f a c t o r "  term was much higher .  
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TABLE L 

ANALYSIS OF MINIMUM  CREEP  RATES OF SUPPLEMENTARY 
GRAIN  SIZE  STUDY  SHEET AS A POWER  FUNCTION OF STRESS* 

log A Std. Error of 
Stress  Stress  Estimate,  Correlation 

Temp. as  MPa  as  KSI n  Log  Units  Coefficient 

922  K -19.156 (-13.451) 6.80 .117  .991 
(1200'F) 

1144  K  -14.822 (-8.848)  7.12 .007 
(1600'F) 

1255  K -4.626  (-2.837)  2.13 .072 
(1800'F) 

* log = log A + n log S min 

E = minimum  creep rate, %/hr min 

S = Stress (MPa or KSI) 

A, n = constants  estimated by method of least  squares 

1.000 

.992 
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TABLE L I  

ANALYSIS OF MINIMUM CREEP RATES OF SUPPLEMENTARY 
GRAIN  SIZE  STUDY  SHEET  AS AN EXPONENTIAL  FUNCTION 

OF STRESS* 

B Std. Error of 
1 Stress Stress  Estimate, Correlation 

Temp. l o g  A as  MPa  as K S I  Log Units Coefficient 

922 K -4.951  .0088 (. 0604) .067 
(1200'F) 

.997 

1144 K -5.613  .0568 (. 3913)  .072  .998 
(1600'F) 

1255 K -3.156  .0655 (. 4516) , 1 4 3  .969 
(1800'F) 

1 

k = minimum creep  rate, %/hr min 

S = Stress (MPa or KSI) 

1 

A , B = constants estimated by method  of least squares 
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5.0 PRESTRAIN  STUDY 

5 . 1  Materials and  Experimental  Procedure 

A b r i e f   i n v e s t i g a t i o n  w a s  pe r fo rmed   t o   de t e rmine   t he   e f f ec t s  of p r e s t r a i n  
on   t he   c r eep   s t r eng th   o f   s t anda rd   p roduc t ion  HAYNES a l l o y  No. 188 th in   gauge  
s h e e t .  The material used   fo r   t h i s   pu rpose  w a s  a r b i t r a r i l y   s e l e c t e d   f r o m   b a s e -  
l i n e  Heat 2-1604. Longitudinal   samples  of t h e  same conf igu ra t ion  as t h a t  il- 
l u s t r a t e d  i n  Appendix B were prepared  f rom  the  sheet .   Dupl icate   samples  were 
t h e n   s t r a i n e d   i n  a tensi le  t e s t i n g   m a c h i n e   t o   p r e s t r a i n   v a l u e s   o f  1, 2, 4 ,   6 ,  
10, 1 5 ,  and 20 p e r c e n t   u s i n g   t h e   e n g i n e e r i n g   d e f i n i t i o n   o f   s t r a i n .   A f t e r   p r e -  
s t r a i n i n g ,   t h e   s a m p l e s  were c r e e p   t e s t e d  a t  a cond i t ion  of 1200K/41.4 MFa 
(1700°F/6 k s i )   i n   a c c o r d a n c e   w i t h   t h e   p r o c e d u r e   g i v e n   i n  Appendix B. 

5.2  Creep Test Resu l t s  

Resu l t s  of t h e   c r e e p  tests are l i s t e d   i n   T a b l e  L I I  a l o n g   w i t h   t h e   o r i g i n a l  
b a s e l i n e  tests f o r   t h i s   h e a t   f o r  0 p e r c e n t   p r e s t r a i n   r e f e r e n c e .  The da ta   i n -  
d i c a t e  a number of p re s t r a in   e , f f ec t s   wh ich   can   be  summarized as fo l lows:  

(1) Creep  Strength 

Based  on t h e  amount of time t o  a g iven  creep s t r a i n ,   t h e   c r e e p   s t r e n g t h  
i n c r e a s e d   w i t h   p r e s t r a i n  up t o  a l e v e l  of 4 percen t .   P re s t r a in   amoun t s   o f  1 
percent   and 2 percent  had e s s e n t i a l l y   t h e  same e f f e c t ,  and a s l i g h t   b u t   d e f i n i t e  
improvement  over t h e   b a s e l i n e  w a s  observed. A two-fold  improvement w a s  ob ta ined  
wi th  4 p e r c e n t   p r e s t r a i n .  From 4 percent   through 10  p e r c e n t   p r e s t r a i n ,   t h e  
inc reased   c r eep   s t r eng th  w a s  maintained  but  not  improved. Above 10 percent  
p r e s t r a i n ,   t h e   c r e e p   s t r e n g t h   b e g a n   t o   d e c r e a s e ,   f a l l i n g   t o   b e l o w   t h a t  of t h e  
b a s e l i n e  a t  t h e  20 p e r c e n t   p r e s t r a i n  level.  

( 2 )  Minimum Creep Rate 

The minimum creep  ra te  w a s  found   t o   dec rease   w i th   i nc reas ing   p re s t r a in  up 
t o  a l e v e l  of 4 p e r c e n t .   P r e s t r a i n  amounts of 1 percent  and 2 percent   bo th  
provided  approximately a 30 p e r c e n t   d e c r e a s e   i n  minimum creep rate f rom  the  
b a s e l i n e   v a l u e s .  A t  4 p e r c e n t   p r e s t r a i n ,   t h e  minimum creep  ra te  w a s  about  
h a l f   t h a t   o f   t h e   b a s e l i n e .  From 4 p e r c e n t   t o  10 p e r c e n t   p r e s t r a i n ,   t h e   r e d u c e d  
minimum creep  rate w a s  maintained.  A t  15  p e r c e n t   p r e s t r a i n ,   t h e  minimum creep  
ra te  rose   t o   nea r   t ha t   o f   t he   base l ine ,   and  a t  20 p e r c e n t   p r e s t r a i n  i t  w a s  
roughly   twice   the   base l ine  ra te .  

(3 )  Primary  Creep 

The  amount of   pr imary  creep,   v iewed  both  in  terms of creep s t r a i n  and 
d u r a t i o n ,  w a s  f o u n d   t o   i n c r e a s e   s l i g h t l y   a b o v e   t h e   b a s e l i n e   w i t h  1 percent  
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TABLE LII 

1200  K141.4 MPa (1700°F/6,000 psi) CREEP DATA FOR THE PRESTRAIN STUDY: HEAT 2-1604 

Time for Indicated Creep Strain, Hrs 
0.1% 0.2%  0.3%  0.4%  0.5%  0.75% 1.0% 

1.5 
1.0 

1.0 
1.2 

1.5 
.5 

2.0 
2.0 

1.6 
2.1 

2.5 
2.4 

3.5 
3.0 

4.0 
4.4 

4.8 
3.0 

7.5 
7.0 

7.3 
8.7 

8.0 
8.3 

Baseline 0% Prestrain 

6.0  9.0  13.0 
6.0 10.0 14.0 

1% Prestrain 

8.0 13.2 19.1 
8.3 13.0 18.4 

- 2% Prestrain 

9.2 14.2 19.7 
7.7 13.7 19.7 

4% Prestrain 

14.5 22.0 29.2 
14.5 23.0 30.7 

6% Prestrain 

15.3 23.8 32.2 
15.5 22.3 29.2 

10% Prestrain 

14.3 20.8 27.5 
15.5 22.7 30.0 

23.0 
25.0 

35.5 
33.0 

33.5 
34.5 

47.3 
52.5 

53.5 
46.3 

43.0 
47.0 

33.0 
35.6 

51.8 
47.5 

47.2 
49.4 

62.8 
70.0 

74.3 
63.3 

56.5 
61.3 

Min . 
Creep 
Rate 
% /Hr 

.0245 

.0231 

.0154 

.0171 

.0181 

.0167 

.0135 
,0121 

.0115 

.0145 

.0152 

.0138 

Min . 
Creep 
Rate 

Intercept 
% 

,186 
.173 

.198 

.182 

.148 

.171 

.099 

.112 

.121 

.073 

.076 

.080 

Primary 
Creep 
Strain 

% 

.43 

.40 

.51 

.53 

.51 

.34 

.24 

.25 

.24 

.15 

.19 

.17 

Time of 
Primary 
Creep 
Hrs 

10.0 
10.0 

20.0 
20.0 

20.0 
10.0 

10.0 
10.0 

10.0 
5.0 

7.5 
6.0 



Time €or  Indicated Creep Strain, Hrs 
0.1%  0.2%  0.3%  0.4%  0.5%  0.75% 1.0% 

15% Prestrain 

3.5 7.9 12.3 16.7 21.2 31.2 39.2 
1.5 6.2 10.9 16.7 20.7 31.2 40.7 

" 20% Prestrain 

.9 2.7 4.5 6.2 7.6 10 .d  12.0 
1.1 3.2 5.3 6.9 8.1 10.6 12.8 

TABLE LII (Cont. ) 

Min . 
Creep 
Rate 
%/Hr 

.0227 

.0205 

.OS12 

.0454 

Min . 
Creep 
Rate 

Intercept 
% 

,015 
.069 

.OS8 

.043 

Primary Time of 
Creep Primary 
Strain Creep 

% Hrs 

.08 

.12 

. 11 

.09 

2.5 
2.5 

1.0 
1.0 



prestrain. It then  decreased in a  rather  continuous  fashion  as  the  amount 
of  prestrain  increased  through 20 percent. 

These  observations  are  in  agreement  with  the  findings  of  other  investi- 
gators  (ref. 5, p. 41). The  beneficial  effects  of  prestrain  result  from  a. 
reduction  in  primary  creep  and  minimum  creep  rate.  Adverse  effects  at  high 
levels  of  prestrain  can  be  associated  with  structural  instability  and  the 
promotion  of  recrystallization.  Although  significant  improvements  over  base- 
line  1200K/41.4  MPa  (1700°F/6  ksi)  creep  strength  were  obtained  by  pre- 
straining,  the  strength  levels  achieved  were  not  as  great  as  those  observed in 
the  textured  sheets. 

5.3 Examination of Microstructures 
After  Creep  Testing 

Samples  used in the  prestrain  study  were  examined  metallographically  to 
determine  whether  any  microstructural  changes  had  occurred  during  creep  testing. 
Representative  micrographs  of  these  samples  are  presented  in  Figure 61. In 
comparison  to  the  baseline,  the  prestrain  samples  appeared  to  have  precipitated 
more  carbides  randomly  within  the  grains  and  at  twin  boundaries.  Changes  in 
grain  size  were  also  observed.  The  grain  size  readings  obtained  from  the  sam- 
ples are listed  in  Table  LIII.  Essentially  no  change  in  grain  size  was  found 
in the  samples  prestrained 1 percent  and  2  percent.  Those  samples  prestrained 
4 percent  through 10 percent  exhibited  slight  grain  coarsening.  At  prestrain 
levels  of 15 percent  and  20  percent,  recrystallization  occurred,  yielding  a 
finer  grain  size  than  the  baseline  samples.  The  recrystallized  samples  con- 
tained  remnant  grain  boundary  carbide  networks  which  are  prominent  in  the 
micrographs.  The  new  grain  boundaries  were  essentially  carbide  free  and  are 
not  easily  discernible in  the  photographs. 

To  complement  the  metallographic  evaluation,  the  prestrained  samples  were 
also  examined  by  transmission  electron  microscopy.  Electron  micrographs  il- 
lustrating  typical  structures  observed  in  the  samples  are  presented  in  Figure 
62.  Comparisons  to  the  baseline ( 0  percent  prestrain)  can  be  made  with  ref- 
erence  to  Figure  38a.  The  photographs  clearly  show  the  expected  increase  in 
dislocation  density  withincreasing  amounts  of  prestrain.  At  prestrains  of 
1-4 percent,  the  dislocation  configurations  consisted  principally  of  tangles 
and  pile-ups  at  grain  boundaries  and  carbide  particles.  Cellular  wall  con- 
figurations  were  prominent  at  prestrains  of 6 percent  and  above.  The  recrystal- 
lization  process  is  evident  at  prestrain  levels  of 15 percent  and 20 percent. 
Figure  62g  clearly  reveals  a  recrystallization  front  moving  into  a  heavily  de- 
formed  region  in  a  sample  prestrained 20 percent. 

The  observed  structures  indicate  that  improved  creep  resistance  can  be 
associated  with  configurations  which  provide  effective  dislocation  locking. 
Above 10 percent  prestrain,  the  recrystallization  process  begins  to  eliminate 
the  locked in  dislocation  networks,  and  creep  resistance  is  reduced.  Creep 
strengths  below  the  baseline  values  result  when  fine  recrystallized  grains 
with  essentially  carbide-free  boundaries  are  produced.  This  strongly  suggests 
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(a) Baseline - 0% Prestrain (b) 1% Prestrain 

(c) 2% Prestrain (d) 4% Prestrain 

Figure 61: Samples from  Prestrain Study after Creep  Testing at 1200K/ 
41.4 MPa  (1700°F/6,000 psi) - Heat 2-1604. X300. 



(e) 6 %   P r e s t r a i n  ( f )  10% P r e s t r a i n  

(g) 15% P r e s t r a i n  (h) 20% P r e s t r a i n  

Figure  61  (cont inued):   Samples  from P r e s t r a i n   S t u d y   a f t e r   C r e e p   T e s t i n g  
a t  1200K/41.4 MPa (1700DF/6,000 p s i )  - 
Heat 2-1604. X300. 

149 



TABLE L I I I  

GRAIN SIZE ANALYSIS  OF  PRESTRAIN  STUDY  SAMPLES 
AFTER  CREEP TESTINGAT1200 K/41.4 MPa (1700"F/6,000  PSI) 

HEAT 2-1604 

P r e s t r a i n  
Amount 

0% 

1% 

2% 

4% 

6% 

10% 

15% 

20% 

ASTM 
Gra in   S i ze  

6-1/2 

6-112 

6-112 t o  7 

6 to 6-112, 
predominantly 6 

5-112 t o  6-112 

5-112 to 6-1/2, 
predominantly 6 

6 t o  8, 
predominantly 6 t o  6-112 

7 to 8-1/2 
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( a )  1% P r e s t r a i n .  X15,lOO. (b) 2% P r e s t r a i n .  X23,900. 

( c )  4% P r e s t r a i n .  X15,lOO. (d)   6%  Pres t ra in .  X15,lOO. 

I 

Figure  62: Subs t ruc tures   Observed   in   Pres t ra ined   Samples   a f te r   Creep   Tes t ing  
a t  1200K/41.4 MPa (1700°F/6  ksi) .  Heat 2-1604. 

1 5 1  



(e )  10% P r e s t r a i n .  X23,900. ( f )  15% P r e s t r a i n .  X9,500. 

(g)  20% P r e s t r a i n .  X9,500. 

F igu re  62 (cont inued):   Substructures   Observed i n  Prestrained  Samples  a f te r  
Creep  Test ing a t  1200K/41.4 MPa (1700°F/6 k s i ) .  
Heat 2-1604. 
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that grain boundary  sliding  becomes  a  significant  factor in  the  deformation 
process. 
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6.0 DYNAMIC  OXIDATION  R?3SISTANCE  OF 
EXPERIMENTAL  SHEETS 

6.1 Materials  and  Experimental  Procedure 

Duplicate  samples  from  the  baseline  sheets  and  from  each  of  the  sheets 
produced  for  the  texture,  grain  and  supplementary  grain  size  experimental 
studies  were  dynamic  oxidation  tested  in  order  to  determine  any  effects  of 
TIQ on dynamic  oxidation  resistance.  The  test  was  performed  at  a  temperature 
of 1366K  (2000OF)  for 100 hours  in  a  flame  tunnel  type  rig  which  provided 
a  gas  velocity  of  Mach 0 . 3 .  The  equipment,  sample  preparation  and  test  pro- 
cedures  were  the  same  as  those  described  in  Section  2.7. 

6.2  Dynamic  Oxidation  Test  Results 

A summary  of  the  weight  change  and  metallographic  results  of  the  test 
are  presented  in  Table  LIV. A graphical  presentation  of  the  average  weight 
change  data is also  given  in  Figure  63.  Except  for  the  20-hour  results,  the 
weight  change  data  for  all  of  the  expeirmental  sheets  were  well  within  the 
scatter  band  of  the  baseline.  The  metallographic  results,  which  provide  a 
more  reliable  and  unambiguous  assessment  of  oxidation  resistance,  also  in- 
dicate  that  all of the  experimental  sheets  were  within  the  baseline  scatter 
band. It is  concluded,  therefore,  that  the TMP used  in  the  experimental 
studies  had  no  detrimental  effects on the  dynamic  oxidation  resistance  of 
HAYNES  alloy  No. 188 sheet. 
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RESULTS  OF 

Heat  Weight  Change, mg/cm 
No.  20 Hrs 40 Hrs 62 Hrs 100 Brs 

2 

”” 

2-1604  .085 
.120 

3-1622 - -. 094 
4-1671  .141 

.198 

Average  .090 
Std.  Dev.  .111 

3-1655 -. 198 -. 168 
4-1696  .085 

.064 

4-1697 -. 276 -. 315 
Average  -.135 
Std.  Dev.  .171 

4-1697 -. 101 
-.143 

Average  -.122 
.030 

7.220 -.896 -3.3 
-.169 -.692 - 3 . 4  

-.587 -1.06 -1.71 
-.667 -1.21 -1.92 

-.049 - .403 -.918 
-.028 -.529 -1.11 

-.287 -.798 -2.06 
.274 .312 1.07 

-.481 -.948 -1.69 
-.427 -.932 -1.96 

-.lo6 -.524 -1.12 
-.127 -.567 -1.15 

-.608 -1.06 -1.67 
-.679 -1.17 -1.86 

-.405 -.e67 -1.58 
.241 .264 .36 

-.527 -1.08 -1.96 
-.565 -1.10 -1.96 

-.546 -1.09 -1.96 
.027 .01 .OO 

TABLE  LIV 

DYNAMIC  OXIDATION  TESTING  AT  1366 K (2000’F)  FOR 100 HOURS 
FOR  BASELINE AND EWERIHENTAL.  SHEETS 

m/Side (Hils/Side) 
Metal Loss Continuous  Penetration 

mm/Side  (Mils/Side) 

.0038 

.0038 

.0165 

.0076 

.0038 

.0038 

.0066 

.0051 

.0152 

.0064 

.0102 

.on4 

.0102 

. 0102 

.0106 

.0028 

Baseline 

(.I51 
(. 15) 

.0239 (.94) 

.0231 (. 91) 

.0180 (. 71) 

.0216 (. 85) 

.ole8 (. 74) 

.0221 (. 87) 

.0213 ( . 84 )  

.0024 ( .09) 

(. 65) 
(. 30) 

(. 15) 
(. 15) 

( *  26) 
(. 20) 
Grain  Size  Study:  ASTM  5-6 

(. 25) .0229 (.go) 

(. 40)  .0147  (.58) (. 45)  .0157  (.62) 

( - 4 0 )  .0188 (. 74) 

( *  60)  .0173 (. 68) 

(, 40)  .0191 (. 75) 
.OM1 (. 71) ( *  42) 

(. 11)  .0029 (. 11) 
Supplementary  Grain  Size  Study: AS”  5-6 

.0114 (. 4 5 )  

.0203 (. 80) 
.0165 (. 65) 
.0163 (. 64) 

Maximum Penetration 
m/Side (Mils/Side) 

.0465 

.0429 

.0450 

.0404 

.0404 

.0467 

.0437 

.0029 

.0361 

.0396 . 

.0391 

.0361 

.0356 

.0366 

.0372 

.0017 

(1.83) 
(1.69) 

(1.77) 
(1.59) 

(1.59) 
(1.84) 

(1.72) 
(.I11 

(1.42) 
(1.56) 

(1.54) 
(1.42) 

(1.40) 
(1.44) 

(1.46) 
(-07) 

Total  Metal  Affected 
m/Side (Hils/Side) 

.0503 (1.98) 

.0465 (1.83) 

.0615 (2.42) 

.0480 (1.89) 

.0439 (1.73) 

.0506 (1.99) 

.0501 (1.97) 

.0061 ( .24) 

.0513 (2.02) 

.0460 (1.81) 

.0493 (1.94) 

.0475 (1.87) 

.0457 (1.80) 

.0467 (1.84) 

.0478 (1.88) 

.0022 (. 09) 

.0330 (1.30) .0533 (2.10) 

.0320 (1.26) .0434 (1.71) 

.0063 (. 25) 

.0159 (. 63)  .0164 (. 65)  .0325  (1.28) 
.OOOl (. 01) .0484  (1.91) 

.0007 (. 03) .0070 (. 28) 



TABLE LIV (Cont. ) 

Hea t Weight  Change,  rng/cm 
No. 20 Hrs 40 HKS 62 Hrs 100 Hrs 

2 

"" 

31655 -.lo7 -.398  -.e47 -1.92 
-.050  -.351  -.e96  -2.66 

4-1696  .014 -.176  -.647  -1.26 
.092  -.191  -.713  -1.39 

4-1697 -.262 -.672 -1.18 -1.93 
-.254 -.664 -1.19 -1.89 

Average -.095 -.409 -.912 -1.84 
Std.  Dev. .143 .219 .230 .50 

Metal Loss 
m/Side (MllslSide) m/Side (Mils/Side) 

Continuous  Penetration 

Texture  Study 

.0076 (. 30) 

.0038 (. 15) 

.0127 (. 50) .0202 

.0102 (. 40) 

.0114 (.45) 

.0140 (. 55) 

.Ole0 (. 71) 

.0193 (. 76) 
( . B O )  

.0193  (.76) 

.0165 (. 65) 

.ole8 (. 74) 

.0187 

.0013 (. 05) (.74) .OlOO (. 39) 
.0037 (. 15) 

Maximum  Penetration Total  Metal  Affected 
mm/Side  (Mils/Side) m/Side  (MldSide) 

.0396  (1.56)  .0472 (1.86) 

.0417 (1.64)  .0455  (1.79) 

.0422  (1.66)  .0549  (2.16) 

.0399  (1.57) -0500 (1.97) 

.0422  (1.66) 

.0447 (1.76) 
.0536 (2.11) 
.OS87  (2.31) 

.0417 (1.64) .OS17 (2.03) 

.0019 (. 07) .0050 (. 20) 
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0 - Grain  Size Study: ASTM 5-6 
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Figure 63: Weight  Change vs. Time for Baseline  and  Experimental Sheets. 
Dynamic  Oxidation Tested a t  1 3 6 6  K (2000OF) for 1 0 0  Hours 
With  a  Mach 0.3 Combustion  Gas  Velocity. 
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7.0 DISCUSSION AND CONCLUDING REMARKS 

The pr imary   ob jec t ive   o f   the   p rogram w a s  t o   ob ta in   improvemen t s   i n   t he  
low s t r a i n  (< 1 p e r c e n t )   c r e e p   s t r e n g t h   o f  HAYNES a l l o y  No. 188 th in   gauge  
s h e e t  by means of TMP. To a c h i e v e   t h i s   g o a l ,  two major  approaches were 
taken. One focused   a t t en t ion   on  TMP designed  to   promote a p r e f e r r e d   c r y s t a l -  
l o g r a p h i c   t e x t u r e   a f t e r   r e c r y s t a l l i z a t i o n .  The o t h e r   c o n c e n t r a t e d   o n   g r a i n  
s i z e   c o n t r o l .   I n   a d d i t i o n ,   b r i e f   s t u d i e s  were conducted  to   examine  the 
e f f e c t s  o f   t h i ckness - to -g ra in   d i ame te r   r a t io   and   p re s t r a in  on  low s t r a i n   c r e e p  
s t r e n g t h .  

Of t h e  two major   approaches,   the   most   s ignif icant   improvements   in  creep 
s t r e n g t h  were o b t a i n e d   i n   s h e e t   h a v i n g  a s t r o n g   r e c r y s t a l l i z e d   t e x t u r e .  
Based  on a stress versus  Larson-Mil ler   parameter   correlat ion,   the   minus 3- 
sigma limits f o r   0 . 5   p e r c e n t   a n d   1 . 0   p e r c e n t   c r e e p   l i v e s   o b t a i n e d   f o r   t h e  
t e x t u r e d   s h e e t s  were found  to   be   above   the   base l ine   average   va lues   over  a 
range  of  test  condit 'ons  corresponding  to  approxima  ely  206.8  MPa/l8 x 10 
-K (30   ks i /32 .5  x 1 0  L M P - O R )  t o   17 .2  MPa/23.5 x 10 LMP-K (2 .5   ks i /42 .3  x 1 0  
LMP-OR). A t  t h e  two e x t r e m e s   o f   t h i s   r a n g e ,   t h e   a v e r a g e   c r e e p   l i v e s   o f   t h e  
tex tured   shee ts   approached   those   o f   the   base l ine   shee ts .  However, when con- 
s i d e r a t i o n  i s  g i v e n   t o   c r e e p   l i f e  minimums p r e d i c t e d  by the  minus  3-sigma limits 
and  the amount of scatter as r ep resen ted  by t h e  1-sigma va lues   ob ta ined ,  
def ini te   improvements  are  i n d i c a t e d   f o r   t h e   t e x t u r e d   s h e e t s  a t  t h e s e  two extreme 
of test cond i t ions .  

3 5 3 T  

W i t h   r e g a r d   t o   o t h e r   p r o p e r t i e s ,   r e s u l t s   o f  room temperature  bend tests 
i n d i c a t e d   t h a t   t h e   p r e s e n c e  of a p r e f e r r e d   c r y s t a l l o g r a p h i c   t e x t u r e   d i d   n o t  
a d v e r s e l y   a f f e c t   f a b r i c a b i l i t y .  The t e n s i l e   s n d  stress r u p t u r e   p r o p e r t i e s   o f  
t h e   t e x t u r e d   s h e e t s  were e q u i v a l e n t   o r   s u p e r i o r   t o   t h o s e  of t h e   b a s e l i n e  
s h e e t s   e x c e p t   f o r   d u c t i l i t y   v a l u e s   u n d e r   c e r t a i n  t es t  cond i t ions .   Spec i f i -  
c a l l y ,   t h e   e l o n g a t i o n s   o b t a i n e d   i n   t e n s i l e  tests a t  temperatures of 1144K 
(1600°F)  and  above, i n  stress r u p t u r e  tests performed a t  1089K/165.4 MF'a 
(1500"F/24 k s i ) ,  and i n   t e n s i l e  tests conducted  on  samples  which  had  been 
c r e e p   t e s t e d  a t  922K (1200°F)  and a t  1255K (1800°F) were less t h a n   t h o s e  
o b t a i n e d   i n   t h e   b a s e l i n e   s h e e t s .   I n  a l l  cases, h o w e v e r ,   t h e   d u c t i l i t y   v a l u e s  
o b t a i n e d   f o r   t h e   t e x t u r e d   s h e e t s  were a t  levels  which  would  be  considered 
accep tab le .  

The i n v e s t i g a t i o n   t o   i m p r o v e   c r e e p   s t r e n g t h  by o p t i m i z i n g   g r a i n   s i z e   a l s o  
y i e lded  some promising  end  resul ts ,   a l though  the  improvements   found were not  
as g r e a t  as t h o s e   o b t a i n e d   i n   t h e   t e x t u r e d   s h e e t s .   I n i t i a l l y ,   t h e   s t u d y   t o  
de te rmine   the   dependence   of   c reep   s t rength   on   g ra in   s ize  a t  t h e  1200K/41.4 MPa 
( 1 7 0 0 ° F / 6   k s i )   q u a l i t y   c o n t r o l  test c o n d i t i o n   d i d   n o t   r e v e a l   a n y   s i g n i f i c a n t  
improvements   over   the   base l ine   shee ts .  However, t h e   d e t e r i o r a t i o n   i n   c r e e p  
s t r e n g t h  a t  a g r a i n   s i z e  of ASTM 7-8,  and t h e   i n c r e a s e   i n   t h e  amount  of 
p r i m a r y   c r e e p   s t r a i n  a t  a g r a i n   s i z e  of ASTM 2-4 were impor tan t   f ind ings .  Due 
t o   a n   a p p a r e n t   s t r a i n - a g i n g   e f f e c t ,   t h e   d e t e r m i n a t i o n  of t h e   a p p a r e n t   a c t i v a t i o l  
e n e r g i e s   f o r   c r e e p   d i d   n o t   l e a d   t o   a n   u n d e r s t a n d i n g   o f   t h e   r o l e   o f   g r a i n   s i z e  
on creep s t r e n g t h .   I n   t h e   f i n a l   p h a s e   o f   t h e   s t u d y ,   t h e   e v a l u a t i o n   o f  
c r eep   p rope r t i e s   o f   t h in   gauge   shee t   w i th   an  ASTM 5-6 g r a i n   s i z e   i n d i c a t e d   t h a t  
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improvements  over  the  baseline  sheets  were  obtained.  These  improvements 
were  evidenced  by  increases in the  creep  life  average  values  and  the  minimums 
predicted  by  the  minus  3-sigma  limits  for  both  0.5  percent  and 1.0 percent 
creep  strain  levels.  In  addition,  the  l-sigma  values  determined  for  the 
ASTM  5-6  grain  size  sheets  were  approximately  two-thirds  of  the  values  obtained 
for  the  baseline  sheets. 

The  evaluation  of  tensile  and  stress  rupture  properties  of  the  ASTM  5-6 
thin  gauge  sheets  revealed  trends  similar  to  those  observed  in  the  textured 
sheets.  Tensile  and  stress  rupture  strengths  were  equivalent  or  superior  to 
those  of  the  baseline  sheets,  but  elongation  values  obtained in  tensile  tests 
at  1144K  (1600OF)  and  above  and in stress  rupture  tests  performed  at  1089K/ 
165.4  MPa  (1500°F/24  ksi)  were  less  than  the  baseline  values.  However,  the 
ductilities  observed  were  judged  to  be  at  acceptable  levels. 

The  effect  of  thickness-to-grain  diameter  ratio on creep  strength  was 
also  investigated. A sheet  0.76 mm (0.030  inch)  thick  having  a  grain  size 
of ASTM 5-6  was  produced  and  evaluated,  and  comparisons  were  made  to  the 
ASTM  5-6  thin  gauge  sheets.  In  addition,  creep  data  generated on the  initial 
grain  size  study  sheets  were  re-analyzed  in  terms of thickness-to-grain  diame- 
ter  ratio.  Results  of  this  investigation  revealed  no  meaningful  correlation 
between  creep  properties  and  thickness-to-grain  diameter  ratio.  Instead,  the 
observed  creep  lives  appeared  to  be  related  to  grain  size  alone. 

In  a  final  study,  the  effect  of  prestrain  on  creep  strength  at  the  1200K/ 
41.4 MPa  (1700°F/6  ksi)  quality  control  test  condition  was  examined  using  one 
of the  baseline  heats  of  production  thin  gauge  sheet.  Significant  improvements 
were  found  with  prestrains  of 4-10 percent.  Above 10 percent  prestrain,  re- 
crystallization  occurred,  and  creep  properties  were  degraded.  The  improve- 
ments  obtained  with  prestrain  were  not as great  as  those  obtained  in  the  tex- 
tured  sheets.  Furthermore,  it  is  doubtful  whether  the  structures  produced  by 
4-10 percent  prestrain  would  be  stable  with  respect  to  both  recovery  and  re- 
crystallization  processes  at  other  conditions of temperature  and  stress. 

In  summary,  the  low  strain (< 1 percent)  creep  strength  of HAYNES alloy 
No. 188 thin  gauge  sheet  was  significantly  improved  through TMP which  provided 
a  sheet  having  a  strong  crystallographic  texture  after  recrystallization. It 
must  be  emphasized  that  all  of  the  development  work  was  performed  with  labor- 
atory  produced  sheet.  Additional  work  will,  therefore,  be  required  to  determine 
whether  the  method  can  be  applied  in  the  production  of  full-size  sheets. 

A  final  comment  must  be  made  regarding  properties.  In  the  evaluation  of 
the  textured  sheets,  no  serious  property  limitation  was  discovered.  However, 
the  evaluation  did  not  include  many  properties  relevant  to  high  temperature 
applications  such  as  weldability  and  weld  strength  efficiency,  formability, 
property  response  to  forming  and  annealing  operations,  isothermal  low  cycle 
fatigue,  and  thermal  stability  to  mention  a  few.  These  areas  will  have  to  be 
investigated  if  such  a  material  is  to  receive  serious  design  consideration. 
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APPENDIX A 

CONVERSION  OF U.S.  CUSTOMARY  UNITS  TO  SI  UNITS 

The  international  System  of  Units  (designated  SI)  was  adopted  by  the 
Eleventh  General  Conference on Weights  and  Measures in 1960. The  units  and 
conversion  factors  used  in  this  report  are  taken  from  or  based  on  NASA  SP-7012, 
"The  International  System  of  Units,  Physical  Constants  and  Conversion  Factors - 
Revised,  1973." 

The  following  table  expresses  the  definitions  of  miscellaneous  units  of 
measure  an  exact  numerical  multiples  of  coherent SI units,  and  provides  multi- 
plying  factors  for  converting  numbers  and  miscellaneous  units  to  corresponding 
new  numbers  of  SI  units. 

The  first  two  digits of each  numerical  entry  represent  a  power  of 10. An 
asterisk  follows  each  number  that  expresses  an  exact  definition.  sor  example, 
the  entry  "-02  2.54*"  expresses  the  fact  that 1 inch - 2.54  x 10- meter, 
exactly, by  definition.  Most  of  the  definitions  are  extracted  from  National 
Bureau  of  Standards  documents.  Numbers  not  followed  by  an  asterisk  are  only 
approximate  representations  of  definitions,  or  are  the  results  of  physical 
measurements. 

ALPHABETICAL  LISTING 

To  convert  from - to  mu1 t iply,  by 

Calorie  (cal,  thermochemical) joule (J) + 00 4.184" 
Fahrenheit (OF) kelvin (K) t = (5/9) (tF + 459.67) 

-01 3.048* 
inch  (in)  meter  (m)  -02  2.54* 
mil  meter  (m) -05 2.54* 
pound  force  (lbf)  newton  (N) +00 4.448* 
Rankine  (OR)  kelvin (K) tK = (5/9) tR 

foot  (ft)  meter  (m) K 

PHYSICAL  QUANTITY  LISTING 

Area 

To  convert  from 

foot  (ft2) 2 

2  2 

2  2 

inch  (in ) 

inch  (in ) 

- to 

meter2 (m 2 

meter  (m- ..) 

centimeter  (cm ) 

2 2  

2 2  

multiply  by 

-02 9.290* 

-04 6.452* 

+00 6.452 
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APPENDIX A - CONTINUED 

Energy 

To convert  from - to 

Calories (cal, thermochemical)  joule (J) 

pound  force (lbf) 

foot (ft) 
inch (in) 
mil 

Force 

newton (N) 

Length 

meter (m) 
meter (m) 
meter (m) 

Pressure 

pound/inch (psi, lbflin ) 2  2 pascal (Pa) 

Temperature 

Fahrenheit (OF) 

Rankine (OF) 

multiply by 

+00 4 .184 

+00 4.448* 

-01 3.048* 
-02 2.54" 
-05 2.54* 

+03 6.895 

kelvin (K) t = ( 5 / 9 )  (tF + 4 5 9 . 6 7 )  K 

kelvin (K) t = (5/9) tR K 
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APPENDIX A - CONCLUDED 

PREFIXES 

The  names of   mul t ip les   and   submul t ip les  of S I  u n i t s  may be  formed  by 
a p p l i c a t i o n   o f   t h e   p r e f i x e s :  

M u l t i p l e   P r e f i x  

micro (v)  

m i l l i  (m) 

10- 

10-1 

c e n t i   ( c )  

dec i   (d )  

l o 3  k i l o   ( k )  
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APPENDIX  B 

CREEP  TESTING  PROCEDURE 

All  creep  tests  were  carried  out  in  air.  The  specimen  configuration 
employed  is  shown  in  Figure  B-1.  To  prevent  distortion  around  the  pinning 
holes,  tabs  were  spot  welded  to  the  grip  ends  of  each  sample. A rigid  frame 
extensometer  was  fastened  to  the  double  radius  shoulder  of  the  specimen  outside 
of  the  reduced  test  section  as  illustrated  in  Figure  B-2.  The  knife  edges of 
the  extensometer  were  spaced 50.8 mm (2 inches)  apart.  All  of  the  measured 
creep  elongation  was  assumed  to  have  occurred  in  the  gage  section  of  the 
specimen. 

Two thermocouples  were  wired  to  the  sample  test  section.  One  was  used 
to  control  the  furnace  temperature,  while  the  other  was  used  to  obtain  an  in- 
dependent  check  of  specimen  temperature.  Throughout  each  test,  the  temperature 
was  maintained  to  within + 1.7K (+ 3'F) of  the  required  temperature.  Before  the 
test  load  was  applied,  the  assembly  was  allowed  to  soak  at  temperature  for  at 
least 112 hour. 

Creep  deformation,  exclusive  of  the  instantaneous  loading  strain,  was  mea- 
sured  using  a  single  linear  variable  differential  tran  former  (LVDT3.  The 
resolution  of  the  LVDT  measuring  system  was 2.54  x 10 mm (1 x 10 in.). 
For  some  of  the  initial  tests,  the  measured  creep  strain  was  recorded  as  a 
function  of  elapsed  time  on  a  strip  chart.  When  a  fully  automated  system 
became  operational  at  Stellite,  the  test  data  were  electronically  stored  and 
read  out  after  test  by  a  computer.  Tests  were  discontinued  after  a  creep  strain 
greater  than 1% had  been  reached.  Minimum  creep  rate  parameters  were  determined 
using  a  straight  line  least  squares  fit  of  the  data  points  judged  to  lie 
within  the  minimum  creep  rate  portion  of  the  creep  curve. 

-$ 
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Figure 8-1: Sheet  Specimen Configuration. Dimensions are  given  in millimeters (inches) 



Appendix B - Concluded 

Line 
Contact 

Figure 6-2: Creep Extensometer System 
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TABLE C I  

BASELINE CREEP TEST DATA 

Sample Stress 
Orientation e (ksi) 0.1% 0.2%  0.3%  0.4%  0.5%  0.75% 1.0% 

Time for Indicated Creep Strain, Hrs. 
- - - - - - - 

Heat 2-1604 

922 K (1200°F) 

T 413.7 
L 
L 

344.7 

L 
275.8 
206.8 

T 172.4 

1033 K (14OOOF) 

T 172.4 
T 137.9 
L 103.4 
L 96.5 
T 86.1 
L 68.9 

1144 K (1600°F) 

T 
L 51.7 

68.9 

L 
L 41.4 

34.5 
T 27.6 

1200 K (170OOF) 

T 
T 41.4 

41.4 

(60.0)  0.4 0.6  1.0 1.6  2.3  4.2  6.3 
(50.0) 
(40.0)  25.0  40.0  98.0  133.0  169.0  240.0  317.0 

0.9  3.0  5.5 8.9 12.5  22.0  33.5 

(30.0) 
(25.0)  60.0  235.0  420.0  600.0  765.0  1070.0  1350.0 

10.0 54.0  100.0  230.0  360.0  630.0  865.0 

(25.0) 

(15.0) 
(14.0) 
(12.5) 
(10.0) 

(20.0) 
1 .5  2.5 4.0 5.0 5.8 7.5 10.3 
1 .5  3.8 6.7 9.5 12.5 19.5 27.3 
1.1 3.2 8.7 15.0 23.0 48.0 78.0 
6.8 17.0 30.0 49.5 67.0 125.0 220.0 

10.0 27.5 46.0 64.0 90.0 160.0 327.0 
9.0 25.0 63.0 113.0 161.5 475.0 770.0 

0.9 2.0 3.4 4.8 6.6 11.8 17.6 
0 .1  0.9 2.9 6.5 13.0 34.0 63.0 
1 .2  5 .0  13.0 25.0 43.0 100.0 194.0 
5 .0  15.0 33.0 58.0 87.5 193.0 450.0 
9.0 38.0 85.0 160.0 275.0 920.0 1940.0 

1 .5  3.5 6.0 9.0 13.0 23.0 33.0 
1.0 3.0 6.0 10 .0  14.0 25.0 35.6 

Min. Creep 
Rate. X/Hr 

0.1014 
0.0229 
0.00185 

0.00056 
0.00082 

0.0683 
0.0312 - 

- 
0.0015 
0.00077 

0.0435 - 
- 

0.00022 
0.00080 

0.0245 
0.0231 

Primary Time of 
Creep Primary 

Strain, X Creep, Hr. 

1.40 10.0 
0.68 19.0 
0.20  40.0 
0.34 
0.12 

150.0 
100.0 

3.35  35.0 
0.73  19.0 - - 
- - 

0.90 
0.75 

250.0 
475.0 

0.71  11.0 - - - - 
0.90 325.0 
0.73 800. 0 

0.43 10.0 
0.40  10.0 



P 

0 

TABLE C-I (Continued) 

Sample 
Orientation E 
1255 i; (1800°P) 

Stress 
(ksi) 

T  34.5 
L 31.0 
L 
L 

27.6 
20.7 

T 
T 

1 3 . 8  
10.3 

T 8 . 6  

922 K (1200'F) 

T  413.7 
L 344.7 

L 
L 275.8 

206.8 
T  172.4 

1033 K (14OOOF) 

T  172.4 
T 
L 

137.9  
103.4 

L  96.5 
T  86.1 
L  68.9 

(5.0) 

(4.0) 
(4.5) 

(3.0) 

(1.5) 
(2.0) 

(1.25) 

(60.0) 
(50.0) 
(40.0) 
(30.0) 
(25.0) 

(25.0) 
(20.0) 
(15.0) 
(14.0) 
(12.5) 
(10.0) 

~ ~ ~ ~ U U U  
Time for Indicated Creep Strain, Hrs. 

0.9  2.7 4.7 6.8 8.8 11.7 18.0 
0 .1  0.2 0 .4  0.5 0 .9  2.4 4 . 8  
0.7 2.0 4.0 6 .5  9.0 15 .3  20.9 
3.5 11.0 24.0 38.0 52.0 81.3 100.0 

12.5 35.0 60.0 95.0 150.0 300.0 460.0 
9.0 47.0 103.0 167.0 218.0 318.0 390.0 

40.0 300.0 875.0 1500.0 2100.0 3660.0 5225.0 

Heat 3-1622 

1 . 5   5 . 3  10.5  16.0  21.4  35.0  48.5 

17 .0   45 .0  77.0  115.0  155.0  254.0  335.5 
2.7  9.5 16.8  23.2 30.0 46.0  63.0 

37.0  100.0 190.0  295.0  400.0  660.0  900.0 
110.0 400.0 750.0 1100.0 1450.0  2540.0  3925.0 

2.0 4 .3  7.0 9.5 12.2 2-.5 29.0 
2.0 6 . 0  10.0 15.0 22.0 43.0 75.0 
4 .5  11.0 25.0 50.0 95.0 264.0 540.0 

30.0 82.0 180.0 300.0 500.0 900.0 1540.0 
20.0 70.0 210.0 450.0 810.0 1950.0 3090.0 

550.0 1050.0 Discontinued at 0.25%,  1656.5 Hrs. 

Min. Creep 
Rate, XIHr 

0.0994 
0.0838 
0.0398 
0.0070 
0.0016 
0.0013 
0.00017 

0.0185 
0.0151 
0.0023 
0.00097 
0.00017 

0.0162 

0.00092 
0.00031 
0.00023 

- 

Primary 
Creep 

Strain, X 

1.00 
0.17 

0.30 
0.28 
0 .23  
0.66 
0.24 

0.29 
0.10 
0.37 
0.31 - 

1.50 

0.87 
0.85 
0.50 

- 

Time of 
Primary 

Creep, Hr. 

2.0 
4.8 

20.0 
4.0 

250.0 
75.0 

500.0 

10.0 
2 . 1  

100.0 
200.0 

n 
n 

- P 
51.0 

1050.0 
400.0 

810.0 

- 



TABLE C-I (Continued) 

Sample 
Orientation !4& 

Stress 
(ksi) 

1144 K (160O0F) 

T 68.9 (10.0) 
L 51.7 
L 41.4 

(7.5) 

L 34.5 
(6.0) 
(5.0) 

T 27.6 (4.0) 

1200 K (1700'F) 

T 
T 

41.4  (6.0) 
41.4  (6.0) 

1255 K (1800'F) 

T 34.5 
L 

(5.0) 
31.0 

- L  27.6 
(4.5) 
(4.0) 

L 
T 

20.7  (3.0) 
13. 8 

T 10.3 
(2.0) 

T 
(1.5) 

8.6  (1.25) 

922 K (1200'F) 

T 
L 
L 
L 
T 

413.7 (60.0) 
344.7 (50.0) 
275.8 (40.0) 
206.8 (30.0) 
172.4 (25.0) 

0.1% 0.2%  0.3%  0.4%  0.5%  0.75% 1.0% 
Time for Indicated Creep Strain, Hrs. 

__ - - - _. - - 

1.0 2.7 6.3 11.0 16.5 33.3 50.2 
3.0 16.0 50.0 85.0 120.0 205.0 345.0 
26.0 94.0 180.0 288.0 430.0 770.0 1105.0 
5.0 25.0 85.0 167.0 265.0 610.0 1120.0 
15.0 110.0 330.0 750.0 1910.0 5700.0 7850.0 

2.5 8.0 18.0 25.0 33.5 55.0 76.5 
5.0 17.0 32.0 50.0 71.0 115.0 156.0 

1.2 3.1 5.5 7.9 10.1 14.4 18.3 
2.2 5.2 9.0 12.6 16.5 26.0 33.2 
1.7 5.5 10.0 16.0 20.8 30.7 42.0 
2.0 9.0 19.0 30.0 43.0 74.0 95.0 

12.0 55.0 150.0 300.0 475.0 800.0 980.0 
7.0 25.0 55.0 90.0 122.0 204.0 259.0 

10.0 38.0 105.0 225.0 405.0 815.0 1040.0 

Heat 4-1671 

0.8 1.8 2.8 4.2 5.7 9.2 13.4 
1.1 3.8 7.5 11.0 15.2 27.5 40.2 
5.5 19.5 34.5 50.3 69.0 96.5 137.2 

44.0 130.0 200.0 265.0 320.0 440.0 530.0 
110.0 240.0 357.0 467.0 575.0 840.0 1150.0 

M n .  Creep 
PriPary Time of 
Creep Primary 

Rate, ZlHr Strain, X Creep, Hr. 

0.0147 0.55  20.0 

0.00073 0.45 
0.00047 

350.0 
0.80 

0.000069 
700.0 

0.48  1500.0 

- - - 

0.0117 
0.0051 

0.0398 
0.0264 
0.0184 
0.0071 
0.0030 
0.00060 
0.00051 

% 
0.18 

5.0 # 0.24 20.0 

n 
n 
0 

x 

0.24  4.0 z 
0.20 
0.30 1;:; 1 
0.42 
0.36 

35.0 

0.30 
75.0 

155.0 
0.44 300.0 

0.0606  0.92  12.0 
0.0198 
0.0070 

0.50 15.2 
0.14  10.0 

0. ooll 
0.00061 

0.10 44.0 - - 



TABLE C-I (Concluded) 

Sample Stress 
Orientation (ksi) 0.1% 0.2%  0.3% 0.4%  0.5%  0.75% 1.0% 

Time fo r  Indicated Creep Strain, Hrs. 
- - - - - - - 

1033 K (1400'F) 

T 172.4 
T 
L 

137.9 
103.4 

T 
L 96.5 

86.1 
L 68.9 

1144 K (1600'F) 

T 68.9 
L 51.7 
L 
L 

41.4 
34.5 

T 27.6 

1200 K (1700°F) 

T 41.4 
T 41.4 

1255 K (1800'F) 

T 34.5 
L 31.0 
L 
L 

27.6 

T 
20.7 
13.8 

T 10.3 
T 8.6 

(25.0) 
(20.0) 

2.5  3.2  4.5  5.3  6.3  8.2 10.8 

(15.0) 
1.5 3.2 5.2 7.1 9.0 13.4 18.3 
3.8 9.5 15.5 23.0 34.0 66.0 109.0 

(14.0) 5.0 13.0 22.5 35.0 50.0 106.0 185.0 
(12.5) 
(10.0) 

32.0  67.0 110.0 166.0 245.0  480.0  775.0 
8.7  25.0 71.0 143.0  257.0  680.0  1195.0 

0.8 1.9 3.2 4.5 6.0 9.8 13.7 
0.2 0.7 4.0 10.0 17.8 44.0 82.0 
6.5 16.0 32.0 48.0 68.0 130.0 208.0 
7.0 17.0 40.0 70.0 110.0 245.0 475.0 
30.0 105.0 200.0 375.0 980.0 2380.0  3295.0 

1.0 2.5 4.8 6.9 8.9 14.1 17.9 
2.0 4.0 7.0 10.0 12.5 18.5 24.5 

0.4 0.8 1.2 1.6 2.0 2.9 6.8 
0.5 1.1 1.8 2.5 3.0 4.6 5.9 
0.8 2.1 3.5 4.9 6.0 8.7 11.0 
0.9 3.5 6.5 10.5 14.5 23.3 30.1 
1.7 4.5 8.8 17.0 30.0 59.0 77.5 
4.5 15.5 44.0 84.0 124.0 188.0 236.0 
15.0 41.0  70.0 100.0 130.0 190.0 238.0 

Min. Creep 
Primary Time of 

Creep  Primary 
Rate, X/Hr Strain, X Creep, Nr. 

0.0647  3.15  35.0 - - - 
- - - 

0.00042 0.70  600.0 

0.0655 - 
- 

0.00013 

0.0479 
0.0359 

0.2956 
0.1583 
0.0730 
0.0257 
0.0081 
0.0020 
0.0035 

0.43 - 
- 

0.45 

0.17 
0.10 

0.15 
0.10 
0.10 
0.23 
0.43 
0.31 
0.16 

5.0 - 
- 

600.0 

2.0 
2.0 

0.6 
0.5 
0.8 
5.0 

20.0 
50.0 
30.0 
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~ 

0.1% - 

0.1  
0 .1  

1 .0  
1.1 

2.5 
2.0 
3.5 

10.0 
1 .8  

0.08 
0.13 

0.J 
0.8 

5.0 
4.0 

TABLE D-I  

LONGITUDINAL CREEP TEST DATA AT 1200 K141.4 MPa (1700°F/6 ksi) 
FOR INITIAL TEXTURE STUDY EXPERIMENTAL STRIPS 

Time  fo r   Ind ica t ed  Creep S t r a i n ,  H r s .  
0.2% 0.3% 0.4% - 0.5% 0.75% 1.0% 

0.3 
0.2 

3.2 
4.9 

7.0 
10.0 
12.0 
23.0 

7.5 

0.17 
0.29 

2.8 
2.3 

21.0 
20.5 

0.4 
0.4 

7 . 1  
10.5 

13.5 
21.0 
26.0 
36.0 
16.5 

0.27 
0.47 

5 .5  
4.8 

42.0 
44.0 

0.6 
0.5 

10.5 
16.0 

26.0 
36.0 
39.5 
49.0 
27.3 

0.38 
0.65 

8.0 
7.3 

60.0 
67.0 

0.8 
0.7 

14.0 
21.3 

36.0 
45.0 
53.0 
61.5 
37.8 

0.51 
0.82 

10.6 
9.7 

78.0 
90.0 

7A* 

1.1 1.6 
1.1 1.4  

7B* 

22.3  30.5 
34.2  46.7 

7c* 

57.0  79.0 
71.0 92.0 
84.0 109.0 
87.0 109.0 
64.0 86.0 

8A* 

- 

- 

- 

- 
0.76 1.10 
1.18 1 .51  

8B* 

20.4  21.3 
15.0 20.0 

8C* 

114.0  144.0 
140.0  183.0 

- 

- 

Min . 
Creep 
Rate 
%/Hr 

0.619 
0.653 

0.028 
0.018 

0.0095 
0.0078 
0.0071 
0.0075 
0.0093 

0.825 
0.550 

0.039 
0.043 

0.0054 
0.0044 

Primary 
Creep 
S t r a i n  

% 

0.67 
0.31 

0.25 
0.20 

0.38 
0.34 
0.22 
0.15 
0.30 

0.40 
0.15 

0.21 
0.31 

0.19 
0.18 

Time of 
Primary 

Creep 
Hrs 

1 .0  
0.4 

% 

5.0 8 
5.0 H x 

24.0 L2 
25.0 3 
15.0 m 
15.0 

a 

17.0 

0.4 
0.2 

3.0 
5.0 

20.0 
14.0 



TABLE D-I (Concludedj 

I 

Min . 
Creep 

Time f o r  Indicated Creep Strain, Hrs. Rate 
0.1% 0.2%  0.3%  0.4%  0.75% 1.0% %/Hr 
12.0 32.0 54.0 72.0 
3.0 13.0 26.5 40.0 
4.5 14.5 30.0 47.0 

0.10 0.20 0.33 0.46 
0.12 0.27 0.45 0.65 

0.5 1.1 1.9 2.8 
0.8 3.6 7.5 11.2 

8.5 28.0 46.0 63.5 
0.5 6.5 15.0 25.0 
9.0 33'. 0 56.0 80.0 
4.0 21.0 45.0 74.0 
12.0  33.0  58.0  84.0 

- 0.5% 

90.0 
53.0 
64.0 

0.60 
0.87 

3.7 
15.0 

82.0 
33.0 
107.0 
102.0 
106.0 

129.0 160.0 
86.0 118.0 
106.0 141.0 

9A* 

0.97  1.35 
1.48  2.06 

9B* 

5.9  7.9 
25.0 32.3 

9c* 

- 

- 
120.0 151.0 
59.0 63.5 

166.0 216.0 
176.0 242.0 
156.0 200.0 

0.0047 
0.0078 
0.0061 

0.672 
0.450 

0.115 
0.026 

0.0053 
0.0110 
0.0040 
0.0035 
0.0039 

* 7, 8 and 9 indicate  Final Cold Reductions of 70%, 80% and go%, respectively; 
A ,  B and C indicate F i n a l  Annealing Temperatures of 1394 r( (2050°F),  1450 K 
(2150OF) and 1505 K (2150°F). respectively. 

Primary 
Creep 
Strain 

x 

0.10 
0.21 
0.26 

0.51 
1.40 

0.31 
0.24 

0.17 
0.20 
0.16 
0.35 
0.20 

Time of 
Primary 

Creep 
Hr s 

10.0 
15.0 
24.0 

2.0 7 n 

3 
2 

5.0 

20.0 
3 

6.0 
20.0 
60.0 
34.0 



Sample 
O r i e n t a t i o n  e S t r e s s  

(ksi) 

TABLE D-I1 

CREEP  TEST  DATA FOR TYPE 8C* TEXTURE STUDY SHEETS 

0.1% 0.2% 0.3% O A  0.5% p.75% 1.0% 
Time for I n d i c a t e d  Creep S t r a i n ,  Hrs. 

- 
Heat 3-1655 

922 K (1200'F) 

L 413.7 
L 344.7 

(60 .0)  

L 275.8 
(50.0) 
(40.0) 

1144 K (1600°F) 

L 68.9 (10.0) 
L 51.7 
L 

(7.5) 
41.4 ( 6 . 0 )  

1200 K (1700'F) 

1255 K (1800°F) 

925 K (1200'F) 

L 413.7 (60 .0)  
L 344.7 
L 

(50.0) 
275.8 (40.0) 

0.6 
3.0 
10.0 

1.5 
10.0 
11.0 

7.0 
2.5 
2.5 
2.5 

1.8 
8.0 
8.0 

0.8 

13.0 
4.5 

9.5 
2.0 

36.0 

7.0 
58.0 
50.0 

24.0 
12.0 

15.0 
9.5 

25.0 
5.5 

23.0 

1.8 
12.0 
42.0 

19.0 32.0 49.0 93.0 131.0 
3.7 5.7 8.0 16.3 26.5 

85.0 138.0 190.0 323.0 455.0 

L40.0 250.0 375.0 750.0 1210.0 
20.0 40.0 66.0 130.0 189.5 

120.0 220.0 325.0 615.0 1130.0 

45.0 68.0 91.0 149.0 207.0 
31.5 54.0 76.0 132.0 177.0 
21.0 37.0 55.5 103.0 150.5 
35.0 58.0 83.0 151.0 218.0 

10.3 15.0 19.0 30.5 39.5 

53.0 109.0 188.0 542.0 975.0 
52.5 91.0 142.0 272.0 398.0 

Heat 4-1696 

22.3 36.0 53.0 93.7 124.5 
2.8 4.0 5.5 9.1 13.9 

87.5 133.0 180.0 320.0 472.0 

Min.  Creep 
Primary  Time of 

Creep  Primary 
Rate, X/Hr S t r a i n ,  % Creep ,  Hrs 

0.0244 
0.0057 

0.69  14.0 
0.46 

0.0019 0.24 
42.0 
55.0 

0.0039 
0.00054 
0.00044 

5 m 
0.40 40.0 2 
0.78 800.0 x 

0.0045 
0.0044 
0.0053 
0.0035 

0.0207 
0.0019 
0.00055 

0.. 0503 
0.0057 
0.0016 

0.36 30.0 
0.53  90.0 

0.19  5.0 
0.42 
0.70 

100.0 
450.0 

0.86  13.0 
0.43  40.0 - - 



TABLE D - I 1  (Continued) 

Primary Time of 
Sample 

Orientation e Stress 
(ksi) 

- 1144 K (1600'F) 

L 
L 

68.9 

L 41.4 
51.7 

1200 K (1700'F) 

L 
L 
T 
T 

41.4 
41.4 
41.4 
41.4 

1255 K (1800OF) 

L 34.5 

L 
L 

13.8 
20.7 

922 K (1200'F) 

L 
L 

413.7 
344.7 

L 275.8 

1144 K (1600'F) 

L 68.9 
L 
L 41.4 

51.7 

Time for INdicated Creep Strain, Hrs. Min. Creep Creep Prlmry 
0.1% 0.2% 0.3% 0.4% 0.52 0.75% 1.0% "-"" Rate, X/Hr Strain, X Creep, Hrs 

23.0 
2.0 

10.0 

0.2 
11.0 
1.7 
1.5 

1.8 

12.0 
5.5 

0.5 
2.2 

22.0 

4.5 
25.0 
90.0 

71.0 
8.5 

85.0 

2.8 
32.5 

5.0 
8.5 

7.2 
19.5 
31.0 

1.3 
6.0 

85.0 

13.5 
105.0 
300.0 

125.0 
20.0 

225.0 

12.0 
54.5 
19.5 
11.8 

12.5 
39.0 
62.0 

2.2 

163.0 
11.0 

210.0 
27.0 

402.0 

182.0 238.0 378.0 520.0 
34.5 51.0 94.0 137.0 

360.0 515.0 1360.0 4557.0 

24.0 38.0 72.5 101.0 
76.5 100.0 162.0 228.5 
30.5 42.0 60.7 93.0 
20.0 28.0 49.0 69.0 

17.7 23.0 34.3 43.0 
69.0 117.7 255.0 386.0 
100.0 154.0 368.0 581.0 

Heat 4-1697 

17.8 26.0 56.0 86.0 
3.4 4.8 8.9 14.2 

240.0 315.0 535.0 750.0 

345.0 500.0 980.0 1530.0 
41.5 56.0 92.0 127.3 

595.0 812.0 2000.0 3680.0 

0.0058 
0.0019 
0.000057 

0.0039 
0.0073 

0.0090 
0.0119 

0.0187 
0.0017 
0.0011 

0.0447 

0.0011 
0.0078 

0.0070 
0.00039 
0.00016 

0.49 
0.35 
0.87 

0.36 

0.24 
0.34 

- 

0.12 
0.47 
0.49 

0.05 
0.63 - 

0.25 
0.77 
0.66 

150.0 
49.0 

2500.0 

19.0 

13.0 
15.0 

- 5 
m 
3 
E 

10.8 
40.0 - 

1030.0 
20.0 

1400.0 



TABLE D-I1 (Concluded) 

Sample Stress Time f o r  Indicated Creep Strain, Hrs. 
Orientation 3 0 0.1% 0.2% 0.3%  0.4%  0.5%  0.75% 1.0% - - - - - - - 
1200 K (1700'F) 

L 
L 

41.4 
41.4 

T 41.4 
T 

(6.0) 
41.4 

(6.0)  2.5  18.0  39.0  60.0  82.0  128.0  162.0 
(6.0) 3.2 13.2 25.0 36.7 48.5 82.8 93.0 

(6.0) 5.5 16.0 31.0 49.5 69.0 116.0 153.0 
5.0  18.0  52.0  106.0  165.0  316.0  468.0 

1255 K (1800°F) 

L 34.5 (5.0) 5.9 13.5 20.3 27.7 35.5 51.0 63.7 
L 20.7 (3.0) 8.0 26.0 58.0 107.0 160.0 281.0 370.0 
L 13.8 (2.0) 17.0 62.0 142.0 265.0 398.0 672.0 875.0 

* 80% Final Cold Work + Final Anneal at 1505 K (225O0F)/10 min. 

Min. Creep 
Rate, %/Hr 

0.0046 
0.0083 
0.0016 
0.0050 

0.0130 
0.0019 
0.00076 

Primary Time of 
Creep Primary 

Strain, % Creep, Hrs 

0.19 15.0 
0.17 10.0 
0.43 
0.35 

125.0 
40.0 

0.09 
0.33 

5.0 
70.0 5 

0.35  200.00 G 
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TABLE E-I 

LONGITUDINAL CREEP TEST DATA AT 41.4 MPa ( 6  k s i )  FOR INITIAL 
GRAIN SIZE STUDY EXPERIMENTAL  STRIPS 

Orientation 
Sample 

Heat 3-1655 

1172 
1200 

(1655) 
(1 700) 

1200 
1227 

(1700) 

1255 
(1750) 
(1800) 

Heat 4-1696 

1172  (1650) 
1200  (1700) 
1200  (1700) 
1227  (1750) 
1255  (1800) 

Heat 4-1697 

1172  (1650) 
1200  (1700) 
1200 
1227 

(1700) 

1255 
(1750) 
(1800) 

Heat 3-1655 

1172  (1650) 
1200  (1700) 
1200  (1700) 
1227  (1750) 
1255  (1800) 

0.1% 0.2%  0.3%  0.4%  0.5%  0.75% 1.0% 
Time f o r  Indicated Creep Strain, Hrs. 

- - - - - - - 

2.0 
0.7 
2.2 
0.8 
0.5 

13.5 
0.6 
3.2 
3.5 
0.5 

3.5 
1.5 
2.5 
2.0 
0.4 

4.7 
1.5 

0.7 
0 .9  

0.2 

6.5 
2.0 
6.8 
3.0 
1.1 

32.5 

10.5 
2.4 

9.2 
1.4 

16.0 
4.3 
7.2 
3.8 
0.8 

16.0 
9.5 

2.5 
2.8 

0.5 

14.5 
4.9 

12.8 
6.4 
1.8 

53.0 

20.0 
6.0 

15.6 
2.5 

34.0 
8.5 
13.0 

5.5 
1.4 

31.0 
19.0 

5.8 
7.3 

ASlM 2-4 

26.5 
8.6 

20.2 
10.5 

2.6 

10.8 
73.0 

30.8 
22.2 

4.8 

57.0 
13.6 
19.3 

7.4 
2.1 

ASTM 5-6 

41.5 
13.7 
28.1 
15.1 

3.5 

98.0 
17.0 
42.2 
28.6 

5.1 

82.5 
20.0 
25.7 

9.6 
2.8 

46.0 61.0 

13.8 20.8 
28.6 38.2 

9.7 13.3 
1.0 1.5  2.0 

90.0 160.0 
29.4 49.0 
51.5 77.5 
27.0 38.8 

5.5  7.6 

218.0 307.0 
36.0 60.0 
71.2 100.2 
44.0 57.3 

8.3  11.6 

165.0 300.0 

43.0 62.2 
39.5 59.5 

15.1 20.6 
4.6 6.4 

96.0 133.5 
58.2 75.5 
38.2 54.9 
21.5 28.9 

3.2  4.5 

Min. Creep 
Primary Time of 
Creep Primary 

Rate, % / H r  Strain, X Creep, Hrs 

0.0023 
0.0113 
0.0085 
0.0209 
0.1230 

0.0016 
0.0095 
0.0083 
0.0309 
0.0776 

0.0016 
0.0124 
0.0127 
0.0449 
0.1394 

0.0065 
0.0105 
0.0142 
0.0261 
0.2040 

0.94 
1.03 170.0 

44.0 
1.08 86.0 
0.45  12.5 
1.10 4.0 

0.91  250.0 
0.90  50.0 
0.59  52.0 
0.42 10.0 
0.42  4.0 

0.89  230.0 
0.64  30.0 
0.78  45.0 
0.52 10.0 
0.80 2.0 

0.23 
0.20 
0.42 
0.24 
0.6 

20.0 
10.0 
15.0 

3.5 
1.0 



r 

TABLE E-I (Continued) 

P r i m a n  Time of 
Sample 

Orientation 
Temperature 

(OF) 

Heat 4-1696 

1172  (1650) 
1200  (1700) 
1200 
1227 

(1700) 

1255 
(1750) 
(1800) 

Heat 4-1697 

1172 (1650) 
1200 (1700) 
1200 (1700) 
1227  (1750) 
1255 (1800) 

Heat 3-1655 

1172 
1200 

(1650) 

1200 
(1700) 

1227 
(1700) 

1255 
(1750) 
(1800) 

Heat 4-1696 
1172  (1650) 
1200 
1200 

(1700) 

1227 
(1700) 

1255 
(1750) 
(1800) 

Time for  Indicated Creep Strain, Hrs. M n .  Creep Creei Primary 
0.1% 0.2%  0.3%  0.4%  0.5%  0.75% 1.0% - - - - - - _. 

Rate, %/Hr Strain, X Creep, HKS 

11.5 
1.2 
0.8 
2.2 
0.1 

1.8 
0.8 
0.5 
0.6 
0.2 

2.0 
0.3 
0.5 
0.5 
0.2 

1.0 
2.5 

1.1 
1.5 
0.7 

23.5 

4.3 
6.5 

2.5 
5.5 

6.5 
2.2 
1.7 
1.3 
0.5 

8.0 
0.7 
1.6 
1.3 
0.4 

8.5 
2.6 
4.0 
3.0 
1.3 

42.5 
15.0 
11.2 
9.0 
4.3 

14.5 
4.1 
3.4 
2.1 
0.9 

17.5 
1.2 

2.3 
2.8 

0.6 

15.5 
4.2 
7.3 
4.5 

62.0 84.0 

17.2 24.3 
23.3 31.9 

12.6 16.3 
5.8 7.2 

26.3 30.0 

4.5 7.8 
6.6 9.8 

3.0 3.8 
1.3 1.8 

ASTU 7-8 

27.5 37.3 

4.0 5.2 
1.7 2.1 

3.3 4.3 
0.8 1.0 

22.5 29.5 
6.0 7.4 
10.7 14.0 
5.9 7.1 

1.8  2.3  2.8 

147.0 

41.9 
52.9 

10.1 
24.2 

17.0 
71.0 

12.2 
5.8 
2.8 

62.0 
3.3 
8.5 
6.7 
1.6 

10.6 
46.5 

22.2 
9.6 
3.7 

216.0 

56.5 
72.7 

30.5 
12.5 

103.2 
24.4 
18.1 
7.5 
3.8 

84.5 
4.5 
10.4 
9.2 
2.1 

13.4 
70.0 

29.0 
11.8 
4.5 

0.0037 
0.0118 

0.64  118.0 

0.0141 
0.24  9.5 
0.30 

0.0269  0.12 
10.0 

0.0556  0.12 
3.0 
1.0 

0.0080 
0.0340 

0.39 
0.21 

25.0 

0.0469  0.33  4.0 
7.2 

0.1237  0.22  1.5 
0.2355  0.23  0.6 Y 

2 
n 

0.0096 
0.2197 
0.0853 
0.1004 
0.4838 

0.0084 
0.0629 

0.0634 
0.1780 

e. 0301 

0.23  10.0 
0.26 1.0 
0.15 1.0 
0.21  1.4 
0.10 0.2 

- - 
0.15  2.0 
0.18 3.0 
0.00 0.0 
0.07  0.5 



TABLE E-I (Concluded) 

Sample 
Orientation J 

Temperature 
- (OF) 

Heat 4-1697 

0.1% O . f %  0.3% 0.4%  0.5%  0.75% 1.0% 
Time for Indicated Creep Strain, Hrs. 
""" 

1172  (1650) 
1200 

12.0  42.0  70.0  96.5  120.0  175.0  226.0 

1200 
(1700) 
(1700) 

0.8 2.,5 4.8  7.3 9.8 15.4  19.6 

1227 
2.0  8.0  14.0  20.0  25.0  36.5  46.4 

(1750) 
1255  (1800) 

1.6  3.9  6.0  8.0  9.6  12.8  15.5 
0.5 1.4  2.2 3.2 4.1 4.4 6.8 

Min. Creep 
Primary Time of 
Creep Primary 

Rate, %/Hr Strain, 9: Creep, Hrs 

0.0035 0.13 20.0 
0.1043  0.27 
0.0620 

4.0 
0.12 3.0 

0.0446  0.12 
0.1118 

2.5 
0.15  0.6 



Sample 
Orientation e Stress 

(ksi) 

922 K (1200OF) 

L 
L 
L 

413.7 
344.7 
275.8 

1144 K (1600'FL 

L 
L 
L 

68.9 
51.7 
41.4 

1255 K (1800'F) 

L 
L 
L 

34.5 
20.7 
13.8 

922 K (1200°F) 

L 413.7 
L 344.7 
L 275.8 

1144 K (1600'F) 

L 68.9 
L 51.7 
L 41.4 

TABLE E-I1 

CREEP TEST DATA FOR ASTM 5-6 GRAIN  SIZE STUDY SHEETS 

0.1% 0.2%  0.3%  0.4%  0.5%  0.75% 1.0% 
Time for  Indicated Creep Strain, Hrs. 

"""- 

0.8 
3 . 3  

11.5  

0.4 
7.5 
8 .0  

27.5 
2.5 

10.0 

0.7 

12.0 
3.8 

1 . 5  
4.0 

1 . 6  
8 .0  

29.5 

1 .4  
25.5 
37.0 

63.0 
5 .0  

25.0 

1 . 5  

35.0 
9.0 

18.0 
6 .5  

Heat 3-1655 

14 .0  22.0 32.5 
2.6 3.6 4.7 

59.0 93.0 128.0 

56.0 90.0 124.0 
3 .1  5.6 8.8 

80.0 130.0 187.0 

83.0 99.0 112.5 
7.6 10.1 12.2 

60.0 140.0 730.0 

Heat 4-1696 

15 .0  24.0 34.0 
2.5 3.6 4.8 

72.5 112.0 150.0 

. ~~ ~ 37.0 62.0 90.0 
14 .5  25.0 36.0 

55.0  120.0  200.0 293.0 395.0 

61.5 90.0 
8.2 12 .5  

213.0 300.0 

19.2 31.8 
204.0 275.0 
345.0 520.0 

16.5  20.2 
142.5  170.0 
Discontinued at 
0.68%.  3220.0 Ers. 

59.0 84.5 
8.6 13.6 

247.5 340.0 

171.0 275.0 
63.5 91.0 

755.0 1390.0 

Min.  Creep 
Fate, %IHr 

0.0563 
0.0086 
0.0029 

0.0029 
0.0202 

0.0015 

0.0400 

0.000074 
0.0019 

0.0446 
0.0097 
0.0027 

0.0091 
0.0023 
0.00038 

Primary Time of 
Creep Primary 

Strain, X Creep. Hrs 

0.74 
0.48 
0.30 

0.76 
0.25 
0.76 

0.08 
0.05 
0.49 

8.0 
30.0 
60.0 

20.0 

350.0 
40.0 

2.5 

700.0 
5.0 

1.02  14.0 
0.46 30.0 
0.24  50.0 

0.36  20.0 
0.88 
0.72 

225.0 
700.0 



TABLE E-I1 (Concluded) 

Primary  Time of 
Sample Stress Time fo r  Indicated Creep Strain, Hrs. Min.  Creep  Creep Primary 

Orientation e (ksi) - 0.1% - 0.2% - 0.3% - 0.4% - 0.5% - 0.75% - 1.0% Rate, XIHr Strain, 4: Creep, Hrs 

1255 K (1800'F) 

L 34.5 
L 20.7 

(5.0) 
(3.0) 

0.7  2.1  3.6  5.2  6.7  10.2  13.2  0.0655 0.13 1.0 
3.5  7.7  12.0  16.3  20.5  30.6  38.7 

L 13.8  (2.0)  5.0  30.0 100.0 250.0  770.0  3040.0 Discontinued 0.00010 
0.0234 0.08 

0.51 
2.5 

800.0 
a t  0.77%. 
3191.4 Hrs 

Heat 4-1697 

922 K (1200OF) 

L 413.7 
L 344.7 
L 275.8 

(60.0) 
(50.0) 
(40.0) 

0.5 
1.8 
7.0 

1.2 
4.5 
25.5 

2.0 

56.0 
8.3 13.0 19.5 

2.8 3.8 

93.0 129.0 
39.0 
6.4 

220.0 
64.5 
9.6 

311.0 

0.0601 
0.0096 
0.0028 

1.10 
0.86 
0.31 

11.0 
50.0 
60.0 

1144 K (1600'F) 

L 
L 68.9 

51.7 
L 41.4 

3.0 

10.0 
1.9 

10.5 
7.0 
40.0 

25.0 
18.0 
95.0 

39.5 54.0 
31.0 47.5 
170.0 260.0 

102.0 
88.0 

605.0 

116.5 
183.0 
1125.0 

0.0067 
0.0024 
0.00046 

0.23 

0.75 
1.01 186.0 

15.0 

600.0 

1255 K (180OOF) 

L 
L 34.5 

20.7 
L 13.8 

3.0 
6.0 
12.0 

16.7 
7.0 

30.0 

10.7 

55.0 
28.5 

14.5 18.0 
45.5 63.0 
90.0 150.0 

105.0 
24.3 

615.0 
139.0 
29.8 

1155.0 

0.0260 

0.00042 
0.0057 

0.09 
0.37 
0.61 

40.0 
2.5 

320.0 



TABLE E-I11 

CREEP TEST DATA FOR SUPPLEMENTARY GRAIN SIZE STUDY SHEET 
[HEAT 4-1697, 0.76 mm (0.030-inch) THICK, ASTM 5-61 

Sample 
Orientation MPP 

Stress 
(ksi) 

922 K (1200'F 

L 413.7  (60.0) 
L 344.7 (50.0) 
L 275.8 (40.0) 

1144 K (1600°F) 

J. 68.9 (10.0) 
51.7 
41.4 

(7.5) 
(6.0) 

L 
L 

1200 K (1700'F) 

L 
L 

41.4 
41.4 

(6.0) 

T 41.4 
T 

(6.0) 
41.4  (6.0) 

(6.0) 

1255 K (1800°F) 

L 20.7 (3.0) 
13.8 (2.0) L 

L 8.6  (1.25) 

0.1% 0.2% 0.3% 0.4% 0.5% 0.75% 1.0% 
Time for Indicated Creep Strain, Hrs. 

__ - - - - - - 

0.3 0.9 1.6 2.5 3.6 6.8 10.7 
1.5 5.0 9.0 14.0 20.0 42.5 64.5 

18.0 44.0 74.0 107.0 139.0 220.0 288.0 

10.0 20.0 32.0 46.5 63.5 121.0 214.0 
0.4 1.7 4.2 7.2 10.5 22.5 35.4 

4.0 25.0 75.0 136.0 205.0 450.0 920.0 

12.0 25.0 38.0 51.5 65.0 92.5 113.0 
1.8 4.5 7.2 10.0 12.6 18.0 22.7 

0.4 1.7 6.2 14.5 24.0 47.0 69.0 
7.5 20.0 34.0 48.7 63.0 93.5 115.8 

Min. Creep 
Primary  Time of 

Creep  Primary 
Rate, XIiir Strain, X Creep, Rre 

0.0500 
0.0103 
0.0031 

0.0190 
0.0024 
0.00050 

0.0368 
0.0075 
0.0106 
0.0065 

1.2 3.6 7.9 13.8 20.7 38.5 52.8 0.0141 
0.2 1.2 3.0 7.0 15.0 47.5 74.5 0.0073 
1.8 14.0 46.5 90.0 132.0 232.0 279.0 0.0022 

1.18  14.0 
0.74  40.0 
0.32  80.0 

0.65  17.0 
0.87 
0.90 

160.0 
700.0 

0.15 
0.15 

3.0 
7.5 

0.39 13.0 
0.21  21.0 

0.42  15.0 
0.50 15.0 
0.29  42.0 
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