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SURVEY OF AVAILABLE CREEP AND TENSILE DATA FOR ALLOY 800H* 

M. K. Booker, V. B.  Baylor,  and B.L.P. Booker 

ABSTRACT 

Most of t h e  t r a n s i t i o n  j o i n t s  i n  t h e  Clinch River Breeder 
Reactor P l a n t  (CRBRP) w i l l  c o n s i s t  of t r i m e t a l l i c  j o i n t s  
employing a spoo l  p i e c e  (about 0 .3  m long)  of a l l o y  800H 
between 2 1 / 4  C r - 1  Mo s teel  and a u s t e n i t i c  s t a i n l e s s  s teel .  
It  is t h e r e f o r e  important t h a t  t h e  mechanical p r o p e r t i e s  of 
a l l o y  800H b e  w e l l  c h a r a c t e r i z e d  and understood. This r e p o r t  
p r e s e n t s  a summary of t h e  a v a i l a b l e  creep and t e n s i l e  d a t a  
f o r  t h i s  material ,  i nc lud ing  a n a l y t i c a l  r e p r e s e n t a t i o n s  of 
behavior .  

INTRODUCTION 

The high-nickel  a u s t e n i t i c  a l l o y  800H i s  an important s t r u c t u r a l  

material f o r  e levated-temperature  nuc lea r  vessels and components. I n  

f a c t ,  i t  i s  one of only fou r  materials c u r r e n t l y  approved under ASME 

Code Case 1592l f o r  nuc lea r  s e r v i c e  above 427°C (800'F). 

a u s t e n i t i c - t o - f e r r i t i c  t r a n s i t i o n  weld j o i n t s 2  i n  t h e  Clinch River 

Breeder Reactor P l a n t  (CRBRP) w i l l  c o n s i s t  of t r imeta l l ic  j o i n t s  

employing a spoo l  p i e c e  (about 0 .3  m long) of a l l o y  800H between 

2 1 / 4  Cr-1 Mo s teel  and a u s t e n i t i c  s t a i n l e s s  s tee l .3  

t r a n s i t i o n  j o i n t s  w i l l  e s s e n t i a l l y  c o n s i s t  of two welds:  2 1 / 4  C r -  

1 Mo s t e e l  t o  a l l o y  800H v i a  ERNiCr-3 (Inconel  82) f i l l e r  metal ,  and 

a l l o y  800H t o  s t a i n l e s s  s tee l  v ia  16-8-2 f i l l e r  metal. The p o t e n t i a l l y  

s e r i o u s  consequences of a f a i l u r e  i n  t h e s e  t r a n s i t i o n  j o i n t s  makes 

necessary a d e t a i l e d  understanding of t h e i r  behavior .  Such an under- 

Many of t h e  

Thus, t h e  

s t and ing  r e q u i r e s ,  among o t h e r  t h i n g s ,  a thorough 

mechanical p r o p e r t i e s  of t h e  materials involved.  

knowledge of t h e  

Toward t h i s  end, a 

*Work performed under 189a OH103, P ip ing  and F i t t i n g  Development. 
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survey of a v a i l a b l e  c reep  and t e n s i l e  d a t a  f o r  a l l o y  800H has  been 

completed. Many such d a t a  are a v a i l a b l e ,  b u t  i t  i s  necessa ry  t o  compile 

them and t o  p r e s e n t  them i n  formats t h a t  are u s e f u l  t o  des igne r s .  There- 

f o r e ,  t h e  d a t a  have been analyzed t o  y i e l d  mathematical  d e s c r i p t i o n s  of 

t h e  behavior  of t h i s  important material. 

BACKGROUND INFORMATION 

The high-nickel  a u s t e n i t i c  a l l o y s  800 and 800H have been used i n  

a v a r i e t y  of a p p l i c a t i o n s  such as i n  fu rnace  equipment and as reformer 

and c racke r  tubes i n  t h e  petrochemical  i n d u s t r y .  The r e l a t i v e l y  wide 

use  of t h i s  material can b e  a t t r i b u t e d  t o  i t s  e x c e l l e n t  e l eva ted -  

temperature  s t r e n g t h  and t o  i t s  r e s i s t a n c e  t o  o x i d a t i o n  and c a r b u r i z a t i o n  

a t  high temperatures .  Table 1 shows the  s p e c i f i c a t i o n s  on chemical 

composition c u r r e n t l y  used f o r  a l l o y s  800 and 800H. I n  t e r m s  of chemistry,  

t h e  only d i f f e r e n c e  between t h e  two is  t h a t  a l l o y  800H must have a 

minimum carbon con ten t  of 0.05 w t  %. Also,  a l l o y  800H i s  requ i r ed  t o  

have a g r a i n  s i z e  of ASTM No. 5 o r  c o a r s e r .  F i n a l l y ,  a l l o y  800H i s  

s o l u t i o n  annealed a t  about 115OOC (2100°F), whereas a l l o y  800 is  m i l l -  

annealed a t  about 980°C (1800OF). (Before t h e  advent of a l l o y  800H, 

t h e  material e x i s t e d  as a solution-annealed "grade 2" material and a 

mill-annealed "grade 1" m a t e r i a l . )  

under a v a r i e t y  of t r a d e  names, i n c l u d i n g  Incoloy 800, Esca l loy  800, 

Carlson 800, Pyromet 800, Udimet 800, Sanicro 30 and 31, Croloy 20-30, 

Cruc ib l e  800, Camvac 800, and Hoskins Alloy 800.5 

The a l l o y  i s  c u r r e n t l y  manufactured 

Alloy 800H i s  e s s e n t i a l l y  a s o l i d  s o l u t i o n  a l l o y ,  b u t  i ts  behavior  

can be s t r o n g l y  inf luenced by t h e  p r e c i p i t a t i o n  of several phases w i t h i n  

t h e  material. These phases inc lude  y' [Ni3 ( A l , T i ) ] ,  chromium c a r b i d e s  

(Cr23C6), and t i t a n i u m  c a r b o n i t r i d e s  [Ti(C,N)].6 Thus, i t  i s  t o  be 

expected t h a t  t h e  concen t r a t ions  of n i c k e l ,  carbon, aluminum, t i t a n i u m ,  

and n i t r o g e n  may have s i g n i f i c a n t  i n f l u e n c e s  upon t h e  behavior  of t h e  

material. 

Much of t h e  long-term elevated-temperature  s t r e n g t h  of a l l o y  800H 

can i n  f a c t  b e  a t t r i b u t e d  t o  t h e  s t r e n g t h e n i n g  e f f e c t s  of p r e c i p i t a t e d  

phases.  Unfortunately,  t h e s e  phases ( p a r t i c u l a r l y  y') may a l s o  cause 
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Table 1. Composition S p e c i f i c a t i o n s  f o r  Alloys 800 and 800H 

Content,  w t  % 

Alloy 800a Alloy 800Hb 
E l  emen t 

(Annealed a t  about  980°C) (Annealed a t  about 1150°C) 

C 

T i  

A 1  

N 

N i  

C r  

S i  

Mn 

cu 

co 

P 

S 

Fe 

Grain s i z e  

0.10 max 

0.15-0.60 

0.15-0.60 

30-35 

19-2 3 

1 . 0  max 

1.5 max 

0.75 max 

0.015 max 

Balance 

0.05-0.10 

0.15-0.60 

0.15-0.60 

30-35 

19-2 3 

1 .0  max 

1.5 max 

0.75 max 

0.015 max 

Balance 

ASTM No. 5 o r  coa r se r  

ASTM B 163. a 

bASME Code Case 1592. 

dec reases  i n  long-term d u c t i l i t y .  Thus, i t  i s  important  t o  examine 

t r e n d s  i n  t h e  c reep  d u c t i l i t y  of t h e  material. 

F i n a l l y ,  t h e  e f f e c t s  of p r e c i p i t a t e d  phases can cause complicat ions 

i n  t h e  d a t a  a n a l y s i s  i n  two r e s p e c t s .  F i r s t ,  t h e  s t r eng then ing  e f f e c t s  

may be  l o s t  a f t e r  long  t i m e s  due t o  overaging. Second, t h e r e  is  some 

evidence7 t h a t  t h e  e f f e c t s  of y’ p r e c i p i t a t i o n  on mechanical p r o p e r t i e s  

are small a t  about  700°C (1292°F) o r  above, bu t  l a r g e  i n  t h e  range 

500-650°C (932--1202°F). Unfor tuna te ly ,  most a v a i l a b l e  American creep 

d a t a  f o r  a l l o y  800H were obta ined  a t  temperatures  of 649°C (1200°F) o r  

above, bu t  most CRBRP s e r v i c e  w i l l  be  a t  593°C (1100°F) o r  below. The 

problem of e x t r a p o l a t i o n  of r e s u l t s  from high t o  low temperatures  is  

thus  complicated by t h e  meta l lurgy  of t h e  material. 
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DATA USED 

A l l  d a t a  used i n  t h i s  r e p o r t  were de r ived  from tests on f i l e  i n  

t h e  ORNL Mechanical P r o p e r t i e s  Data Storage and R e t r i e v a l  System (DSRS) . 
The primary o r i g i n a l  sou rce  of bo th  c reep  and t e n s i l e  d a t a  w a s  t h e  packageg 

prepared by Huntington Alloys.  For comparison purposes ,  some t e n s i l e  d a t a  

from o t h e r  sou rces  f o r  grade 2 material were examined. Actual  t e n s i l e  

s t r e s s - s t r a i n  curves  from tests conducted by Huntington were obtained 

p r i v a t e l y  from D. I. Roberts of General Atomic Company. Creep s t r a i n -  

t i m e  cu rves  from tests conducted by Huntington were ob ta ined  p r i v a t e l y  

from C.  E. Ses s ions  and J. M. Duke of Westinghouse Tampa Div i s ion .  

F i n a l l y ,  due t o  t h e  sho r t age  of c reep  d a t a ,  e s p e c i a l l y  a t  low temperatures ,  

d a t a  f o r  Sanicro 31 from Sandvik Alloys13 were examined. 

t h e  Swedish solut ion-annealed v e r s i o n  of a l l o y  800.) Due t o  p o s s i b l e  

d i f f e r e n c e s  i n  a l l o y  s p e c i f i c a t i o n s  and i n  t e s t i n g  techniques,  t h e  

Sandvik d a t a  were not  used i n  t h e  f i n a l  equa t ion  development. They are 

u s e f u l ,  however, i n  t h a t  they r e p r e s e n t  long-time d a t a  f o r  many h e a t s  of 

material. Moreover, many d a t a  were ob ta ined  a t  temperatures  of 550 and 

600OC. 

(Sanicro 31 is  

A l l  d a t a  used i n  equat ion development o r  f o r  comparison are t a b u l a t e d  

i n  Appendix A. ( I n  some cases, a l l o y  800 grade 2 material t h a t  w a s  

s l i g h t l y  o u t s i d e  t h e  s p e c i f i c a t i o n s  f o r  a l l o y  800H w a s  used due t o  

sho r t ages  of d a t a .  The cases w i l l  be  noted.)  

TENSILE PROPERTIES 

Short-term monotonic t e n s i l e  d a t a  are d i r e c t l y  a p p l i c a b l e  i n  s e t t i n g  

des ign  stress i n t e n s i t y  l i m i t s ,  and they a l s o  lend i n s i g h t  i n t o  t h e  

gene ra l  flow and f a i l u r e  c h a r a c t e r i s t i c s  of a material. I n  t h e  c u r r e n t  

s tudy ,  a v a i l a b l e  d a t a  f o r  u l t i m a t e  t e n s i l e  s t r e n g t h ,  y i e l d  s t r e n g t h  

(0.2% o f f s e t ) ,  p r o p o r t i o n a l  l i m i t ,  t o t a l  e l o n g a t i o n ,  and r e d u c t i o n  of 

area have been expressed as func t ions  of temperature .  I n  a d d i t i o n ,  an 

a n a l y t i c a l  model r e l a t i n g  stress t o  p l a s t i c  s t r a i n  i n  t h e  low s t r a i n  

r eg ion  has  been developed as a f u n c t i o n  of temperature  and y i e l d  s t r e n g t h .  

N o  d a t a  were a v a i l a b l e  on t h e  e f f e c t s  of va ry ing  s t r a i n  rates. A s  f a r  
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as could b e  determined, a l l  t e n s i l e  tests were conducted according t o  

ASTM, which s p e c i f i e s  a s t r a i n  rate of 8 . 3  X 10-5/s  up t o  t h e  de t e rmina t ion  

of t h e  y i e l d  s t r e n g t h ,  and a rate of 8 . 3  X l O + / s  t h e r e a f t e r .  

STRENGTH PROPERTIES 

The 0 . 2 %  o f f s e t  y i e l d  s t r e n g t h  (a ) and u l t i m a t e  t e n s i l e  s t r e n g t h  
Y (a,) w e r e  assumed t o  be d e s c r i b a b l e  by polynomials i n  temperature.  

t h e  o r d e r s  of t h e  polynomials were chosen t o  p rov ide  t h e  b e s t  ba l ance  of 

f i t  t o  t h e  d a t a  and s i m p l i c i t y .  The r e s u l t s  of t h e s e  ana lyses  are shown 

i n  Figs .  1 and 2 ,  i nc lud ing  d a t a  and curves of expected va lues  and upper 

and lower c e n t r a l  t o l e r a n c e  l i m i t s .  These limits s p e c i f y  w i t h  a confidence 

level of 0.95 t h e  bounds w i t h i n  which 90% of t h e  observed va lues  are 

expected t o  f a l l .  Each l i m i t  may be i n t e r p r e t e d  t o  mean t h a t  a t  t h i s  

confidence level 95% of t h e  obse rva t ions  are expected t o  f a l l  above t h e  

lower l i m i t ,  wh i l e  95% are a l s o  expected t o  f a l l  below t h e  upper l i m i t .  

These t o l e r a n c e  l i m i t s  are simultaneous i n  a l l  l e v e l s  of t h e  independent 

v a r i a b l e  ( temperature) ;  t h a t  i s ,  they may b e  s imultaneously c a l c u l a t e d  

f o r  d i f f e r e n t  v a l u e s  of t h e  independent v a r i a b l e s  wi thou t  a f f e c t i n g  t h e  

level of confidence.  Tolerance l i m i t s  are d i scussed  i n  g r e a t e r  d e t a i l  

by Leiberman and Miller.14 
i n  Figs .  1 and 2 t h a t  t h e  c u r r e n t  t o l e r a n c e  l i m i t s  may b e  ove rconse rva t ive  

i n  an  engineer ing sense.  

Then, 

It should b e  noted t h a t  t h e r e  are i n d i c a t i o n s  

The expected v a l u e s  of each of t h e  above q u a n t i t i e s  [ f o r  stresses 

in MPa and temperatures (2') i n  "C] are given by 

0 = 220.2 - 0.389T + 5 . 3 3  x 1 0 - 4 ~ 2  - 2 . 5 8  x 10-7~~3 , 
Y 

= 571.6 - 0 . 8 8 2 9  + 2 . 9 8  x 10-3T2 - 3 . 0 9  x 10-6T3 . (2)  au 

For comparison, F igs .  3 and 4 d i s p l a y  information similar t o  Figs .  1 

and 2 ,  except  t h a t  d a t a  f o r  bo th  a l l o y  800H and former a l l o y  800 grade 2 

material are included.  

as a l l o y  800H except  w i t h  no minimum carbon o r  g r a i n  s i z e  levels, 

Alloy 800 grade 2 meets t h e  same s p e c i f i c a t i o n s  

No 



ORNL-DWG 77-10166 
ORNL-DWG 77-10165 

Temperature (C) 

Fig. 1. Re la t ionsh ip  Between Yield S t r e n g t h  
and Temperature f o r  Alloy 800H. 
r e p r e s e n t  b e s t  f i t  average curves;  upper and lower 
l i n e s  r e p r e s e n t  upper and lower c e n t r a l  t o l e r a n c e  
l i m i t s  (P = 0 .90 ,  X = 0 .95 ) .  

Cent ra l  l i n e s  

31  aC -7- --.l ~- 1- 1- /\ 
0 100 200 300 400 500 600 7oc 8 c 

Temperature (C) 

Fig. 2. Re la t ionsh ip  Between U l t i m a t e  T e n s i l e  
S t r e n g t h  and Temperature f o r  Alloy 800H. 
l i n e s  r e p r e s e n t  b e s t  f i t  average  curves ;  upper and 
lower l i n e s  r e p r e s e n t  upper and lower c e n t r a l  t o l e r -  
ance l i m i t s  (P = 0.90 ,  X= 0 . 9 5 ) .  

Cent ra l  

c 
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ORNL-DWG 77- 1 707 1 
350 I I I I I I I  

I I I I I  
FlLLClY 800GR2 

I FlLLClY 800H 

_I 
W 
U 

Fig. 3 .  Rela t ionsh ip  Between 0.2% O f f s e t  Yield S t r eng th  and Tempera- 
t u r e  f o r  Alloy 800H and Alloy 800 Grade 2 .  
f i t  average curve;  dashed l i n e s  r e p r e s e n t  b e s t - f i t  t two s t anda rd  e r r o r s  
of estimate. 

S o l i d  l i n e  r e p r e s e n t s  a bes t -  

ORNL-DWG 77-17072 

TEMPEARTURE [Cl 

Fig. 4. Rela t ionsh ip  Between U l t i m a t e  T e n s i l e  S t r eng th  and Tempera- 
S o l i d  l i n e  r e p r e s e n t s  a bes t -  t u r e  f o r  Alloy 800H and Alloy 800 Grade 2. 

f i t  average curve;  dashed l i n e s  r e p r e s e n t  b e s t - f i t  5 two s t anda rd  e r r o r s  
of es t ima t e. 
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major d i f f e r e n c e s  appear between t h e  t r e n d s  d i sp layed  by t h e  two grades 

of material. The mean va lues  i n  Figs .  3 and 4 are given by 

CI = 215.6 - 0.368T + 5.26 X 10m4T2  - 2 . 9 0  x 10-7T3  , ( 3 )  Y 

OU = 559 .8  - 0.734T + 2.48 x 1 0 - 3 T 2  - 2.67 x 10-6T3 . ( 4  1 

Here, minimum v a l u e s  are given by expected va lues  minus twice t h e  

s tandard of e r r o r  of estimate. 

The p l o t s  i n  Figs .  1-41 show a cons ide rab le  amount of sca t te r ,  

presumably due p r i m a r i l y  t o  heat-to-heat v a r i a t i o n s  i n  s t r e n g t h  due t o  

chemistry and mic ros t ruc tu re .  

normalizing such d a t a  by t ak ing  t h e  r a t i o  of an elevated-temperature  

s t r e n g t h  p rope r ty  t o  t h e  corresponding s t r e n g t h  measured a t  room 

temperature f o r  each l o t  of material. 

r a t i o  as a f u n c t i o n  of temperature  i s  then  de r ived ,  p r e f e r a b l y  by 

l eas t - squa res  methods. 

Smith15 h a s  p re sen ted  a method f o r  

A "trend" curve of s t r e n g t h  

However, a major goal  of t h e  c u r r e n t  program w a s  t o  perform a 

s t a t i s t i c a l  a n a l y s i s  of p rope r ty  v a r i a t i o n s ,  and t h e  number of a v a i l a b l e  

d a t a  made d i r e c t  s t a t i s t i c a l  t r ea tmen t  p o s s i b l e .  

have shown t h a t  t h e  r a t i o  technique can b e  an  o v e r s i m p l i f i c a t i o n  i n  

t h a t  d i f f e r e n t  p rocesses  may b e  o p e r a t i v e  a t  d i f f e r e n t  temperatures .  

Therefore ,  f o r  t h e  c u r r e n t  a p p l i c a t i o n ,  t h e  d i r e c t  s t a t i s t i ca l  approach 

has been found t o  be t h e  p r e f e r a b l e  method f o r  t r e a t i n g  t h e  d a t a .  This 

Recent r e s u l t s 1 6  

technique is  similar t o  t h a t  used p rev ious ly  f o r  2 1 / 4  C r - 1  Mo s teel .  1 7  

DUCTILITY PROPERTIES 

The t o t a l  e longa t ion  (ET) and r educ t ion  of area (RA) a t  f r a c t u r e  

i n  t e n s i l e  tests have a l s o  been expressed as f u n c t i o n s  of temperature ,  

as shown i n  Figs .  5 and 6 .  These d a t a  have been t r e a t e d  i n  a manner 

analogous t o  t h a t  used above f o r  s t r e n g t h  p r o p e r t i e s .  

va lues  shown by t h e  s o l i d  l i n e s  i n  F i g s .  5 and 6 are given by 

The expected 

ET = 52 .46  - 0.0312T + 8.36  x 10-5T2  - 7.66 x 10-8T3 , (5) 



. 

1 

I- 
D I- 

a 

TEMPERATURE IC1 

Fig.  5. Re la t ionsh ip  Between T o t a l  Elongat ion 
and Temperature f o r  Alloy 800H. 
r e p r e s e n t s  a b e s t - f i t  average curve;  dashed l i n e s  
r e p r e s e n t  b e s t - f i t  f two s tandard e r r o r s  of estimate. 

S o l i d  l i n e  
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Fig. 6. Re la t ionsh ip  Between Reduction of 
Area of Temperature f o r  Alloy 800H. S o l i d  l i n e  
r e p r e s e n t s  a b e s t - f i t  average curve;  dashed l i n e s  
r e p r e s e n t  b e s t - f i t  f two s t anda rd  e r r o r s  of 
es t i m a  t e. 
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RA = 72.14 - 0.007297' - 7.45 X 10-'T2 f 7.03 X 10-8T3 . ( 6 )  

Minimum v a l u e s  are given by expected v a l u e s  minus twice t h e  s t anda rd  

e r r o r  of estimate. 

F igu res  7 and 8 a g a i n  show t o t a l  e longa t ion  and r e d u c t i o n  of area 

as f u n c t i o n s  of temperature ,  b u t  i n c l u d e  d a t a  b o t h  f o r  a l l o y  800H and 

a l l o y  800 grade 2.  

geometry w a s  a v a i l a b l e .  

I n  gene ra l ,  no s p e c i f i c  i n fo rma t ion  about specimen 

-I 
W 

Fig. 7. Re la t ionsh ip  Between T o t a l  Elongat ion and Temperature f o r  
Alloy 800H and Alloy 800 Grade 2. 
average curve;  dashed l i n e s  r e p r e s e n t  b e s t - f i t  2 two s t anda rd  e r r o r s  
of estimate. 

So l id  l i n e  r e p r e s e n t s  a b e s t - f i t  
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Fig. 8. Re la t ionsh ip  Between Reduction of Area and Temperature f o r  
Alloy 800H and Alloy 800 Grade 2. 
average curve;  dashed l i n e s  r e p r e s e n t  b e s t - f i t  k two s t anda rd  e r r o r s  of 
estimate. 

S o l i d  l i n e  r e p r e s e n t s  a b e s t - f i t  

ENGINEERING STRESS-STRAIN RELATIONSHIP 

Successful  i n e l a s t i c  design ana lyses  r e q u i r e ,  among o t h e r  t h i n g s ,  

a knowledge of t h e  shape of t h e  t e n s i l e  s t r e s s - s t r a i n  curve.  For CRBRP 

t r a n s i t i o n  j o i n t  ana lyses ,  t h i s  r e l a t i o n s h i p  i s  r e q u i r e d ”  only up t o  a 

s t r a i n  of 0.4%. Most experimental  s t r e s s - s t r a i n  curves  w e r e  a l s o  

a v a i l a b l e  only up t o  s t r a i n s  of about t h i s  o r d e r .  Therefore ,  t he  

a n a l y s i s  w a s  l i m i t e d  t o  s t r a i n s  from 0 t o  0.4%. 

Many d i f f e r e n t  equa t ion  forms r e l a t i n g  stress t o  s t r a i n  ( o r  p l a s t i c  

s t r a i n )  have been developed f o r  a number of materials. Some of t h e  more 

common ones are reviewed by Klueh and Hebble. l 9  I n  t h e  c u r r e n t  i n v e s t i -  

g a t i o n ,  a t o t a l  of 64 engineer ing s t r e s s - s t r a i n  curves  were a v a i l a b l e  

i n  t h e  temperature range from 93 t o  760°C (200-1400°F). These curves 

could be adequately r ep resen ted  by a s imple r a t i o n a l  polynomial equa t ion  

of t h e  form 



1 2  

ab ep 
+ i e  , 

1 + be m P  
0 - 0 0  = 

P 
( 7 )  

where CT is  t h e  stress ( m a ) ,  e i s  t h e  eng inee r ing  p l a s t i c  s t r a i n  (%), 

and 0 0  corresponds t o  the  p r o p o r t i o n a l  l i m i t .  The parameters  a ,  b ,  and 

h d e s c r i b e  t h e  shape of an i n d i v i d u a l  s t r e s s - s t r a i n  curve.  This same 

equat ion form has been used t o  model t h e  s t r e s s - s t r a i n  behavior  of 

type 304 s t a i n l e s s  stee12'y21 and of t ype  316 stainless s teel .21 

same form has  a l s o  been used t o  d e s c r i b e  t h e  c reep  s t r a i n - t i m e  behavior  

of s e v e r a l  materials. 1 7 9 2 0  922-24 

nomial equat ion form are summarized by Hobson and Booker. 

P . 
m 

This 

The p r o p e r t i e s  of t h e  r a t i o n a l  poly- 
25 . 

V a r i a t i o n s  i n  t h e  va lues  of a ,  b ,  and h i n  t h e  c u r r e n t  d a t a  s t e m  

p r i m a r i l y  from t h e  e f f e c t s  of temperature  and heat-to-heat v a r i a b i l i t y  

i n  s t r e n g t h .  The e f f e c t s  of t h e s e  f a c t o r s  were mathematically modeled 

as fol lows.  

m 

F i r s t ,  t h e  va lues  of a ,  b ,  and h were determined f o r  each a v a i l a b l e  m 
experimental  s t r e s s - s t r a i n  curve us ing  t h e  same method used earlier2 y 2  

f o r  creep d a t a .  Details of t h e  technique are given i n  r e f .  23;  i t  

e s s e n t i a l l y  c o n s i s t s  of p i ck ing  t h r e e  p o i n t s  on t h e  experimental  curve,  

which then determine t h e  t h r e e  c o n s t a n t s  i n  t h e  equat ion.  Here, t h e  

p o i n t s  used were v a l u e s  of o - 00 corresponding t o  0.02%, 0.2%, and 

0.4% p l a s t i c  s t r a i n .  Note t h a t  t h e  form of Eq .  ( 7 )  guarantees  t h a t  

o - o0 f o r  e = 0. 
P 

The va lues  of a ,  b ,  and h obtained by t h i s  method showed a g r e a t  m . 
d e a l  of scat ter .  However, i t  w a s  found t h a t  h could b e  expressed as 

a f u n c t i o n  of temperature by 
m 

where T i s  t h e  temperature ("C), f o r  T 2 427OC. A t  lower temperatures ,  

h appears  t o  e x h i b i t  a cons t an t  v a l u e  of 61.08. F igu re  9 i l l u s t r a t e s  m . 
t h e  r e l a t i o n s h i p  between h and T .  No t r e n d s  i n  h w i t h  s t r e n g t h  level 

(as  measured by o ) were noted.  
m m 

Y 
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TEMPERFITURE (C1 

. Fig. 9. 
h,, from t h e  
Alloy 800H. 

Re la t ionsh ip  Between t h e  Minimum R a t e  of Work Hardening, 
R a t i o n a l  Polynomial T e n s i l e  Model and Temperature f o r  

Values of b v a r i e d  from 8.8 t o  171.4, b u t  no t r e n d s  w i t h  t h e  v a l u e s  

of 9 o r  0 were noted. The v a l u e  of b tended t o  dec rease  as a i n c r e a s e d ,  

b u t  t h e  c o r r e l a t i o n  w a s  n o t  s t r o n g .  Therefore ,  i t  was decided t o  

r e p r e s e n t  b by a c o n s t a n t  va lue  of 40. 

Y 

Next, w e  chose a v a l u e  of a such t h a t  0 would equa l  0 f o r  e = 0.2.  
Y P 

A t  t h i s  p o i n t ,  Eq. ( 7 )  becomes 

o r  

a = ( 9 / 8 ) ( 0  
Y 

Thus, t h e  only q u a n t i t y  t h a t  

. 
- 0 0  - 0.2hm) . 

s t i l l  needs t o  b e  e s t ima ted  is  00. 

Again, v a r i a t i o n s  i n  00 were found t o  b e  l a r g e .  As shown i n  Fig.  10, 

t h e  b e s t  estimate obtained f o r  00 w a s  as 0.70 . Thus, a knowledge of 

T and 0 al lows one t o  estimate t h e  e n t i r e  s t r e s s - p l a s t i c  s t r a i n  curve 
Y 

Y 
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Fig. 
O f f s e t  Y i  

10. 
.e ld  S 

LJG YIELD STRENGTH [MPFI) 

Rela t ionsh ip  Between t h e  P r o p o r t i o n a l  L i m i t  
t r e n g t h  f o r  Alloy 800H. 

and 0 .2% 

a t  low s t r a i n s .  

modulus) y i e l d s  t h e  stress v s  t o t a l  s t r a i n  curve.  

Adding an e las t ic  s t r a i n  of 1000/E (where E i s  Young's 

It should b e  noted t h a t  t h e  above stress-strain equa t ion  used d a t a  

only up t o  e = 0.4% and i n  t h e  range 9 3  t o  7 6 0 O C .  No d a t a  were a v a i l a b l e  

a t  lower temperatures  o r  h ighe r  s t r a i n s .  However, t h e  r e s u l t s  can be 

extended downward t o  room temperature and upward t o  1% p l a s t i c  s t r a i n  

wi th  good r e s u l t s .  I n  us ing  t h e  above equa t ion ,  one can i n s e r t  O f o r  

a given h e a t ,  i f  known, t o  maximize t h e  p r e c i s i o n  i n  p r e d i c t i o n s .  O r ,  

a va lue  of o from Eq. (1) should y i e l d  a p r e d i c t e d  average s t r e s s - s t r a i n  

curve.  Likewise,  maximum and minimum s t r e n g t h  curves can  b e  p r e d i c t e d .  

Note i n  Fig.  10 t h a t  O O / O  can va ry  from about 0.5 t o  0.9.  Thus, minimum 

s t r e n g t h  p r e d i c t i o n s  can be made by us ing  a minimum y i e l d  s t r e n g t h  

(Fig.  1) and u s i n g  00 = 0.50 . Maximum s t r e n g t h  p r e d i c t i o n s  can b e  

made by us ing  a maximum y i e l d  s t r e n g t h  and u0 = 0.90 . Figure  11 

i l l u s t r a t e s  p r e d i c t i o n s  made t h i s  way, i nc lud ing  comparisons w i t h  t h e  

experimental  stresses a t  0 ,  0.02%, 0.2%, and 0.4% p l a s t i c  s t r a i n .  The 

p r e d i c t i o n s  appear t o  d e s c r i b e  t h e  d a t a  e x c e l l e n t l y .  

P 

Y 

Y 

Y 

Y 
Y 
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I------; 
POINTS TAKEN FROM EXPERIMENTAL ALLOY 8 0 0 H  
STRESS-STRAIN CURVES 

200 
LINES PREDICTED BY RATIONAL POLYNOMIAL 
STRESS- PLASTIC STRAIN MODEL 

25 

150 
0 20 5 a 
I 
cn cn 

cn 
W 

cn 
W 
[L 

1 - - 

15 E 100 

10 

50 

5 MAXIMUM, MINIMUM YIELD STRENGTH CALCULATED 
BY EXPECTED VALUE +2 STANDARD ERRORS OF 
EST I M ATE 

I I I I I 1 I 1 I 

PLASTIC STRAIN (73 
0 0.04 0.08 0.12 016 0.20 0.24 0.28 0.32 0.36 0.40 

Fig. 11. Comparison Between Experimental Data and P red ic t ed  
S t r e s s - S t r a i n  Curves f o r  Material of Minimum, Average, and Maximum 
Yield S t r eng th .  

METALLURGICAL CONSIDERATIONS 

A d e t a i l e d  i n v e s t i g a t i o n  of t h e  fundamental a s p e c t s  of t h e  behavior  

of t h i s  material  i s  beyond t h e  scope of t h i s  r e p o r t .  However, s e v e r a l  

f e a t u r e s  can b e  noted.  For i n s t a n c e ,  t h e  y i e l d  s t r e n g t h  appears  t o  

go through a "plateau" wi th  temperature  i n  t h e  range from about 500 t o  

75OoC. 

t h i s  r eg ion .  F i n a l l y ,  many of t h e  experimental  s t r e s s - s t r a i n  curves  

e x h i b i t  s e r r a t e d  y i e l d i n g  a t  t h e s e  temperatures .  A l l  of t h e s e  

phenomena tend t o  i n d i c a t e  a p o s s i b l e  e x i s t e n c e  of dynamic s t r a i n  

aging e f f e c t s ,  a l though t h e  temperatures  are r a t h e r  high f o r  c l a s s i c a l  

i n t e r s t i t i a l - d i s l o c a t i o n  i n t e r a c t i o n s .  The d a t a  do no t  c o n t a i n  enough 

information t o  assess t h e  p o s s i b i l i t i e s  of s t r a i n  aging e f f e c t s  

i nvo lv ing  s u b s t i t u t i o n a l  atoms, such as have been p o s t u l a t e d  f o r  some 

f e r r i t i c  steels. 2 6  y Z 7  

The u l t i m a t e  t e n s i l e  s t r e n g t h  even shows a s l i g h t  peak i n  
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The t o t a l  e longa t ion  and r educ t ion  of area bo th  show minima 

w i t h  temperature  i n  t h e  above r eg ion ,  which i s  a g a i n  p o s s i b l y  con t r ib -  

u t ed  t o  by dynamic s t r a i n  ag ing  e f f e c t s .  However, such d u c t i l i t y  

minima are common i n  d u c t i l e  metals and a l l o y s .  

have explained such minima as fo l lows .  Low-temperature f r a c t u r e  i s  

t r ansg ranu la r  and d u c t i l i t y  i s  h igh .  Then, t h e  e f f e c t s  of g r a i n  

boundary shea r  cause a drop i n  d u c t i l i t y  w i t h  temperature .  F i n a l l y ,  

a t  s t i l l  h ighe r  tempera tures ,  r e c r y s t a l l i z a t i o n .  occurs  s imul taneous ly  

wi th  i n t e r g r a n u l a r  vo id  formation.  The i n t e r g r a n u l a r  f r a c t u r e  p a t h  

i s  cont inuous ly  broken up and d u c t i l i t y  aga in  i n c r e a s e s .  

Rhines and Wray2' 

Table 2 shows t h e  chemical composi t ions of t h e  h e a t s  f o r  which 

t e n s i l e  d a t a  w e r e  a v a i l a b l e .  No c o r r e l a t i o n s  have been a t tempted  

between chemis t ry  and t e n s i l e  p r o p e r t i e s .  Prev ious  work on m i l l -  

annealed a l l o y  800 ( r e f .  29)  has  shown a tendency f o r  t h e  y i e l d  and 

u l t i m a t e  s t r e n g t h s  a t  538°C t o  i n c r e a s e  w i t h  bo th  carbon and t i t an ium.  

No t r e n d s  i n  room temperature  p r o p e r t i e s  w i t h  chemistry were observed 

i n  t h a t  work, however. The c u r r e n t  d a t a  do appear  t o  i n d i c a t e  an 

increased  tendency toward s e r r a t e d  y i e l d i n g  as carbon leve l  i n c r e a s e s .  

Table  2 .  Heats of Material Used i n  Analys is  of t h e  
Tens i l e  P r o p e r t i e s  of Alloy 800H 

Chemical Composition, wt % 
-_____ Heat 

C Mn Fe s Si cu Ni Cr AI Ti 

HH102 2 A 

HH1026A 

HH3603A 

HH4391A 

HH5171A 

HH5342A 

HH5 3 5 6A 

HH5432A 

HH5853A 

HH6279A 

HH6738A 

HH7262A 

HH7534A 

HH7686A 

HH8285A 

HH8416A 

HH8646A 

HH8808A 

0.07 

0.07 

0.06 

0.87 44.32 

0.93 44.67 

1.03 46.42 

0.007 

0.007 

0.007 

0.35 0.24 31.13 22.16 

0.40 0.29 31.42 21.63 

0.41 0.30 31.33 20.42 

0.37 0.46 

0.22 0.34 

0.39 0.46 

0.10 0.91 45.63 0.007 0.33 0.37 33.13 19.50 0.55 0.55 

0.06 0.89 45.43 0.007 0.44 0.25 31.89 21.01 0.49 0.45 

0.05 

0.06 

0.07 

0.08 

0.10 

0.78 45.35 

0.98 45.70 

0.97 45.88 

0.80 45.55 

0.88 45.31 

0.007 

0.007 

0.007 

0.007 

0.007 

0.31 0.44 32.38 20.66 

0.42 0.33 31.35 21.13 

0.47 0.38 30.94 21.26 

0.37 0.40 32.20 20.75 

0.29 0.44 31.99 20.96 

0.45 0.46 

0.43 0.52 

0.39 0.49 

0.50 0.41 

0.48 0.37 

. 
0.05 0.83 45.15 0.009 0.51 0.51 0.42 31.06 21.46 
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CREEP PROPERTIES 

For CRBRP t r a n s i t i o n  j o i n t  des ign ,18  i t  is  necessary  t o  b e  a b l e  

t o  p r e d i c t  t h e  c reep  behavior  of a l l o y  800H from about  454 t o  721°C 

(850-1350'F). 

an  a n a l y s i s  of d a t a  up t o  760°C (1400°F) has  been completed. Few 

a l l o y  800H d a t a  below 649'C (1200'F) and none below 538°C (1000°F) 

were a v a i l a b l e ,  bu t  t h e  r e s u l t s  have been e x t r a p o l a t e d  t o  427°C (800°F). 

P r o p e r t i e s  examined inc lude  t i m e  t o  r u p t u r e ,  t i m e  and creep  s t r a i n  t o  

t e r t i a r y  c reep ,  minimum creep rate,  and creep  s t r a in - t ime  behavior .  

F igure  1 2  d e f i n e s  the  p r o p e r t i e s  used,  wh i l e  F ig .  1 3  d e f i n e s  t h e  

cond i t ions  of a v a i l a b l e  creep tests. 

To encompass t h e  complete range of needed p r e d i c t i o n s ,  

et 
(INCLUDES 

LOADING 
STRAl  N )  

z 

(r 
I- 
m 

- 
a ess 

e2 

c 
f 

0.2 70 

O R N L - D W G  77-7214 

T 

Fig.  12. 

t l  t2  t ss  t r 
T I M E  

Schematic D e f i n i t i o n  of Various Creep Q u a n t i t i e s  Examined. 
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DISTRIBUTION OF A V A I L A B L E  C R E E P  D A T A  FOR ALLOY 800H 

7 6 0 ° C  ( 1 4 0 0 °  F )  

649°C (1 2 0 0 '  F 1 - 

- 5 9 3 ° C  ( 1 1 0 0 " F )  

- 5 3 8 ' C  ( 1 0 0 0 ° F )  

I I 1 lEzz3l 1 
0 - 5 0  50 -100  1 0 0 - 1 5 0  1 5 0 - 2 0 0  2 0 0 - 2 5 0  2 5 0 - 3 0 0  3 0 0 - 3 5 0  

STRESS (MPa) 

Fig. 13. Distribution of Available Creep Data for Alloy 800H. . 
. 
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RUPTURE LIFE 

The c reep  p rope r ty  t h a t  has r ece ived  t h e  most a t t e n t i o n  i n  t h e  

l i t e r a t u r e  and f o r  which t h e  most d a t a  are a v a i l a b l e  i s  t h e  r u p t u r e  

l i f e .  

r u p t u r e  l i f e  as a f u n c t i o n  of stress and temperature.  
I n  p a r t i c u l a r ,  w e  sought t o  o b t a i n  an equat ion expres s ing  

The a v a i l a b l e  d a t a  f o r  r u p t u r e  l i f e  (and f o r  o t h e r  creep p r o p e r t i e s  

examined below) are t a b u l a t e d  i n  Appendix A. 
d a t a  a t  temperatures  up t o  871°C (1600°F) were examined, b u t  t h e  r e s u l t s  

appeared b i a sed  toward t h e  h ighe r  temperature d a t a .  I n  view of t h e  

complex p r e c i p i t a t i o n  phenomena p r e v a l e n t  i n  t h i s  material, w e  decided 

t o  use only d a t a  up t o  760°C s i n c e  t h e s e  encompassed t h e  d e s i r e d  

temperature range and subsequent f i t s  appeared more c o n s i s t e n t  w i t h  

t h e  lower temperature  ( T Q  649°C) d a t a .  

I n  t h e  i n i t i a l  a n a l y s e s ,  

l%e mathematical  a n a l y s i s  of r u p t u r e  d a t a  f o r  a material such as 

a l l o y  800H c o n s i s t s  of two aspects. 

e f f e c t s  of stress and temperature  on t h e  r u p t u r e  l i f e .  Second, w e  

want an expres s ion  t h a t  w i l l  p r e d i c t  v a r i a t i o n s  i n  t h e  behavior  of t h e  

material. 

F i r s t ,  w e  have t o  i d e n t i f y  t h e  

Unfortunately,  t h e  c u r r e n t  d a t a  base  i s  n o t  s u f f i c i e n t  t o  c l e a r l y  

i d e n t i f y  t h e  e f f e c t s  of f a c t o r s  such as composition and g r a i n  s i z e  on 

t h e  creep behavior .  P rev ious ly  r e s u l t s  on types 304 and 316 s t a i n l e s s  

s t e e 1 2 0 , 2 3 , 3 0 ~ 3 1  and on 2 1 / 4  Cr-1 Mo 

elevated-temperature  u l t i m a t e  t e n s i l e  s t r e n g t h  f o r  material of a given 

h e a t  and h e a t  t reatment  can be an e f f e c t i v e  i n d i c a t o r  of v a r i a t i o n s  i n  

c reep  s t r e n g t h .  

l i t t l e  o r  no c o r r e l a t i o n  between t e n s i l e  s t r e n g t h  and creep s t r e n g t h ,  

as shown i n  Fig.  1 4 .  This l a c k  of c o r r e l a t i o n  i s  poss ib ly  because 

t h e  t i m e  pe r iod  involved i n  a t e n s i l e  t es t  i s  too b r i e f  f o r  t h e  e f f e c t s  

of p r e c i p i t a t i o n  on t h e  c reep  s t r e n g t h  t o  appear .  

have shown t h a t  t h e  

However, t h e  c u r r e n t  creep d a t a  f o r  a l l o y  800H show 

Thus, t h e  55 a v a i l a b l e  experimental  s t r e s s - r u p t u r e  d a t a  were 

analyzed merely as f u n c t i o n s  of stress and temperature  by the  r e g r e s s i o n  

techniques desc r ibed  i n  r e f .  31 .  Considering t h e  l a r g e  u n c e r t a i n t i e s  

involved,  t h e  d a t a  could be adequately desc r ibed  by a s imple Larson- 

Mi l le r32  paramater of t h e  form 
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Fig.  1 4 .  Rela t ionsh ip  Between U l t i m a t e  T e n s i l e  S t r eng th  and 
500-hr Creep Rupture S t r eng th  f o r  Alloy 800H. 

l o g  tr = -18.45 + 3 4 0 2 / 2 ' -  ( 6 4 3 0 / T ) l o g  0 , (11) 

where t i s  t h e  r u p t u r e  l i f e  i n  hours ,  T is  t h e  temperature  ( K ) ,  and 

0 i s  t h e  stress (MPa). Figure 15 compares t h e  f i t  of Eq.  (11) w i t h  

t h e  experimental  d a t a .  Defining t h e  goodness of f i t  i n  terms of R 2 ,  
t h e  c o e f f i c i e n t  of d e t e r m i n a t i ~ n , ~ '  t h e  v a l u e  w a s  88.4%. Thus 88.4% 
of t h e  v a r i a t i o n s  i n  t h e  d a t a  were desc r ibed  by the  s imple form of 

Eq .  (11). More complicated models f i t  s l i g h t l y  b e t t e r  (R2 f o r  t h e  

b e s t  f ive- term model w a s  9 0 . 9 % ) ,  b u t  t h i s  improvement w a s  judged 

t o  be i n s i g n i f i c a n t .  The d a t a  simple do n o t  war ran t  u se  of a more 

complicated model. 

r 

Define t h e  s t anda rd  e r r o r  of estimate, SEE, as 
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Fig. 15. Comparison of Experimental Stress-Rupture Data w i t h  
P red ic t ed  Behavior f o r  Alloy 800H. 

where t h e  y .  are t h e  experimental  va lues  of t h e  dependent v a r i a b l e  

(here  l o g  t ) and t h e  y are t h e  corresponding v a l u e s  p r e d i c t e d  by 

t h e  model. The number of terms i n  t h e  model is  given by I), w h i l e  n 
is  t h e  number of da t a .  The scatter band of behavior could b e  desc r ibed  

by t h e  v a l u e  of l o g  tP p r e d i c t e d  by E q .  (11) t 2SEE. 

0.272. Thus, t h e  scat ter  i n  behavior  about t h e  mean t could b e  

desc r ibed  approximately by a f a c t o r  of 3.5 up o r  down. F igu re  16  

compares t h e  a v a i l a b l e  d a t a  w i t h  l i m i t s  obtained t h i s  way. It should 

b e  emphasized t h a t  t h e s e  l i m i t s  are merely e m p i r i c a l  d e s c r i p t i o n s  of 

t h e  width of t h e  sca t te r  band and t h a t  they have no real s ta t i s t ica l  

meaning. 

A 
2 

P i 

Here, SEE w a s  

r 

The on ly  apparent  sys t ema t i c  d e v i a t i o n  of t h e  d a t a  from t h e  

p r e d i c t e d  l i n e s  occurs  i n  t h e  d a t a  f o r  Heat HH8808A a t  649°C. 

shows t h e  chemical compositions of t h e  h e a t s  of material used i n  t h i s  

a n a l y s i s .  

con ten t  of 1.02%. 

a t  649OC because of y' p r e c i p i t a t i o n .  

Table 3 

Heat HH8808A has  a h igh  combined aluminum and t i t a n i u m  

Thus, i t  might be expected t o  be unusual ly  s t r o n g  
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DASHED L I N E S  R E P R E S E N T  U P P E R  AND LOWER L I M I T  E S T I M A T E S  
B A S E D  ON k 2  STANDARD ERRORS IN  log I, 

"' 2o t 

Table 3 .  Hears of Material Used i n  Analysis  of t h e  
Creep P r o p e r t i e s  of Alloy 800H 

Chemical Composition, wt % 

C Mn Fe S S i  cu  Ni Cr A1 Ti 
Heat 

HH8735A 0 .04  0.55 45.28 0.007 0 . 4 1  0 .41  31.31 21.29 0.29 0 .39  
HH8808A 0.05 0 . 8 3  45.15 0.009 0 . 4 2  31.06 21.46 0 .51  0 . 5 1  

HH7686A 0.07 0.97 45.88 0.007 0.47 0 . 3 8  30.94 21.26 0.39 0.49 

HH3603A 0 .06  1 . 0 3  46.42 0.007 0 . 4 1  0.30 31.33 20.42 0 .39  0.46 

HH8416A 0.10 0 .88  4 5 . 3 1  0.007 0.29 0 .44  31.99 20.96 0.48 0.37 

HH8285A 0.08 0 . 8 0  45.55 0.007 0.37 0 . 4 0  32.20 20.75 0.50 0 . 4 1  

HH7534A 0.06 0.98 45.70 0.007 0 . 4 2  0 . 3 3  31.35 21.13 0 . 4 3  0 .52  
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Heat-to-heat v a r i a t i o n s  i n  creep s t r e n g t h  can b e  q u a l i t a t i v e l y  

examined by r e f e r e n c e  t o  some r e c e n t  d a t a  from Huntington Alloys.  

These d a t a  were obtained on some experimental  h e a t s  w i t h  t h e  s p e c i f i c  

goa l  of examining t h e  e f f e c t s  of  composition and processing on t h e  

creep behavior of s o l u t i o n  annealed a l l o y  800 (not  a l l  h e a t s  meet t h e  

s p e c i f i c a t i o n s  f o r  a l l o y  800H). 

c u r r e n t  a n a l y s i s  because of t h e i r  experimental  na tu re .  Table 4 shows 

t h e  chemical compositions of t h e s e  h e a t s .  

These h e a t s  were n o t  used i n  t h e  

Again, an  a n a l y s i s  o f  composition e f f e c t s  is  beyond t h e  scope of 

Huntington6 work h a s  involved such an  i n v e s t i g a t i o n ,  t h i s  r e p o r t .  

i n c l u d i n g  a thermodynamic model f o r  t h e  p r e c i p i t a t i o n  of v a r i o u s  

Table 4 .  Experimental Heats Tested i n  Huntington Program 

Chemical Composition, w t  % 
Heat 

C Mn S s i  cu Ni C r  A 1  T i  N 0 

HF5978 0.057 
HF5979 0.061 
HF5980 0.062 
HF5981 0.065 
HF5982 0.063 
HF5983 0.080 
HF5984 0.070 
HF5985 0.064 
HF5986 0.066 
HF5997 0.029 
HF5998 0.028 
HF5999 0.061 
HF6000 0.098 
HF6061 0.010 
HF6119 0.090 
HF6134 0.007 
HF6135 0.012 
HV2968 0.020 
HV2969 0.020 
W2970 0.020 
HV2771 0.020 
HV2972 0.070 
HV2973 0.080 
HV2974 0.080 
HV2975 0.070 
HV3105 0.017 
HV3106 0.050 
HV3107 0.130 
HV3108 0.130 
HV3114 0.050 
HV3115 0.090 
HV3185 0.020 

0.90 
0.89 
0.90 
0.94 
0.94 
0.92 
0.95 
0.95 
0.94 
1.65 
0.99 
0.94 
0.95 
0.85 
0.99 
0.87 
0.89 
0.91 
0.91 
0.89 
0.90 
0.89 
0.89 
0.87 
0.90 
0.99 
0.89 
0.91 
0.89 
0.87 
0.88 
0.93 

0.004 
0.004 
0.004 
0.003 
0.004 
0.004 
0.003 
0.004 
0.003 
0.004 
0.004 
0.004 
0.004 
0.004 
0.005 
0.005 
0.005 
0.003 
0.004 
0.003 
0.003 
0.003 
0.003 
0.003 
0.003 
0.003 
0.002 
0.002 
0.003 
0.003 
0.003 
0.005 

0.44 
0.60 
0.47 
0.44 
0.47 
0.44 
0.49 
0.50 
0.49 
0.62 
0.50 
0.52 
0.45 
0.40 
0.57 
0.47 
0.57 
0.57 
0.61 
0.57 
0.60 
0.55 
0.62 
0.54 
0.59 
0.63 
0.71 
0.66 
0.66 
0.58 
0.60 
0.64 

0.52 
0.51 
0.50 
0.51 
0.52 
0.50 
0.50 
0.50 
0.51 
0.42 
0.42 
0.42 
0.41 
0.42 
0 .51  
0.37 
0.45 
0.29 
0.31 
0.27 
0.33 
0.33 
0.34 
0.27 
0.32 
0.48 
0.46 
0.51 
0.53 
0.51 
0.52 
0.33 

33.09 
32.87 
33.15 
32.81 
32.74 
32.67 
32.76 
32.68 
32.91 
32.61 
32.62 
32.77 
32.88 
33.73 
33.44 
33.14 
33.38 
32.87 
32.59 
32.55 
32.37 
32.65 
32.24 
32.62 
32.56 
32.82 
32.42 
32.07 
32.19 
32.57 
32.14 
35.07 

22.16 
22.00 
22.51 
21.69 
21.80 
21.33 
21.79 
21.23 
21.86 
21.32 
21.92 
21.57 
21.83 
20.74 
21.99 
21.68 
21.54 
20.71 
21.62 
21.87 
21.76 
21.40 
21.97 
21.80 
21.66 
20.74 
21.26 
21.46 
21.07 
21.39 
20.78 
20.40 

0.29 
0.45 
0.73 
1 . 2 7  
1 .61 
0.16 
0.22 
0.28 
0.31 
0.34 
0.33 
0.35 
0.37 
0.16 
0.20 
0.27 
0.20 
0.11 
0.56 
0.61 
0.20 
0.63 
0.22 
0.20 
0.64 
0.40 
0.11 
0.13 
0.57 
0.01 
0.01 
0.03 

0.39 
0.12 
0.51 
0.61 
0.70 
0.45 
0.87 
1.51 
1.82 
0.59 
0.62 
0.59 
0.60 
0.48 
0.85 
0.64 
0.80 
0.. 20 
0.64 
0.25 
0.60 
0.24 
0.64 
0.22 
0.64 
0.41 
0.64 
0.27 
0.69 
0.53 
0.61 
0.60 

0.021 
0.053 
0.036 
0.037 
0.027 
0.041 
0.020 
0.010 
0.014 
0.035 
0.037 
0.035 
0.047 
0.037 
0.021 
0.012 
0.026 
0.019 
0.016 
0.043 
0.037 
0.011 
0.008 
0.040 
0.039 
0.016 
0.018 
0.014 
0.013 
0.012 
0.014 
0.007 

0.060 
0.040 
0.030 
0.040 
0.020 
0.050 
0.050 
0.050 
0.040 

0.028 
0.023 
0.040 

0.020 
0.017 
0.017 
0.013 
0.017 
0.016 
0.018 
0.016 
0.037 
0.023 
0.039 
0.034 
0.031 
0.035 



2 4  

phases and t h e  subsequent e f f e c t s  on c reep  r u p t u r e  s t r e n g t h  and d u c t i l i t y .  

The y' phase w a s  t h e  most po ten t  s t r e n g t h e n e r ,  b u t  c a r b i d e s  and n i t r i d e s  

can a l s o  b e  important .  More work is  needed i n  t h i s  area, b u t  t h e  

c u r r e n t l y  a v a i l a b l e  r e s u l t s  a l l  appear c o n s i s t a n t  w i t h  t h e  theory t h a t  

y' p r e c i p i t a t i o n  i s  extremely important  t o  t h e  behavior  of t h i s  material. 

Another a s p e c t  of t h e  d a t a  f o r  t h e  h e a t s  i n  Table 4 i s  t h a t  room- 

temperature  t e n s i l e  d a t a  were obtained on aged as w e l l  as on as-annealed 

material. A s  shown i n  Fig.  1 7 ,  l i t t l e  c o r r e l a t i o n  appears  between room- 

temperature  t e n s i l e  s t r e n g t h  and 500-hr r u p t u r e  s t r e n g t h  a t  649"C, even 

f o r  h e a t s  s p e c i f i c a l l y  designed f o r  t h e  s tudy of heat-to-heat v a r i a t i o n s .  

However, when t h e  t e n s i l e  s t r e n g t h s  are obtained on material aged 1000 h r  

a t  649OC, a s t r o n g  p o s i t i v e  c o r r e l a t i o n  appears  between t e n s i l e  s t r e n g t h  

and creep s t r e n g t h .  Figure 18 shows t h a t  t h e  e f f e c t s  of aging a t  593OC 

are similar t o  t h o s e  a t  649°C. Figures  19 and 20 show t h a t  t h e  c o r r e l a t i o n  

between aged t e n s i l e  s t r e n g t h  and creep s t r e n g t h  begins  t o  d e t e r i o r a t e  

a t  c reep  test temperatures of 704OC and above. For i n s t a n c e ,  a t  7 6 O O C  

only t h r e e  h e a t s  show unusual ly  s t r o n g  500-hr creep s t r e n g t h s .  These 

are Heat HF5982 wi th  an extremely h igh  aluminum con ten t  and Heats HF5985 

and HF5986 w i t h  extremely high t i t a n i u m  con ten t s .  All r e s u l t s  are a g a i n  

c o n s i s t e n t  w i t h  t h e  exp lana t ion  t h a t  p r e c i p i t a t e d  phases ( p a r t i c u l a r l y  

y') are t h e  primary reason f o r  heat-to-heat v a r i a b i l i t y  i n  t h i s  material. 
The h e a t s  i n  t h e  experimental  program of r e f .  6 va ry  beyond t h e  

bounds of t h e  s p e c i f i c a t i o n s  on composition of a l l o y  800H and were 

s p e c i f i c a i l y  designed t o  produce v a r i a t i o n s  i n  creep s t r e n g t h .  S t i l l ,  

t h e  l a r g e  v a r i a t i o n s  i n  those  d a t a  compared wi th  t h e  l i m i t e d  scope of 

t h e  d a t a  used t o  develop Eq. (11) raise two ques t ions .  F i r s t ,  are the  

d a t a  used f o r  Eq. (11) t y p i c a l  and does Eq. (11) p r e d i c t  approximately 

average behavior?  Second, do t h e  l i m i t s  i n  Fig.  16 adequately b r a c k e t  

t h e  behavior  t h a t  might be d i sp layed  by t h e  material? F igure  2 1  compares 

t h e  p r e d i c t i o n s  from Eq. (ll), i nc lud ing  t h e  l o g  t - 2SEE lower l i m i t s ,  

w i th  t h e  d a t a  f o r  t h e  experimental  h e a t s  i n  r e f .  6.  The average 

p r e d i c t e d  v a l u e s  appear t o  be reasonable  f o r  t h e  e n t i r e  d a t a  se t ,  

a l though t h e  material meeting t h e  a l l o y  800H s p e c i f i c a t i o n s  on composition 

(no g r a i n  s i z e s  were given) appears t o  b e  c o n s i s t e n t l y  weaker than 

r 
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Rupture Strength of Solution Annealed Alloy 800 at 649°C (1200°F). 
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Fig. 18. Relationship Between Room-Temperature Ultimate Tensile 
Strength of Alloy 800 Aged at 593 or 649'C (1100 or 1200°F) and the 
500-hr Creep Rupture Strength of Solution Annealed Alloy 800 at 593°C 
(1100°F). 
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Fig. 19. Relationship Between Room-Temperature Ultimate Tensile 
Strength of Alloy 800 Aged at 593 or 649°C (1100 or 1200°F) and the 500-hr 
Creep Rupture Strength of Solution Annealed Alloy 800 at 704°C (1300°F). 

ORNL DWG 7 7 - 8  

ALLOY 800 

EXPERIMENTAL HEATS 

POINTS REPRESENT EXPERIMENTAL DATA 

TENSILE TESTS PERFORMED AT ROOM 
TEMPERATURE ON AGED MATERIAL 

AGED 4000 hr AT 649 'C (4200 . F I  
0 AGED 1000 hr AT 593 'C (1400 'FI 

500 600 700 800 900 4000 
ROOM TEMPERATURE ULTIMATE TENSILE STRENGTH ( N  

0 

Fig. 20. Relationship Between Room-Temperature Ultimate Tensile 
Strength of Alloy 800 Aged at 593 or 649°C (1100 or 120O0F) and the 500-hr 
Creep Rupture Strength of Solution Annealed Alloy 800 at 760°C (1400°F). 
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Fig. 21. Comparison Between t h e  500-hr Creep S t r e n g t h s  of 
Experimental Heats of S o l u t i o n  Annealed Alloy 800 and Behavior P red ic t ed  
from t h e  Alloy 800H Data (Fig. 1 6 ) .  

p r e d i c t e d .  The width of t h e  k 2SEE scat ter  band appears  t o o  s m a l l  f o r  

t h e  e n t i r e  d a t a  set .  
a l l o y  800H s p e c i f i c a t i o n s ,  except  t h e  p r e d i c t e d  magnitudes are aga in  

c o n s i s t e n t l y  high.  

It is  about r i g h t  f o r  t h e  material meeting 

A f i n a l  sou rce  of information about t h e  r u p t u r e  behavior  of annealed 

a l l o y  800H is  t h e  e x t e n s i v e  package of d a t a  prepared by Sandvik13 f o r  

Sanicro 31. These d a t a  are e s p e c i a l l y  r e l e v a n t  s i n c e  they range from 

550 t o  7 O O 0 C ,  w i t h  a s i g n i f i c a n t  number a t  550 and 600OC. 

i n c l u d e s  d a t a  f o r  t h e  e f f e c t s  of product  form (bar  o r  t u b e ) ,  composition, 

and s o l u t i o n  t reatment  temperature.  De ta i l ed  d i s c u s s i o n s  of t h e  Sandvik 

work can be found i n  r e f s .  7 and 3 3 3 6 .  A cursory examination of t h e  

d a t a  showed no t r ends  t h a t  would l e a d  t o  changing t h e  model used above 

The package 
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t o  d e s c r i b e  the  r u p t u r e  behavior  of a l l o y  800H. The only obvious t r end  

observed w a s  t h a t  t h e  Sanicro 31  appears c o n s i s t e n t l y  weaker than t h e  

a l l o y  800H. One cause of t h i s  weakness may be t h a t  many of t h e  s o l u t i o n  

t reatment  temperatures  were lower than  115OoC ( a s  low as 980°C). These 

lower temperatures  would tend t o  create a smaller g r a i n  s i z e  and t h u s  

lower ~ t r e n g t h . ~  Also,  t h e  thermodynamic model developed i n  r e f .  6 

i n d i c a t e s  t h a t  t h e  compositions of t h e  San ic ro  31 are g e n e r a l l y  such 

t h a t  t he  tendency t o  form y' would b e  snaller than i s  g e n e r a l l y 6  t h e  

case  f o r  a l l o y  800H. I n  an a t t empt  t o  e v a l u a t e  t h e s e  f a c t o r s ,  t h e  

Sandvik d a t a  were analyzed by t h e  procedures  used above f o r  t h e  

Huntington d a t a .  The a n a l y s i s  w a s  performed i n  t h r e e  ways. F i r s t ,  

t h e  e n t i r e  package of d a t a 7  w a s  analyzed.  

h e a t s  t h a t  were s o l u t i o n  annealed a t  about 1150°C were analyzed. 

d a t a  on t h e  g r a i n  s i z e  of t h e s e  h e a t s  were a v a i l a b l e ,  b u t  t h i s  high 

s o l u t i o n  t r ea tmen t  temperature  should create a reasonably coa r se  g r a i n  

s t r u c t u r e .  F i n a l l y ,  r e f e r e n c e  t o  Table 5 shows t h a t  s e v e r a l  of t h e  

Sanicro 31 h e a t s  d i d  n o t  meet t h e  composition' s p e c i f i c a t i o n s  given i n  

Table 1 f o r  a l l o y  800H. Thus, a f i n a l  a n a l y s i s  was conducted w i t h  

only d a t a  f o r  material t h a t  w a s  s o l u t i o n  annealed a t  about  1150°C and 

t h a t  m e t  t h e  a l l o y  800H composition s p e c i f i c a t i o n s .  

Second, only those  d a t a  f o r  

No 

The equa t ions  chosen t o  r e p r e s e n t  t h e s e  t h r e e  d a t a  sets were as 

fol lows : 

l o g  tr = -1.075 + 15300/7"5 .84  l o g  0 , (13) 

f o r  t h e  complete Sanicro 31 d a t a  s e t ;  

l o g  t = -1.655 + 16300/T - 6.03 l o g  CI , r 

f o r  t h e  complete 1150°C s o l u t i o n  annealed d a t a ;  and 

l o g  t =--1.4560 + 15820/!T - 5.88 l o g  0 , (15) r 

. 

f o r  t h e  115OOC s o l u t i o n  annealed d a t a  meeting t h e  a l l o y  800H composition 

s p e c i f i c a t i o n s .  Note t h a t  Eqs. (13) through (15) are a l l  forms of t h e  
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Table 5. Chemical Composition of Sandvik 
Sanicro T e s t  Material 

Chemical Composition, wt % 
Melt 

C Si M n  P S C r  N i  T i  A 1  N 

5.67078 
5.67107 
7.07711 
7.06863 
7.06745 
7.52399 
7.52438 
7.05801 
7.53088 
7.53353 
7.53723 
7.07766 
7.54214 
5.68012 
5.68981 
4.98195 
4.98198 
7.72471 
7.54802 
4.98180 
6.26772 
6.27461 
7.73697 
6.27271 
6.27272 
6.27273 
7.76025 
7.76211 
7.76411 
7.76412 
6.53433 
4.81837 
7.73207 
7.74129 
7.76025 
6.53434 
6.53435 
6.53436 
6.53438 

0.042 
0.036 
0.040 
0 .041  
0.045 
0.046 
0.043 
0 .045  
0 .041  
0.055 
0 .048  
0.035 
0.042 
0 .041  
0.042 
0.052 
0.056 
0.055 
0.046 
0.075 
0.085 
0 .076  
0.062 
0.111 
0.113 
0.103 
0.068 
0.070 
0.068 
0.068 
0 .054  
0.078 
0.058 
0.043 
0.065 
0 .041  
0.055 
0.058 
0.068 

0.58 
0.32 
0.45 
0 .70  
0 . 3 8  
0 . 5 4  
0 .75  
0.55 
0 . 4 8  
0 . 5 1  
0 . 3 0  
0 .29  
0 .63  
0.52 
0.52 
0 . 6 0  
0.48 
0.56 
0.47 
0.68 
0.65 
0 . 5 3  
0 .58  
0.68 
0.66 
0 . 6 3  
0.60 
0 .61  
0.68 
0.56 
0.72 
0 .71  
0 .53  
0.59 
0.56 
0.62 
0.56 
0.59 
0 .71  

1 .06  
1 . 1 2  
1 .12  
0 .43  
0.40 
0.48 
0 .66  
0.57 
0.45 
0.50 
0.49 
1 . 3 1  
0.46 
0.50 
0.52 
0 .59  
0.57 
0.59 
0.48 
0.54 
0.59 
0 .53  
0 . 5 5  
0 . 6 1  
0.57 
0 .56  
0.57 
0.59 
0.58 
0.58 
0 .66  
0 .63  
0.56 
0.56 
0.56 
0.62 
0 .56  
0.57 
0.65 

0.009 
0.010 
0.008 
0.011 
0.009 
0.013 
0.010 
0.010 
0.007 
0.009 
0.009 
0.008 
0.010 
0.007 
0.008 
0.020 
0.014 
0.007 
0.009 
0 .011  
0.007 
0 .009  
0.007 
0.010 
0.010 
0.009 
0.010 
0.010 
0.009 
0.008 
0.007 
0.013 
0 .011  
0.010 
0.008 
0 .008  
0.008 
0.008 
0.008 

0.005 
0.005 
0.005 
0.007 
0 .009  
0.012 
0.006 
0.006 
0.009 
0.005 
0 .005  
0.005 
0.005 
0.004 
0.006 
0.003 
0.005 
0.008 
0.003 
0.003 
0 .005  
0.006 
0.008 
0 .006  
0.006 
0 .006  
0.005 
0.005 
0.005 
0.004 
0.003 
0.005 
0.005 
0 .007  
0.005 
0.005 
0 .005  
0.005 
0.005 

21.0 34.0 
20.3 33.65 
21.05 33.8 
21.5 33.7 
19 .7  34.4 
20.2 34.8 
19 .7  34.8 
19 .9  35.2 
2 0 . 1  33.9 
21 .5  30.8 
21.10 3 0 . 8  
20.47 33.45 
20 .51  31 .15  
19 .85  30.55 
21.18 31.20 
20.93 30.80 
21.0 30 .76  
20.96 30.92 
20.52 31.10 
21.14 30 .96  
20.8 30.67 
20.5 30.99 
20.4 31.0 
19 .7  29.47 
20.4 30.08 
20.2 30.15 
20.4 30 .5  
20.4 30.7 
20 .3  3 0 . 5  
20.7 30.8 
21.6 33 .2  
20.4 30.3 
20.9 31 .3  
21..7 33 .2  
20.8 30 .5  
21.7 33.8 
21.5 33.4 
21.8 33 .4  
21.6 33.5 

0.31 
0 .47  
0.52 
0.47 
0.39 
0 . 3 1  
0 .33  
0.34 
0.29 
0 . 4 1  
0 . 3 5  
0 .47  
0 .36  
0.40 
0.36 
0.42 
0 .39  
0.35 
0.35 
0 .31  
0.48 
0 .56  
0.39 
0 . 3 8  
0 .32  
0 . 3 3  
0 .43  
0.42 
0.39 
0.39 
0.57 
0 .36  
0.32 
0 .33  
0 .43  
0.18 
0 .23  
0.24 
0.35 

0.31 
0.49 
0 . 5 8  
0.25 
0.18 
0 .11  
0.085 
0 .12  
0 .26  
0 .24  
0.26 
0 .49  
0 .28  
0.26 
0.30 
0.16 
0 .23  
0.24 
0.34 
0.19 
0.26 
0 .15  
0.34 
0.56 
0 .53  
0.49 
0 .41  
0.37 
0 .29  
0 . 3 3  
0 .52  
0 .34  
0 . 4 1  
0.20 
0 .47  
0.14 
0.17 
0.12 
0.27 

0.022 
0 .018  
0.016 

0.030 
0.016 
0.018 
0.035 
0.007 
0.032 
0.026 
0.033 
0.020 
0.049 
0.029 
0 .022  
0 .009  
0.012 
0.021 
0 .025  
0.024 
0.012 
0.018 
0.018 
0 .016  
0.015 
0 .016  
0.018 
0 .019  
0 .014  
0.026 
0.024 
0.014 
0.014 

O r r - S h e r b y - D ~ r n ~ ~  time-temperature parameter. 

f i t s  of Eqs. (11) and (13) through (15) t o  t h e  r e s p e c t i v e  d a t a  sets. 

Table 6 summarizes t h e  

F igu re  22 shows t h e  complete Sanicro 31 d a t a  s e t ,  i nc lud ing  

p r e d i c t e d  behavior  from Eq. (13) and p r e d i c t e d  behavior f o r  a l l o y  800H 

from Eq. (11). Equation (11) c l e a r l y  p r e d i c t s  longer  l ives  than 

Eq. ( 1 3 ) .  
Sanicro 31 material meeting t h e  composition s p e c i f i c a t i o n s  f o r  a l l o y  800H. 

Included i n  t h e  f i g u r e  are p r e d i c t e d  behavior  from Eq. (15) and +2 

s t anda rd  e r r o r  of estimate l i m i t s  as desc r ibed  above. 

Figure 23 shows t h e  d a t a  f o r  t h e  1150°C s o l u t i o n  annealed 

The r e s u l t s  i n  Table 6 i n d i c a t e  t h a t  omission of Sanicro 31 d a t a  

wi th  nonstandard h e a t  t r ea tmen t s  o r  chemical compositions tends t o  

dec rease  t h e  amount of scatter i n  t h e  da t a .  However, t h e  p r e d i c t e d  

s t r e n g t h  (Table 7) of t h e  complete d a t a  set i s  only s l i g h t l y  below 
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T a b l e  6 .  Summary of F i t s  t o  t h e  Various 
Rupture L i f e  Data S e t s  Examined 

Coeff ic ient  
of 

Determination 
Standard 
Error of Number Equation 

(23 i n  Text E s t i m a t e  ( log tr) 
Data S e t  of 

Data 

Alloy 800H 55 (11) 0.271 88.36 

Sanicro 31a 485 (13) 0.327 70.14 

Sanicro 31b 291 (14) 0.305 73.44 

Sanicro 3lC 156 (15) 0.244 76.37 

a 

b11500C so lu t ion  annealed material only. 
Complete Sanicro 31 data  set. 

115OoC so lu t ion  annealed material meeting a l l o y  800H composition C 

spec i f i ca t ions  only. 

t h a t  of t h e  1 1 5 O O C  s o l u t i o n  annealed d a t a  set. The two 115OOC s o l u t i o n  

annealed d a t a  sets (s tandard and nonstandard compositions) have v i r t u a l l y  

i d e n t i c a l  p r e d i c t e d  s t r e n g t h s .  

somewhat lower c reep  r u p t u r e  s t r e n g t h s  than  t h e  a l l o y  800H d a t a .  

I n t e r e s t i n g l y ,  t h e  115OoC s o l u t i o n  annealed d a t a  sets d i s p l a y  s t r e n g t h s  

roughly e q u i v a l e n t  t o  those  of t h e  a l l o y  800H h e a t s  i n  Fig.  21. 

A l l  t h e  Sanicro 31 d a t a  sets d i s p l a y  

The i m p l i c a t i o n  i s  t h a t  t h e  d a t a  used i n  d e r i v i n g  Eq. (11) may 
w e l l  be r e p r e s e n t a t i v e  of s t r o n g e r  than average h e a t s  of a l l o y  800H. 

I f  t h i s  is  t h e  case, t h e  p r e d i c t i o n s  of Eq. (11) could b e  nonconservat ive.  

A t  p r e s e n t ,  Eq. (11) i s  recommended t o  d e s c r i b e  t h e  s t r e s s - r u p t u r e  

behavior  of t h i s  material. A f u r t h e r  i n v e s t i g a t i o n  of t h e  d i f f e r e n c e s  

between t h e  a l l o y  800H d a t a  and t h e  Sanicro 31 d a t a  does appear t o  b e  

i n d i c a t e d ,  however. 

temperatures  of 593OC and below should a l s o  b e  given p r i o r i t y  a t t e n t i o n .  

The c o l l e c t i o n  of more d a t a  on a l l o y  800H a t  
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T a b l e  7 .  Estimated Rupture S t rengths  f o r  t h e  Various 
Rupture L i f e  Data S e t s  Examined 

~ ~~~~~ 

Temperature 

("0 (OF) Average Lower Limita Average Lower Limita 

103-hr Rupture Strength, MF'a (ksi) 105-hr Rupture Strength, MPa (ksi) 

427 
482 
538 
593 
649 
704 
760 

427 
482 
538 
593 
649 
704 
760 

427 
482 
538 
593 
649 
704 
760 

427 
482 
538 
593 
649 
704 
760 

Alloy 800Hb 

800 903 (131) 788 (114) 547 (79.3) 478 (69.2) 
9 00 592 (85.9) 511 (74.2) 345 (50.0) 298 (43.2) 
1000 385 (55.8) 329 (47.7) 215 (31.2) 184 (26.7) 
1100 252 (36.6) 213 (30.9) 136 (19.7) 115 (16.6) 
1200 164 (23.8) 137 (19.9) 85 (12.3) 71 (10.3) 
1300 108 (15.6) 69 (12.9) 53 (7.8) 44 (6.4) 
1400 70 (10.2) 57 (8.5) 33 (4.8) 27 (4.0) 

Sanicro 31 Complete Data SetC 

800 1120 (162) 866 (126) 509 (73.8) 393 (57.0) 
900 597 (86.6) 462 (67.0) 271 (39.3) 210 (30.4) 
1000 344 (49.9) 266 (38.6) 156 (22.6) 121 (17.5) 
1100 214 (31.0) 166 (24.1) 97 (14.1) 75 (10.9) 
1200 140 (20.3) 108 (15.7) 64 (9.2) 49 (7.1) 
1300 97 (14.1) 75 (10.9) 44 (6.4) 34 (4.9) 
1400 69 (10.1) 54 (7.8) 32 (4.6) 24 (3.5) 

Sanicro 31 115OoC Solution Annealedd 

800 1217 (176) 964 (140) 567 (82.2) 450 (65.3) 
900 637 (92.4) 505 (73.2) 297 (43.1) 235 (34.1) 
1000 361 (52.4) 286 (41.5) 168 (24.4) 133 (19.3) 
1100 222 (32.2) 176 (25.5) 103 (14.9) 82 (11.9) 
1200 143 (20.7) 114 (16.5) 67 (9.7) 53 (7.7) 
1300 98 (14.2) 78 (11.3) 46 (6.6) 36 (5.2) 
1400 70 (10.1) 55 (8.0) 32 (4.7) 26 (3.7) 

Sanicro 31 115OOC Solution Annealed Meeting Alloy 800H Specificationse 

800 1223 (177) 1010 (146) 559 (81.1) 462 (67.0) 
9 00 642 (93.1) 530 (76.9) 293 (42.5) 242 (35.1) 
1000 364 (52.8) 301 (43.6) 166 (24.1) 137 (19.9) 
1100 224 (32.5) 185 (26.8) 102 (14.8) 85 (12.3) 
1200 145 (21.0) 120 (17.4) 66 (9.6) 55 (8 .0 )  
1300 99 (14.4) 82 (11.9) 45 (6.6) 38 (5.4) 
1400 70 (10.2) 58 (8.4) 32 (4.7) 27 (3.9) 

~~ ~~ ~ 

a Estimate from log tr - 2SEE lower limits. 

bPredictions from Eq. (11). 

Predictions from Eq. (13). 

dPredictions from Eq. (14). 
e Predictions from Eq. (15). 

C 
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TIME TO TERTIARY CREEP 

Since s t r u c t u r a l  i n s t a b i l i t i e s  must b e  avoided i n  component des ign ,  

t h e  t i m e  t o  t h e  o n s e t  of t e r t i a r y  c reep  can b e  an important  des ign  

c r i t e r i o n .  Methods f o r  t h e  a n a l y s i s  of t h e  t i m e  t o  t e r t i a r y  c reep ,  

t3, are d i scussed  i n  r e f .  38. These methods c o n s i s t  of two b a s i c  

types:  

t 

used he re .  

(1) ana lyze  t h e  d a t a  f o r  t3 by methods analogous t o  those  f o r  

Both approaches have been and (2) expres s  $ 3  as a f u n c t i o n  of tr. r 

A s  shown i n  Fig.  1 2 ,  t h e  v a l u e s  f o r  t3 used h e r e  were obtained 

from experimental  curves  by a 0.2% s t r a i n  o f f s e t  from t h e  l i n e a r  

secondary c reep  l i n e  and w i l l  b e  r e f e r r e d  t o  as t 
correspond t o  t h e  same tests used above i n  t h e  a n a l y s i s  of r u p t u r e  l i f e  

d a t a ,  t h e  t o t a l  number of a v a i l a b l e  d a t a  be ing  55 f o r  temperatures  from 

538 t o  760°C. Data f o r  $2, t h e  t i m e  t o  f i r s t  d e v i a t i o n  from l i n e a r  

secondary ceeep, w i l l  b e  discussed later i n  t h i s  r e p o r t .  

. The d a t a  roughly ss 

Direct a n a l y s i s  of t h e  a v a i l a b l e  d a t a  f o r  t y i e l d e d  an  equa t ion  ss 
of t h e  form 

log t =--18.95 + 32160/T- (5510/T) l o g  CT , ss 

which is  a g a i n  a Larson-Miller parameter.  32 

(R2 = 77.76%) i s  reasonably good, as can b e  seen  from Fig.  24. 

Eq. (16) p r e d i c t s  an anomaly a t  l o w  temperatures  (IT G 593OC) i n  t h a t  

t h e  p r e d i c t e d  v a l u e s  of t 

Eq. (11). 

t h e  p r e d i c t e d  v a l u e s  of tr are too  s m a l l  i n  this temperature  r eg ion  

(which r e p r e s e n t s  an e x t r a p o l a t i o n  beyond t h e  d a t a  base ) .  

d i s c u s s i o n  i n  the  l a s t  s e c t i o n  i n d i c a t e d  t h a t  t h e  p r e d i c t e d  va lues  

of t are too  l a r g e ,  i f  anything. It thus  appears  t h a t  Eq. (16) over- 

estimates t h e  v a l u e s  of t i n  t h e  l o w  temperature  region.  

The f i t  t o  t h e  d a t a  

However, 

can be l a r g e r  t han  those  f o r  tr from ss 
Thus, e i t h e r  t h e  p r e d i c t e d  v a l u e s  of tss are too l a r g e  o r  

The 

r 

ss 
A p o s s i b l e  s o l u t i o n  t o  t h e  above anomaly is  t o  expres s  t as a 

f u n c t i o n  of t . Following t h e  procedure used p rev ious ly3 '  f o r  types 

304 and 316 s t a i n l e s s  steels, 2 1 / 4  C r - 1  Mo s tee l ,  and Incone l  a l l o y  

718,  t h i s  r e l a t i o n s h i p  w a s  found t o  be 

ss 
r 

. 
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Fig.  24.  Comparison of Ava i l ab le  Experimental  Data f o r  T i m e  t o  
T e r t i a r y  Creep (0.2% Of f se t )  f o r  Alloy 800H w i t h  P red ic t ed  Behavior from 
Direct F i t s  t o  t h e  Data and from a Temperature-Independent Re la t ionsh ip  
Between t h e  T i m e  t o  T e r t i a r y  Creep and t h e  Rupture L i f e .  

t = 0 .396 tp0*982  , ss 

as i l l u s t r a t e d  i n  Fig.  25. 

The va lue  of R2 f o r  Eq. ( 1 7 ) ,  based on 50 d a t a ,  w a s  91.9%. The 

p r e d i c t i o n s  from Eq. (17)  [us ing  Eq. (11) t o  estimate 15 ] are  a l s o  

shown i n  Fig.  24.  
r 

A c l o s e  examination of t h e  d a t a ,  such as descr ibed  i n  r e f .  39, 

showed t h a t  t h e  r a t i o  of t /t  c l e a r l y  increased  as t h e  test temperature  

decreased.  Following, prev ious  r e s u l t s  i n  similar s i t u a t i o n s  39 9 a 

temperature  dependence w a s  in t roduced ,  l ead ing  t o  

ss  r 

= 0.000628e6'08/!Z'tpo'996 , tss 

as shown i n  Fig.  26. 

Equation (18) y i e lded  an R2 va lue  of 95.3%. However, r e w r i t i n g  

Eq. (18) as tss = F ( T ) t r 0  
as t h e  temperature  decreases  below 828 K. 

t h e  va lue  of F reaches  and exceeds u n i t y  

Above about 866 K (593'C), 
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LOG RUPTURE L I F E  (HR1 

Fig.  25. Temperature-Independent Re la t ionsh ip  Between Rupture 
L i f e  and T i m e  t o  T e r t i a r y  Creep (0.2% Of f se t )  f o r  Alloy 800H. 

ORNL-DWG 77-10172 

LOG EXPERIMENTRL TIME TO TERTIRRY CREEP IHRl 

Fig.  26. Re la t ionsh ip  Between Experimental  Values of T i m e  t o  
T e r t i a r y  Creep (0.2% Of f se t )  f o r  Alloy 800H and Values P red ic t ed  from 
a Temperature-Dependent Re la t ionsh ip  Between T i m e  t o  T e r t i a r y  Creep 
and Rupture L i f e .  
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Eq. (18) appears  t o  p rov ide  t h e  b e s t  a v a i l a b l e  d e s c r i p t i o n  f o r  t h e  d a t a .  

I n t e r e s t i n g l y ,  t h e  v a l u e  of F a t  593OC is 0.726, which corresponds 

c l o s e l y  t o  t h a t  found p rev ious ly  f o r  type 304 s t a i n l e s s  steel .  

reconmended procedure i s  t o  u s e  Eq. (18) a t  593OC and above. A t  

lower temperatures ,  t h e  p r e d i c t e d  behavior  should b e  given by 

The 

t = 0 . 7 2 6 t p 0 * 9 9 6  . 
ss 

These p r e d i c t i o n s  are compared wi th  t h e  experimental  d a t a  i n  Fig.  27. 

Note t h a t  t h e  p r e d i c t i o n s  of Eqs. (16) and (18) are v i r t u a l l y  i d e n t i c a l  

a t  temperatures of 593°C o r  above, whereas Eq. (19) r e s o l v e s  t h e  low 

temperature  anomalies i n  those  equat ions.  

To p r e d i c t  "minimum" v a l u e s  of t f i r s t  c a l c u l a t e  a mean v a l u e  ss ' 
f o r  l og  t by t h e  above procedure.  Then, s u b t r a c t  two s t anda rd  e r r o r s  

from Eq. (11) t o  account f o r  u n c e r t a i n t i e s  i n  -b a t  a given 0 and T. 

F i n a l l y ,  s u b t r a c t  two s t anda rd  e r r o r s  from Eq. (18) (SEE = 0.17) t o  

account f o r  u n c e r t a i n t i e s  i n  t a t  a given t . The r e s u l t i n g  v a l u e  

is t h e  l o g  t v a l u e  corresponding t o  t h e  lower l i m i t  estimate a t  t h e  

stress and temperature  of i n t e r e s t .  A s imilar  procedure has  been used 

s u c c e s s f u l l y  f o r  2 1 / 4  C r - 1  Mo steel,17 al though t h e r e  t o l e r a n c e  limits 

were used a t  each s t e p  r a t h e r  t han  2SEE l i m i t s .  

ss 

r 

ss r 

ss 

Pred ic t ed  minimum 

curves are included i n  Fig.  27, 

average and minimum stresses t o  

and lo5 h r .  

No o t h e r  d a t a  f o r  t were 
ss 

whi le  Table 8 shows t h e  e s t ima ted  

cause onse t  of t e r t i a r y  creep i n  i o 3  

a v a i l a b l e  than  t h o s e  d i scussed  above. 

Conceivably, t h e  Sanicro 31  r u p t u r e  d a t a  d i scussed  i n  t h e  las t  s e c t i o n  

could b e  used i n  conjunct ion w i t h  Eqs .  (18) and (19) t o  estimate 
t e r t i a r y  creep behavior.  However, having no c o n c r e t e  t e r t i a r y  creep 

d a t a  f o r  t h e  Sanicro 31, such e s t i m a t i o n  would b e  l a r g e l y  con jec tu re .  
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Table 8. E s t i m t e d  T e r t i a r y  Creep S t r eng th  
f o r  Alloy 800H (0.2% O f f s e t )  

~ 

Temperature 

("C) (OF) Average Lower L i m i t  Average Lower L i m i t  

103-hr Tertiary Creep Strength, MPa (ksi)  105-hr Tertiary Creep Strength, MPa (ksi)  

427 800 870 ( 1 2 6 )  697 (101) 
482 900 568 ( 8 2 . 4 )  448 ( 6 4 . 9 )  
538 1000 368 ( 5 3 . 4 )  285 ( 4 1 . 4 )  
593 1100 241 ( 3 4 . 9 )  183  ( 2 6 . 6 )  
649 1200 147 ( 2 1 . 3 )  110 ( 1 5 . 9 )  
704 1300 90 ( 1 3 . 1 )  66 ( 9 . 6 )  
760 1400 55 ( 8 . 0 )  40 ( 5 . 8 )  

526 ( 7 6 . 2 )  421 ( 6 1 . 1 )  
330 ( 4 7 . 9 )  260 ( 3 7 . 7 )  
206 ( 2 9 . 8 )  1 5 9  ( 2 3 . 1 )  
129  ( 1 8 . 7 )  98 ( 1 4 . 2 )  

76 (11.0) 57 ( 8 . 2 )  
45 ( 6 . 5 )  33 ( 4 . 8 )  
26 ( 3 . 8 )  1 9  ( 2 . 7 )  

STRAIN TO RUPTURE 

Since long-term d u c t i l i t y  i s  of p a r t i c u l a r  concern i n  materials such 

as a l l o y  800H, t h e  a v a i l a b l e  d a t a  f o r  t h e  t o t a l  s t r a i n  t o  c reep  r u p t u r e  

were examined. These d a t a  included roughly t h e  same as those  used above 

i n  t h e  a n a l y s i s  of r u p t u r e  l i f e ,  i nc lud ing  t h e  Sandvik Sanicro 31 d a t a .  

The method used t o  ana lyze  t h e s e  d a t a  w a s  similar t o  t h a t  proposed 

f i r s t  by Smith41, expanded by Goldhoff ,42 and app l i ed  i n  d e t a i l  by 

Booker e t  a1.43 t h e  average 

s t r a i n  ra te  t o  r u p t u r e  e 
Denoting t h e  s t r a i n  t o  r u p t u r e  as e t' 

i s  de f ined  by t 

et  = e t / t r  . 

Although t h e  scatter i n  e 
d i r e c t  a n a l y s i s  such as used above f o r  t and 5 3 ,  t h e  q u a n t i t y  o f t e n  

does permit  such an a n a l y s i s .  Having estimates f o r  e and t one then  

simply m u l t i p l i e s  t h e s e  v a l u e s  t o  y i e l d  an estimate f o r  e Analysis  of 

t h e  Huntington a l l o y  800H d a t a  y i e l d e d  a f i n a l  s e l e c t e d  equa t ion  s i m i l a r  

t o  t h a t  used above f o r  r u p t u r e  l i f e :  

is  g e n e r a l l y  too  g r e a t  t o  permit  a meaningful t 
r t . 

t r '  
t' 

l o g  2 = 25.18 - 41200/T  + - 7410 T l o g  0 . t 

Figure 28 compares t h e  p r e d i c t i o n s  of Eq.  ( 2 1 )  w i t h  t h e  experimental  

d a t a .  
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Fig.  28.  Comparison Between Experimental  Average S t r a i n  R a t e  t o  
Rupture Data f o r  Alloy 800H and P r e d i c t e d  Behavior. 

The t h r e e  Sanicro 31 d a t a  sets desc r ibed  above were f i t  by equa t ions  

of t h e  form: 

f o r  t h e  complete 

f o r  t he  complete 

l o g  e = 5 . 0 6 1 - 1 8 9 0 0 / T  + 6.52 l o g  0 , t 

Sanicro 31 d a t a  s e t ;  

l o g  e = 6.218 - 20330/T + 6 . 6 3  log 0 , t 

115OOC s o l u t i o n  annealed d a t a  set; and 

. 
l o g  et = 5.494 - 1 9 9 0 0 / T +  6.74 l o g  c;r , 

f o r  t h e  1 1 5 O O C  s o l u t i o n  annealed material meeting t h e  a l l o y  800H 

composition s p e c i f i c a t i o n s .  Table 9 summarizes t h e  f i t s  of Eqs .  ( 2 1 )  

through ( 2 4 )  t o  t h e  r e s p e c t i v e  d a t a  sets. 
Equations ( 2 1 )  through ( 2 4 )  can b e  combined w i t h  t h e  corresponding 

Eqs.  (11) and (13) through ( 1 5 )  f o r  r u p t u r e  l i f e  t o  expres s  t h e  models 

d i r e c t l y  i n  terms of l o g  e as:  t 
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Table 9. Summary of Fits to the Various Average Creep 
Strain to Rupture Data Sets Examined 

Number Equation Standard Error Coefficient of 
Data Set of Number of Estimate Determination 

Data in Text (log Q (a 
Alloy 800H 55 25 0.454 

Sanicro 31a 484 26 0.539 

Sanicro 31 290 27 0.509 

Sanicro 31' 155 28 0.386 

77.72 

51.96 

55.67 

63.52 

a 

b11500C solution annealed material only. 

Complete Sanicro 31 data set. 

C 115OOC solution annealed material meeting alloy 800H chemistry 
specifications only. 

log e = 6.728 - 7218/T + 982 log CT , (25) t T 

for the Huntington alloy 800H data; 

log e = 3.986 - 3635/T + 0.684 log (5 , t 

for the complete Sanicro 31 data set; 

log e = 4.563 - 4039/T + 0.593 log CT , t 

for the 1150°C solution annealed material; and 

log et = 4.038 - 4065/T + 0.857 log CT , 

for the 1150°C solution annealed material meeting the alloy 800H 

composition specifications. 

Figures 29 and 30 compare the predictions of these equations with 

the experimental data. 

minimum" values of e t 

Table 10 compares the predicted average and 

corresponding to rupture lives of lo3 and lo5 hr 11 

for the various data sets. Since the rupture lives are assumed, there 
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Fig. 29. Comparison Between Experimental and Predicted Values of 
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Fig. 30. Comparison Between Experimental and Predicted Values of 
Total Elongation to Creep Rupture for Sanicro 31 115OOC Solution Annealed 
Material Meeting Alloy 800H Composition Specifications. 
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Table 10. Estimated Values of T o t a l  Elongat ion t o  Creep Rupture 
f o r  t h e  Various Data S e t s  Examined 

Temperature 103-hr Rupture Elongat ion,  % 105-hr Rupture Elongat ion,  % 

("C) (OF) Average Lower L i m i t  Average Lower L i m i t  a 
~~ ~~ 

Alloy 800Hb 

427 8 0 0  3.6 0 . 4  1 . 8  0 . 2  
482  900  5 .9  0 .7  2 .9  0 .4  
538 1000 9 .1  1.1 4 . 5  0 . 6  
593  1100 13.1 1 . 6  6 . 5  0 . 8  
649  1200  1 8 . 1  2 .2  9 .0  1.1 
7 0 4  1300 24 .2  3 .4  1 1 . 8  1 .4  
7 6 0  1 4 0 0  31 .2  3 .8  1 5 . 3  1 .9  

Sanicro 31 Complete Data S e t C  

427 800 7 . 5  0 .6  4 .4  0 . 4  
482  900  11.7 1.0  6 . 8  0 .6  
538  1000 1 7 . 3  1 .4  10.1  0 . 8  
593  1100 2 4 . 1  2 .0  1 4 . 0  1 . 2  
649  1200  32 .4  2.7 19 .0  1 .6  
7 0 4  1300  42 .0  3 . 5  2 4 . 5  2 .0  
7 6 0  1400  5 3 . 0  4 .4  31.3 2.6 

d San ic ro  31 1150°C S o l u t i o n  Annealed 

427 800  4 . 2  0 . 4  2.6 0 . 2  
482  900  7 . 5  0.7 4 .8  0 . 5  
538 1000 12 .5  1 .2  8 .0  0 . 8  
593  1100 1 9 . 4  1 . 9  12.3 1 . 2  
649  1200  28 .8  2 .8  1 8 . 3  1 . 8  
7 0 4  1300 40 .6  3 .9  25.9 2.5 
7 6 0  1400  55.7 5 .4  35 .0  3 .4  

Sanicro 31 1 1 5 O O C  So lu t ion  Annealed Meeting Alloy 800H Specif i c a t i o n s e  

427 800  7 . 5  1.3 3 .8  0 . 6  
482  900  11 .5  1.9 5 .9  1.0 
538 1000 16 .6  2 . 8  8 . 5  1 . 4  
5 9 3  1100 22.8  3 . 8  1 1 . 6  2 . 0  
649  1200  30.3 5 . 1  1 5 . 4  2 .6  
7 0 4  1300 38.7 6 .5  19.7 3 . 3  
7 6 0  1400  48 .4  8 . 2  24 .7  4 . 2  

~ 

a 

b P r e d i c t i o n s  from Eq. ( 2 5 ) .  

. 
Estimated from log  e - 2SEE i n  l o g  e t .  t 

C P r e d i c t i o n s  from Eq. ( 2 6 ) .  

d P r e d i c t i o n s  from Eq. ( 2 7 ) .  
e P r e d i c t i o n s  from Eq. ( 2 8 ) .  
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is  no e r r o r  i n  t f o r  t h e s e  p r e d i c t i o n s .  Thus, t h e  minimum v a l u e s  of 

e w e r e  ob ta ined  simply by s u b t r a c t i n g  2SEE f o r  t h e  v a r i o u s  l o g  e f i t s  

(Table 9) from t h e  p r e d i c t e d  va lues  of l o g  e 

P . 
t t 

t' 
B r i e f l y ,  t h e  r e s u l t s  of t h e  c u r r e n t  a n a l y s i s  of t h e  d a t a  f o r  t o t a l  

e longa t ion  f o r  creep r u p t u r e  can b e  summarized as fol lows:  

1. The t h r e e  Sanicro 31 d a t a  s e t s  a l l  y i e l d  s i m i l a r  r e s u l t s ,  and 

a l l  p r e d i c t  g r e a t e r  d u c t i l i t y  t han  t h e  a l l o y  800H d a t a  a t  593'C and 

above. 

2 .  The scat ter  i s  l a r g e ,  b u t  Eqs .  (25) through (28) appear t o  

adequately d e s c r i b e  t h e  t r e n d s  appa ren t  i n  t h e  d a t a .  These t r e n d s  

inc lude  a tendency f o r  d u c t i l i t y  t o  i n c r e a s e  as temperature  i n c r e a s e s  

and t o  dec rease  as t h e  r u p t u r e  l i f e  i n c r e a s e s  ( s t r e s s  and creep rate 

dec rease ) .  

3. The low p r e d i c t e d  va lues  of e below about 593'C cannot b e  t 
t o t a l l y  s u b s t a n t i a t e d  by c o n c r e t e  d a t a ,  b u t  they appear c o n s i s t e n t  w i t h  

t h e  d a t a  t h a t  are a v a i l a b l e .  These low v a l u e s ,  t o g e t h e r  w i t h  t h e  

dec rease  i n  e as t i n c r e a s e s ,  aga in  i n d i c a t e  a need f o r  more long 

t i m e  and low temperature  test d a t a  f o r  t h i s  material. Such d a t a  would 

permit a b e t t e r  q u a n t i t a t i v e  estimate of any p o s s i b l e  des ign  problems 

due t o  a l a c k  of c reep  d u c t i l i t y .  

t r 

CREEP STRAIN TO TERTIARY CREEP 

The amount of c r eep  s t r a i n  t h a t  a material can wi ths t and  can a l s o  
4 0  be an  important  d u c t i l i t y  c r i t e r i o n  i n  e levated-temperature  design.  

Therefore ,  t h e  a v a i l a b l e  d a t a  f o r  e 3 ,  t h e  c reep  s t r a i n  t o  t e r t i a r y  

creep (corresponding t o  t h e  above d a t a  f o r  t 3 ,  t h e  t i m e  t o  t e r t i a r y  

c r e e p ) ,  have been analyzed as desc r ibed  below. 

The method of a n a l y s i s  is  similar t o  t h a t  used p rev ious ly .  40-4 . 
F i r s t ,  t h e  average c reep  ra te  t o  t e r t i a r y  c reep ,  e 3 ,  i s  de f ined  by 

e3 = e 3 / t s  
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Then, s e p a r a t e  a n a l y s i s  of 2 3  and t3, followed by a m u l t i p l i c a t i o n  of 

t h e  r e s u l t s ,  y i e l d s  an estimate f o r  e3 as a f u n c t i o n  of stress and 

temperature.  

t o  as e .) 

(The 0.2% o f f s e t  s t r a i n  t o  t e r t i a r y  c reep  w i l l  b e  r e f e r r e d  

ss 
The d a t a  f o r  have been analyzed i n  two ways. F i r s t ,  t h e  55 ss 

a v a i l a b l e  d a t a  were d i r e c t l y  f i t  by t h e  same procedures  used above f o r  . 
and e Then, a v a i l a b l e  d a t a  f o r  t h e  minimum c reep  r a t e ,  e 

ss m 
tSS, t' . . m y  

were analyzed. Values of e were then est imated as f u n c t i o n s  of e 
analogous t o  t h e  r e l a t i o n s h i p  between r u p t u r e  l i f e  and t i m e  t o  t e r t i a r y  

creep used above. 

The d i r e c t  a n a l y s i s  of t h e  d a t a  f o r  e y ie lded  an equa t ion  of t h e  ss 
form 

l o g  = 2 4 . 8 1  - 40520/?' + ( 6 9 5 5 / 1 )  l o g  cs , ( 3 0 )  ss 

which had a n  R2 v a l u e  of 76.34%.  

compared w i t h  t h e  experimental  d a t a  i n  Fig. 31.  
The p r e d i c t i o n s  of t h i s  equat ion are 

Minimum c reep  rate d a t a  were analyzed on 7 3  a v a i l a b l e  d a t a .  . 
(Many v a l u e s  of e 
i n t o  secondary creep b u t  had n o t  reached t e r t i a r y  creep - t h u s  t h e  

l a r g e r  number of d a t a . )  

were est imated f o r  tests t h a t  appeared t o  b e  w e l l  rn 

The f i n a l  equa t ion  chosen w a s  

. 
l o g  e = 28.84 - 4 6 0 8 0 / T  + (7610/ !P)  log cs , ( 3 1 )  m 

wi th  an  R2 v a l u e  of 75.73%.  

w i t h  t h e  experimental  d a t a  i n  Fig. 32.  

The p r e d i c t i o n s  of Eq.  ( 3 1 )  are compared 

. . 
The r e l a t i o n s h i p  between e and e w a s  reasonably independent rn ss 

of temperature ,  t h e  d a t a  be ing  w e l l  de sc r ibed  (R2 = 9 4 . 5 % )  by 

l ss = 0.802m0*839 , 

as shown i n  Fig.  33.  P r e d i c t i o n s  from Eq.  (32)  are a l s o  shown i n  

Fig.  32.  The p r e d i c t e d  v a l u e s  from Eqs. ( 3 0 )  and ( 3 2 )  are q u i t e  

similar, a l though Eq. (30) appears  t o  f i t  t h e  d a t a  s l i g h t l y  b e t t e r .  
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ORNL DWG 7 7 - 8 4 6 4  

P O I N T S  R E P R E S E N T  

I 

6955.17 /~  l o g u  E X P E R I M E N T A L  D A T A  

0 704°C (1300 OF)  
A 7 6 0 T  (1400 O F )  

H E A T  H H 8 8 0 8 A  
A L L O Y  8 0 0 H  

D A S H E D  L I N E S  P R E D I C T E D  F R O M  

i 3  = 0.80 ;: 839 
W H E R E  e', = M I N I M U M  C R E E P  R A T E  (%/hr) 

.- 
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10-6 10-4 1 0 - ~  10-2 IO- '  

&,, ,0 .2% O F F S E T  AVERAGE C R E E P  K A T E  TO T E R T I A R Y  C R E E P  (%/hr) 

Fig. 31. Comparison Between Experimental  and P r e d i c t e d  Values of 
Average Creep Rate t o  T e r t i a r y  Creep (0.2% O f f s e t )  f o r  Alloy 800H. 

ORNL-DWG 7 7 - 7 2 0 8  
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2= 
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a" 

2 200 
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c 

W LT c 

IO' 
50  
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100 
10-6 1 0 . ~  10-2 10.' 

e,,,, M I N I M U M  C R E E P  RATE (%/hr) 

Fig .  32 .  Comparison Between Experimental  Data and P r e d i c t e d  
Values of Minimum Creep Rate f o r  Alloy 800H. Lines p r e d i c t e d  from 
l o g  &, = 28.84 - 46080/T + ( 7 6 1 0 / T )  l o g  0 ,  where 0 = stress (MPa), 
and T = temperature  ( K ) .  
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Fig.  33. Rela t ionsh ip  Between Minimum Creep Rate  and Average 
Creep Rate t o  T e r t i a r y  Creep (0.2% O f f s e t )  f o r  Alloy 800H. 

This advantage may be  due t o  a s l i g h t  tempertaure dependence i n  t h e  

r e l a t i o n s h i p  between em and e 
p r e d i c t  e . 

. . Thus, w e  decided t o  use  Eq.  (30) t o  ss 

ss 
To develop an  a n a l y t i c a l  express ion  f o r  e 

Eqs.  (ll), (18), and (19) can be  rear ranged  t o  y i e l d  

no te  t h a t  t h e  above 
SS 

l og  tss = -18.53 + 33910/T - (6410/T) l o g  , (33) 

f o r  T < 593"C, and 

l o g  t = -21.59 + 36560/T - (6410/T) l o g  CI , ss 

f o r  T > 593OC. Thus, e3 is given by 

l o g  e = 6.284 - 6615/T + (547/T) l o g  0 , 
ss 

(34) 

(35) 

f o r  T < 593"C, and 
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l o g  e = 3 . 2 2 1 -  3962/T  + ( 5 4 7 / T )  l o g  0 , ss 

v) 
lL l L -  

0 

z 
2 GO.2 
u 

o.+ 

f o r  T 2 593°C. 
Figure  34 compares t h e  p r e d i c t i o n s  from E q s .  ( 3 5 )  and ( 3 6 )  w i t h  

ss ss t h e  exper imenta l  d a t a  f o r  e . Unfor tuna te ly ,  t h e  p r e d i c t i o n  of e 
by t h e s e  equa t ions  probably in t roduces  c e r t a i n  b i a s e s  i n t o  t h e  p r e d i c t i o n s .  

These b i a s e s  occur  because Eq. ( 1 8 )  and ( 1 9 )  a l t e r  t h e  p r e d i c t i o n s  f o r  

0 760 'C ( 1 4 0 0  "F) 

- /' 
L I N E S  REPRESENT PREDICTED BEHAVIOR 

DASHED L I N E S :  109 ess = 4 . 8 6 5  -8363.9/T + 4443.% 109 u 

SOLID L I N E S  log  ess=  6 . 2 8 4  - 6615.% + 546 6 / ~  l o g  u ( T  < 866 K l  

OR log es5 = 3 . 2 2 1  - 3962 ' / T  + 5 4 6 . 6 / ~  l o g d  I T _ >  866 K l  

A L L O Y  BOOH 

- 
- 
- r = TEMPERATURE 
- d = S T R E S S  ( M P a l  

ORNL DWG 7 7 - 8 '  
10.0 

- 

P O I N T S  R E P R E S E N T  e,' EXPERIMENTAL o 5 3 8 ° C  (+OOO"F) DATA 

5 9 3 O C  (1100 OF1 
o 649 'C (1200 "F) 
A 7 0 4  " C  ( 1 3 0 0  "F) / 

0.05 
0 50 100 1 5 0  200 2 50 300 

S T R E S S  ( M P a )  

Fig .  34 .  Pred ic t ed  and Experimental  Values  of S t r a i n  t o  t h e  Onset 
of T e r t i a r y  Creep (0.2% O f f s e t )  f o r  Alloy 800H. 
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t t o  r e f l e c t  v a r i a t i o n s  i n  t . Equation ( 3 0 )  i nc ludes  no such 

a l t e r a t i o n s  i n  t h e  p r e d i c t i o n s  f o r  e Rather ,  t h e  t e r t i a r y  c reep  

d a t a  themselves determine t h e  t r ends  i n  t h e  p r e d i c t i o n s  f o r  e . 
Attempts a t  p r e d i c t i n g  e from t o r  from t proved u n s a t i s f a c t o r y .  

Tb.us, t h e  most unbiased p r e d i c t i o n  f o r  e 
combining Eqs. ( 1 6 )  and ( 3 0 ) ,  even though Eqs. (1s) and ( 1 9 )  y i e l d  

t h e  b e s t  p r e d i c t i o n s  f o r  t i t s e l f .  Thus, w e  have 

ss r .  
ss ’  

ss 

ss r ss 
can probably be obtained by ss 

ss 

l og  e = 4.865 - 8360/!2’+ (1440/2’) l og  0 , ( 3 7 )  ss 

t h e  p r e d i c t i o n s  f romwhich  are a l s o  shown i n  Fig.  34 .  

Equations ( 3 5 )  through ( 3 7 )  a l l  l ead  t o  a n a l y t i c a l  anomalies a t  

low stresses and temperatures .  This r eg ion  r e p r e s e n t s  a l a r g e  extrap-  

o l a t i o n  beyond t h e  d a t a  b a s e ,  and t h e  p r e d i c t e d  va lues  of e can b e  

q u i t e  s m a l l .  However, i f  e i s  less than 0 . 2 % ,  t h e  p r e d i c t e d  va lue  of 

e2 (creep s t r a i n  t o  f i r s t  d e v i a t i o n  from l i n e a r  secondary c reep )  becomes 

nega t ive .  

of t h e  d a t a  f o r  e o r  t h e  s t r a i n  t o  t e r t i a r y  c reep  can b e  analyzed 

wi th  d a t a  f o r  e 2 .  Using techniques analogous t o  those  used above, 

t h e s e  ana lyses  y i e lded  equa t ions  of t h e  form: 

ss 

ss 

This  anomaly can be solved by a s l i g h t l y  d i f f e r e n t  t r ea tmen t  

ss’ 

l o g  t 2  = -17.080 + 28940/T - ( 4 8 9 0 / T )  l og  0 , 

$ 2  = 0 . 4 1 4 t r 0 * 9 3 5  , 
and 

t 2  = 0 . 0 0 1 3 5 e 5 4 8 0 / ’ ~ t  0 * 9 4 0  , 
r 

corresponding t o  Eqs. (16)  through ( 1 8 )  above (F igs .  35-38), and 

l o g  e2 = 24.31 - 40240/Y + ( 7 0 4 0 / Y )  l o g  0 

and . 0 . 8 3 6  e2  = 0.762em 9 

corresponding t o  Eqs. ( 3 0 )  and ( 3 2 )  above (F igs .  39 and 4 0 ) .  
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SOLID LINES PREDICTED FROM POINTS REPRESENT 
l o g  t2 = -17,0756+28938.6/~ -4888.76/T loge EXPERIMENTAL DATA 
WHERE cr = STRESS (MPa) 0 538 OC (1000 OF) 

X 593 OC (1100 O F )  
0 . 0  649 OC ( 1 2 0 0  OF) 

DASHED LINES PREDICTED FROM 0 704 OC ( 1 3 0 0  OF) 
t 2  = 0.414 ip,935 A 7 6 0  OC ( 1 4 0 0  O F )  

HEAT H H 8 8 0 8 A  
ALLOY 800H 

WHERE t r =  RUPTURE L I F E  ( h r )  

T = TEMPERATURE ( K )  

t 
IO '  I I I1111111 I I l l l l l l l  I Ill11111 I I l l l l l l l  I 1 1 1 1 1 1  100 

1 oo IO' 1 o2 1 o3 lo4 1 o5 
t 2 ,T lME TO THE ONSET OF TERTIARY CREEP ( h r )  

Fig. 35. Comparison of  Avai lab le  Experimental  Data f o r  T i m e  t o  
T e r t i a r y  Creep (No Of f se t )  f o r  Alloy 800H wi th  P red ic t ed  Behavior from 
Direct F i t s  t o  t h e  Data, and from a Temperature-Independent Re la t ionsh ip  
Between t h e  T ime  t o  T e r t i a r y  Creep and t h e  Rupture L i f e .  

ORNL-DWG 77-10264 

LOG RUPTURE L I F E  (HR) 

Fig. 3 6 .  Temperature-Independent Re la t ionsh ip  Between Rupture 
L i f e  and T i m e  t o  T e r t i a r y  Creep (No O f f s e t )  f o r  Alloy 800H. 
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ORNL-DWG 77-10265 

- 

LOG EXPERIMENTAL TIME TO TERTIARY CREEP IHR) 

Fig. 37. Relationship Between Experimental Values of Time to 
Tertiary Creep (No Offset) for Alloy 800H and Values Predicted from a 
Temperature-Dependent Relationship Between Time to Tertiary Creep and 
Rupture Life. 

1000 1 
rn 
E 
m 

*0° 100 1 
10' 

50 I- 

Fig. 38. Comparison Between Experimental Time to Tertiary Creep 
(No Offset) Data for Alloy 800H and Predicted Behavior from the 
Recommended Temperature-Dependent Relationship Between Rupture Life 
and Time to Tertiary Creep. 
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ORNL DWG 77-8442 
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Fig. 39. Comparison Between Experimental and Predicted Values 
of Average Creep Rate to Tertiary Creep (No Offset) for Alloy 800H. 

ORNL-DWG 77-10266 

1 . . . . ,  . . . .  1 . . . . , . . . .  1 . . . . . . . .  1 . . . . L . . . . l  . . . . l . . . L  

-5 4 -3 -2 - I  

LOG M I N I M U M  CREEP RATE (%/HRl  

Fig. 40.  Relationship Between Minimum Creep Rate and Average Creep 
Rate to Tertiary Creep (No Offset) for Alloy 800H. 

. 
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Like Eq. (18) ,  Eq. ( 4 0 )  i s  v a l i d  only  a t  593°C (866 K)  and above. 

A t  lower tempera tures ,  866 should b e  s u b s t i t u t e d  f o r  T i n  t h a t  equa t ion ,  

y i e l d i n g  

t 2  = 0 . 7 5 9 t r 0 * 9 4 0  . (43) 

Equations ( 4 0 )  and ( 4 3 )  y i e l d  t h e  recommended p r e d i c t i o n s  f o r  t 2 ,  

whi le  Eq. (41)  y i e l d s  t h e  recommended p r e d i c t i o n s  f o r  e 2 .  However, as 

w i t h  e above, e2 should b e  p r e d i c t e d  from Eqs. (38) and (41)  by ss 

l o g  e2 = 7.238 - -11300/ l '+  (2150/T) l o g  0 , ( 4 4 )  

as shown i n  Fig.  41 .  Table 11 shows p r e d i c t e d  average and minimum 

v a l u e s  f o r  t h e  lo3-  and 105-hr t e r t i a r y  c reep  s t r e n g t h  based on t2. 

ORNL- DWG 77-7213 

1 0' 

I- : loo 
0 

W 
I I- 
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N 
0 

STRESS ( I t s 0  
0 10 2 0  30 40 50 

0 

POINTS REPRESENT 
EXPERIMENTAL DATA 
0 538°C (1000°F) 

593OC (1100OF) 
0 649°C (1200'F) 
Q 704'C (1300'F) 
0 760°C (1400°F) 1 1 / loa/ / LINES PREDICTED FROM 

log e2 = 7.2384 - 1129.8/T + log u 

I I I /  / I  A I I I I 10' 
0 50 100 150 200 250 300 350 400 

STRESS (MPa) 

Fig .  41. Comparison Between Experimental  Data and P red ic t ed  
Values of Creep S t r a i n  t o  T e r t i a r y  Creep f o r  Alloy 800H. 
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Table 11. Estimated T e r t i a r y  Creep S t r e n g t h  
f o r  Alloy 800H (No O f f s e t )  

Temperature 

("C) (OF) Average Lower L i m i t  Average Lower Limit 

103-hr Te r t i a ry  Creep Strength,  MTa ( k s i )  105-hr Te r t i a ry  Creep St rength ,  MPa ( k s i )  

427 800 834 ( 1 2 1 )  683 ( 9 9 . 1 )  
482 900 543 ( 7 8 . 8 )  438 ( 6 3 . 6 )  
538 1000 351 ( 5 0 . 9 )  279 ( 4 0 . 4 )  
593 1100 229 ( 3 3 . 2 )  179 ( 2 5 . 9 )  
649 1200 139 ( 2 0 . 2 )  107 ( 1 5 . 6 )  
704 1300 8 6  ( 1 2 . 4 )  65 ( 9 . 4 )  
760 1400 52 ( 7 . 6 )  39 ( 5 . 6 )  

489 ( 7 1 . 0 )  4 0 1  ( 5 8 . 2 )  
306 ( 4 4 . 3 )  246 ( 3 5 . 8 )  
189 ( 2 7 . 4 )  150 ( 2 1 . 8 )  
1 1 8  ( 1 7 . 1 )  92 ( 1 3 . 4 )  

4 1  ( 5 . 9 )  31 ( 4 . 5 )  
24 ( 3 . 4 )  1 8  ( 2 . 6 )  

69 ( 1 0 . 0 )  53 ( 7 . 7 )  

A f i n a l  p o s s i b l e  method t o  estimate t h e  s t r a i n  t o  t e r t i a r y  c reep  is  . 
t o  use e 
w a s  o r i g i n a l l y  proposed44 y 4  as an  estimate of t h e  s t r a i n  t o  t e r t i a r y  

creep.  Its u s e  as such i s  discussed f u r t h e r  i n  r e f s .  39, 40, and 43. 

Equations (11) and (31) can be combined t o  y i e l d  p r e d i c t i o n s  f o r  t h e  

p l a s t i c i t y  r e source  by 

= e,tp,  t h e  " p l a s t i c i t y  r e s o u r c e . 1 1 3 9 , 4 0  Y ~ ~ - ~ ~  This q u a n t i t y  
S 

l o g  e = 10.39 --12060/2'+ (1180/2') l o g  CT . 
S 

Table 1 2  compares p r e d i c t e d  v a l u e s  of  e2 and e . 
S 

Table 1 2 .  P red ic t ed  Values of t h e  S t r a i n  t o  T e r t i a r y  Creep ( e 2 )  
and t h e  P l a s t i c i t y  Resource ( e  ) f o r  Alloy 800H 

S 

Value, %, Based on t 2  = 

lo3 h r  lo5 h r  
Temperature 

("C) (OF) 

eS e2 e ,  e2 

427 800 0.012 1.22 0,0049 0.24 
482 900 0.049 1.19 0.020 0.23 
538 1000 0.16 1.16 0.067 0.22 
593 1100 0.47 1.15 0.19 0.22 
649 1200 1 . 1 2  0.98 0.46 0.19 
704 1300 2.40 0.87 0.98 0.17 
760 1400 4.70 0.76 1.95 0.15 

(45) 
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It is clear t h a t  f o r  t h e  c u r r e n t  d a t a  e i s  n o t  a 

A t  low temperatures  es tends t o  s i g n i f i c a n t l y  
S 

f o r  e 2 .  

good approximation 

underest imate  e 2 ,  

whi le  a t  high temperatures  e is  cons ide rab ly  g r e a t e r  than e 2 .  We have 

shown3’ t h a t  e 
S 

and e2 are r e l a t e d  by 
S 

where e i s  t h e  t o t a l  amount of primary c reep  s t r a i n .  Thus, t h e  r e l a t i o n -  

s h i p  between e _  and e2 i s  determined by t h e  r a t i o  t r / t 2  and by t h e  shape 

of t h e  creep curve.  From Eq. ( 4 0 ) ,  t / t 2  tends t o  dec rease  as temperature r 
dec reases  down t o  593°C. Moreover, e becomes an i n c r e a s i n g l y  l a r g e r  

P 
f u n c t i o n  of e2 as temperature  dec reases .  (The creep s t r a i n - t i m e  behavior  

of a l l o y  800H is  analyzed i n  t h e  next  s e c t i o n . )  

P 
0 

The b e s t  estimate o €  t h e  s t r a i n  t o  t e r t i a r y  c reep  f o r  a l l o y  800H 

is  thus  given by Eq. ( 4 4 ) .  The p r e d i c t e d  t r e n d s  ( see  Fig.  4 1  and 

Table 1 2 )  are somewhat similar t o  those  given above f o r  e A t  a 

given stress, e2 i n c r e a s e s  w i t h  temperature;  a t  a given temperature ,  

e2  i n c r e a s e s  w i t h  stress. A t  long t i m e s ,  e2 can be q u i t e  small (e2 % 0.2% 

i n  lo5 h r  a t  a l l  temperatures) .  

t‘ 

CREEP STRAIN-TIME BEHAVIOR 

For i n e l a s t i c  des ign  a n a l y s i s ,  one needs t o  b e  a b l e  t o  estimate t h e  

amount of c r eep  s t r a i n  t h a t  w i l l  b e  incu r red  by a material as a f u n c t i o n  

of t i m e ,  stress, and temperature.  The c u r r e n t  l i m i t e d  set  of a v a i l a b l e  

creep curves f o r  a l l o y  800H make a p r e c i s e  a n a l y s i s  of such a complicated 

phenomenon q u i t e  d i f f i c u l t .  However, r ea sonab le  estimates of c reep  

s t r a i n - t i m e  behavior  can b e  ob ta ined  by making c e r t a i n  assumptions and 

approximations.  

f a l l s  i n t o  t h i s  ca t egory .  

develop an a l t e r n a t i v e  s i m p l i f i e d  equa t ion ,  and t h e  two equa t ions  w i l l  

be compared w i t h  a v a i l a b l e  zxperimental  da t a .  

A previous a n a l y s i s 4 6  of creep s t r a i n - t i m e  behavior 

The p resen t  ana lyses  w i l l  be used h e r e  t o  
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S t e r l i n g 4 6  analyzed t h e  c reep  s t r a in - t ime  behavior  of  a l l o y  800H 

as fo l lows .  F i r s t ,  h e  assumed t h a t  t t h e  t i m e  t o  t h e  accumulat ion of  

X% c reep  s t r a i n ,  could be  desc r ibed  by a l i n e a r  ( log  0 vs l o g  t ) 
Larson-Miller 3 2  parameter .  Then, h e  assumed t h a t  t h e  r e l a t i o n s h i p  

between c reep  s t r a i n  and t i m e  can b e  descr ibed  by a s imple power l a w  

equat ion  

X’ 

X 

n m  e = a a t  . e (47) 

Combining t h e s e  equa t ions  y i e l d s  

l o g  t = - a1 l o g  a + (7 - +  a3 ) l o g  e e + (: - +  a5 ) , (48) T 

where a1 - a  are c o n s t a n t s  t o  be  e s t ima ted  by leas t  squares .  This  

equa t ion  can be  r e w r i t t e n  i n  t h e  s imple  power l a w  form e K S 
= B t  , where now 

e 

(al/T) l o g  a + a4/T + a5 @ = l o -  
a2/T + a3 9 

and 

K = l/(a2/T + a31 . 

While t h e  S t e r l i n g  approach is very  s imple ,  i t  does c o n t a i n  several 
d isadvantages ,  which are d i scussed  elsewhere.  The a n a l y s i s  w a s  done 

by f i t t i n g  Eq. (48) t o  d a t a  f o r  t h e  t i m e  t o  0 .02 ,  0 .05,  0 .1 ,  0.15, 0 . 2 ,  

0.25, 0 .3 ,  0 .4 ,  0 .5 ,  0 . 7 ,  1 . 0 ,  and 2% c reep  s t r a i n .  Whole c reep  curves  

w e r e  never  f i t .  A s  a r e s u l t ,  t h e r e  i s  some ques t ion  where t h e  p r e d i c t i o n s  

of Eq. (48) w i l l  y i e l d  c reep  curves  whose shapes  r e f l ec t  t h e  t r u e  shapes 

of t h e  exper imenta l  c r eep  curves .  Our ana lyses  have shown, i n  f a c t .  

t h a t  t h e  exper imenta l  curve  shapes are i n c o n s i s t e n t  w i t h  t h e  power law 

form. Moreover, t h a t  form i s  in tended  f o r  t h e  d e s c r i p t i o n  of primary 

c reep  on ly ,  whereas S t e r l i n g  used i t  f o r  primary and secondary c reep .  

G a r o f a 1 0 ~ ~  sugges t s  a d d i t i o n  of a l i n e a r  secondary term t o  make t h e  

equa t ion  a p p l i c a b l e  i n  t h a t  r eg ion .  

b 
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* 

The s i m p l i f i e d  n a t u r e  of t h e  S t e r l i n g  approach can be  p a r t i a l l y  

j u s t i f i e d  by t h e  l i m i t e d  n a t u r e  of t h e  a v a i l a b l e  c reep  d a t a .  

our  ana lyses  showed t h a t  t h e  i n d i v i d u a l  experimental  c reep  curves could 

be  descr ibed  much b e t t e r  by a r a t i o n a l  polynomial c reep  equat ion .  

many advantages of t h i s  equat ion  form are d i scussed  elsewhere.  2 5  

as i n  r e f s .  20 and 2 3 ,  t h e  n a t u r e  of t h i s  equat ion  is such t h a t  i t s  

stress and temperature  dependence can o f t e n  be  determined by very  

s i m p l i f i e d  methods. 

However, 

The 

A l s o ,  

A s  used h e r e ,  t h e  r a t i o n a l  polynomial i s  given by 

e e ==+ 1 + p t  imt , 

where e is  t h e  c reep  s t r a i n ,  t is  t h e  t i m e ,  e i s  t h e  minimum c reep  

ra te  ( % / h r ) ,  and C i s  t h e  l i m i t i n g  va lue  of t h e  t r a n s i e n t  primary t e r m  

(corresponding t o  e above) .  The parameter p is  r e l a t e d  t o  t h e  

sharpness  of t h e  cu rva tu re  of t h e  primary c reep  r eg ion .  

t h e  in s t an taneous  c reep  rate e i s  given by 

c m 

P 
From Eq. ( 5 0 ) ,  . 

e 

and t h e  i n i t i a l  c reep  rate eo i s  g iven  by 

. 
eo = Cp + em . 

Figure  42 summarizes t h e  p r o p e r t i e s  of t h e  equat ion ,  wh i l e  r e f s .  1 7 ,  20 ,  

and 22 through 25 d e s c r i b e  prev ious  r e c e n t  u se  of t h e  equat ion  f o r  t h e  

a n a l y s i s  of c reep  d a t a .  

From Fig .  4 2 ,  i t  can e a s i l y  b e  v e r i f i e d  t h a t  t h e  v a l u e  of C (%) 

is  given by 

. 
C = e : ! - e t t p ,  m (53)  
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Fig. 4 2 .  Schematic Illustrations of the Properties of the Rational 
Polynomial Creep Equation. 
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where e2 and t 2  are, as above, t h e  s t r a i n  (X) and t h e  t i m e  (hr )  t o  

t h e  onse t  of t e r t i a r y  creep. 

and e are given i n  previous s e c t i o n s  of t h i s  r e p o r t .  These estimates 

can t h u s  be used t o  d e r i v e  a p r e d i c t i o n  f o r  C .  

Methods f o r  t h e  e s t i m a t i o n  of e2,  t 2 ,  

rn 

Note t h a t  a t  any t i m e  t ,  w e  have 

= FC , C P t  
1 + p t  ( 5 4 )  

where F i s  t h e  f r a c t i o n  of t h e  t o t a l  C of t h e  primary s t r a i n  t h a t  has  

been exhausted (F = 0 a t  t = 0,  F = 1 a t  t = 00). Equation ( 5 4 )  can b e  

arranged t o  y i e l d  

Reasonably good r e s u l t s  were obtained f o r  s e v e r a l  materials3 

t h a t  98% of t h e  t r a n s i e n t  s t r a i n  w a s  exhuasted by t h e  onse t  of t e r t i a r y  

creep (F = 0.98  a t  t = t 2 ) .  

curves f o r  a l l o y  800H vary cons ide rab ly  (perhaps as a r e f l e c t i o n  of t h e  

complex p r e c i p i t a t i o n  processes  t h a t  occur i n  t h i s  m a t e r i a l ) .  Therefore ,  

w e  could n o t  estimate p from t 2  a lone .  

by assuming 

Thus, p = 4 9 / t 2 .  The shapes of t h e  c reep  

A s  a n  a l t e r n a t i v e  procedure,  w e  analyzed d a t a  f o r  t h e  t i m e  t o  t h e  

onse t  of secondary c r e e p ,  t l ,  o b t a i n i n g  an  equa t ion  of t h e  form 

l o g  ti = - 3 5 . 5 1  + 4 5 3 0 0 / T  + 8.71 l o g  0 - (12980/T) l o g  0 . ( 5 6 )  

Figure 4 3  i l l u s t r a t e s  t h e  f i t  of Eq. ( 5 6 )  t o  t h e  a v a i l a b l e  d a t a .  Next, 

w e  assumed t h a t  a t  t = t l ,  F = 0 . 9 5 ,  l ead ing  t o  

p = 1 9 / t l  . (57) 

Comparison of t h i s  equat ion wi th  experimental  curves  l e d  t o  g e n e r a l l y  

good r e s u l t s .  Having estimates f o r  C, p ,  and e w e  can p r e d i c t  t h e  

c reep  s t ra in- t ime behavior of a l l o y  800H as a f u n c t i o n  of stress and 

temperature.  

. 
rn’ 



60 

- 

100 10' 10' io3 1 o4 io5 
t,,  T IME TO THE ONSET OF SECONDARY CREEP (hr) 

Fig. 43. Comparison Between Experimental  Data and P r e d i c t e d  Values 
of T i m e  t o  Secondary Creep f o r  Alloy 800H. Lines  p r e d i c t e d  from 
l o g  tl = -35.51 + 45300/!T + 8.71 l o g  o - (12980/7') l o g  0 ,  where 0 = 
stress ( m a ) ,  and T = temperature  (K) .  

Typical  comparisons of t h e  p r e d i c t i o n s  from t h i s  approach and 

from t h e  S t e r l i n g  equat ion w i t h  experimental  curves  are shown i n  

Appendix B. The p r e d i c t i o n  invo lves  a g r e a t  d e a l  of u n c e r t a i n t y ,  

and some method of p r e d i c t i n g  s t r e n g t h  v a r i a t i o n s  would -obviously 

be d e s i r a b l e .  For i n s t a n c e ,  Heat HH8808A c reeps  f a r  less a t  649OC 

than would be p r e d i c t e d .  S t i l l ,  t h e  c u r r e n t  r e s u l t s  are g e n e r a l l y  

a c c e p t a b l e ,  a l though t h e  magnitude of p r e d i c t e d  s t r a i n  appears  only 

s l i g h t l y  more a c c u r a t e  than t h a t  from t h e  S t e r l i n g  equa t ion .  I n  f a c t ,  

t h e  p r e d i c t i o n s  from t h e  S t e r l i n g  equat ion are q u i t e  similar t o  those  

of t h e  c u r r e n t  equat ion i n  most cases. The main d i f f e r e n c e  between 

t h e  two i s  t h a t  t h e  c u r r e n t  equat ion appears  t o  d e p i c t  more a c c u r a t e l y  

t h e  shapes of t h e  i n d i v i d u a l  creep curves.  This  advantage may b e  a 

s m a l l  one, b u t  w i th  t h e  l a r g e  u n c e r t a i n t i e s  involved i n  t h e  e x t r a p o l a t i o n  

of r e s u l t s ,  any advantage i s  welcome. 
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A convenient format f o r  p r e s e n t i n g  t h e  g e n e r a l  p r e d i c t i o n s  of a 

c reep  equat ion is  through t h e  u s e  of isochronous s t r e s s - s t r a i n  curves .  

F igu res  44 through 49 compare isochronous s t r e s s - s t r a i n  curves  p r e d i c t e d  

from t h e  c u r r e n t  equa t ion  and from t h e  S t e r l i n g  equa t ion  w i t h  those  

appearing i n  Code Case 1592 ( r e f .  1) f o r  t h i s  material. These cu rves ,  

of cour se ,  r e f l e c t  t o t a l  accumulated s t r a i n  (time-dependent creep s t r a i n  

and in s t an taneous  s t r a i n  incu r red  upon load ing) .  I n  F igs .  44-49, t h e  

load ing  s t r a i n s  f o r  a l l  t h r e e  sets of curves  were c a l c u l a t e d  from t h e  

monotonic t e n s i l e  s t r e s s - s t r a i n  curves  given i n  Code Case 1592 s o  t h a t  

t h e  v a r i a t i o n s  among t h e  curves are due s o l e l y  t o  d i f f e r e n c e s  i n  t h e  

p r e d i c t i o n s  of c r eep  behavior from t h e  t h r e e  sou rces  - t h e  creep 

p r e d i c t i o n s  i n  Code Case 1592 having been made by t h e  parametr ic  

technique desc r ibed  i n  r e f .  48.  Considering t h e  u n c e r t a i n t i e s  involved,  

t h e  p r e d i c t i o n s  from t h e  t h r e e  sources  appear t o  b e  q u i t e  s i m i l a r .  The 

only marked d i f f e r e n c e s  occur a t  538 and 5 9 3 O C ,  where t h e  c u r r e n t  

equat ion p r e d i c t s  more creep i n  t h e  i n i t i a l  p a r t  of t h e  c reep  curve 

but  less c reep  a f t e r  long t i m e s  (lo5 h r ) .  

t h e  f a c t  t h a t  t h e  c u r r e n t  equat ion p r e d i c t s  a comparatively l a r g e  

i n i t i a l  t r a n s i e n t  t e r m ,  bu t  ve ry  l i t t l e  beyond t h a t .  The very l i m i t e d  

d a t a  a t  t h e s e  temperatures  appear c o n s i s t e n t  w i t h  t h i s  s o r t  of behavior .  

This d i f f e r e n c e  i s  due t o  

The r e s u l t s  presented earlier i n  t h i s  r e p o r t  i nc lude  t h e  development 

of an a n a l y t i c a l  r e p r e s e n t a t i o n  f o r  monotonic t e n s i l e  s t r c s s - s t r a i n  

behavior .  F igu res  50 through 55 compare t h e  Code Case 1592 isochronous 

s t r e s s - s t r a i n  curves  w i t h  curves  p r e d i c t e d  from t h e  c u r r e n t  c r eep  and 

t e n s i l e  s t r e s s - s t r a i n  equa t ions  (using average v a l u e s  f o r  y i e l d  s t r e n g t h ) .  

I n  t h i s  case, t h e  c u r r e n t  curves  can l i e  somewhat below those  given i n  

t h e  Code Case because t h e  e s t ima ted  y i e l d  s t r e n g t h s  from t h e  c u r r e n t  

a n a l y s i s  are lower than  those  used i n  t h e  Code Case. 

c o n s t r u c t i o n  of monotonic s t r e s s - s t r a i n  cu rves  t o  2.0% r e p r e s e n t s  an 

e x t r a p o l a t i o n  of t h e  c u r r e n t  r e s u l t s .  These e x t r a p o l a t i o n s  appear 

reasonable .  Moreover, i n  most cases t h e  e x t r a p o l a t e d  p o r t i o n s  do not  

a f f e c t  t h e  lo3- and 105-hr curves . )  

(Note t h a t  
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Fig.  44. Isochronous S t r e s s - S t r a i n  Curves f o r  Alloy 800H a t  482OC 
(900'F) Calcu la ted  by t h e  Current  Equat ion and by t h e  S t e r l i n g  Equat ion,  
and Taken from ASME Code Case 1592. Loading s t r a i n s  were c a l c u l a t e d  
from t h e  monotonic t e n s i l e  s t r e s s - s t r a i n  curve  g iven  i n  Code Case 1592. 
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Fig.  45. Isochronous S t r e s s - S t r a i n  Curves f o r  Alloy 800H a t  538OC 
(1000'F) Ca lcu la t ed  by t h e  Current  Equat ion and by the Ster l - ing  Equat ion,  
and Taken from ASME Code Case 1592. Loading s t ra ins  were c a l c u l a t e d  from 
t h e  monotonic t e n s i l e  s t r e s s - s t r a i n  curve  g iven  i n  Code Case 1592. 
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Fig. 46. Isochronous S t r e s s - S t r a i n  Curves f o r  Alloy 800H a t  593OC 
(1100OF) Calculated by t h e  Current Equation and by t h e  S t e r l i n g  Equation, 
and Taken from ASME Code Case 1592. Loading s t r a i n s  were c a l c u l a t e d  from 
t h e  monotonic t e n s i l e  s t r e s s - s t r a i n  curve given i n  Code Case 1592. 
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Fig.  47.  Isochronous S t r e s s - S t r a i n  Curves f o r  Alloy 800H a t  649OC 
(1200'F) Calculated by t h e  Current Equation and by t h e  S t e r l i n g  Equation, 
and Taken from ASME Code Case 1592. Loading s t r a i n s  w e r e  c a l c u l a t e d  from 
t h e  monotonic t e n s i l e  s t r e s s - s t r a i n  curve given i n  Code Case 1592. 
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Fig.  48. Isochronous S t r e s s - S t r a i n  Curves f o r  Alloy 800H a t  704°C 
(1300'F) Calcu la ted  by t h e  Current  Equat ion and by t h e  S t e r l i n g  Equat ion,  
and Taken from ASME Code Case 1592. Loading s t r a i n s  were c a l c u l a t e d  from 
t h e  monotonic t e n s i l e  s t r e s s - s t r a i n  curve  g iven  i n  Code Case 1592. 
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Fig.  52. Isochronous S t r e s s - S t r a i n  Curves f o r  Alloy 800H a t  593°C 
(1100°F) from t h e  Current  Creep and T e n s i l e  Equat ions and from ASME Code 
Case 1592. 
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(1400'F) f r o m  t h e  Current  Creep and Tens i l e  Equat ions and f r o m  ASME Code 
Case 1592.  



L i m i  t a t i o n s  

The above c reep  p r e d i c t i o n s  are a n a l y t i c a l l y  v a l i d  under t h e  

fol lowing ranges of cond i t ions  : 

S t r e s s :  0 MF'a < 0 < u l t i m a t e  t e n s i l e  s t r e n g t h ,  

Temperature: 427°C (800'F) G T G 760'C (1400'F), 

T i m e :  0 h r  G t < t i m e  t o  t e r t i a r y  creep. 

It must b e  r e a l i z e d ,  however, t h a t  t h e  a c t u a l  v a l i d i t y  of any 

equat ion beyond t h e  range of e x i s t i n g  d a t a  cannot b e  v e r i f i e d  i n  t h e  

absence of a d e t a i l e d  p h y s i c a l  theory f o r  t h e  s u b j e c t  p rocess .  No such 

theory e x i s t s  f o r  t h e  c reep  of t h i s  material. I n  a d d i t i o n ,  a c t u a l  

behavior can show wide v a r i a t i o n s ,  whereas t h e  c u r r e n t  equa t ions  y i e l d  

p r e d i c t i o n s  f o r  t y p i c a l  behavior .  It i s  hoped t h a t  f u r t h e r  s t u d i e s  

can y i e l d  a q u a n t i t a t i v e  understanding of t h e s e  v a r i a t i o n s .  S t i l l ,  

based on t h e  c u r r e n t l y  a v a i l a b l e  d a t a ,  i t  i s  f e l t  t h a t  t he  equa t ions  

developed he re  y i e l d  a r easonab le  r e p r e s e n t a t i o n  of t h e  behavior  of 

t h i s  material. 

Ca lcu la t ion  of Allowable S t r e s s  Values 

The a l lowab le  stress l e v e l s  f o r  a given material  a t  e l eva ted  

temperature  are  given i n  ASME Code Case 1592 ( r e f .  1). The a l lowab le  

stress f o r  s e r v i c e  i n  a t i m e  t is denoted by S 

two components - a time-independent a l lowab le  stress (S ) and a t i m e -  

dependent a l lowab le  stress (St). 

is t h e  lower of 

m 

mt' 'mt 

The time-independent a l lowab le  stress i n t e n s i t y ,  Sm, i s  given by 

t h e  lowest of t h e  fol lowing fou r  va lues :  

1. 

2 .  

3 .  

1 / 3  of t h e  s p e c i f i e d  minimum t e n s i l e  s t r e n g t h  a t  room temperature ,  

1.1/3 t i m e s  t h e  minimum t e n s i l e  s t r e n g t h  a t  t h e  o p e r a t i n g  temperature ,  

2 / 3  of t h e  s p e c i f i e d  minimum y i e l d  s t r e n g t h  a t  room t e m p e r a t u r e ,  

and 

4 .  90% of t h e  minimum y i e l d  s t r e n g t h  a t  t h e  o p e r a t i n g  temperature .  

The time-dependent a l lowab le  stress i n t e n s i t y ,  St, is  g iven  by 

t h e  lowest  o f :  

c 

c 

b 
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? 

. 

1. 2/3 of t h e  minimum stress (S ) t o  cause r u p t u r e  i n  t i m e  t ,  
2. 80% of t h e  minimum stress ( 5 3 )  t o  cause o n s e t  of t e r t i a r y  c r e e p  

r 

i n  t i m e  t ,  
3 .  t h e  minimum stress (SIX) t o  cause 1% accumulated s t r a i n  i n  t i m e  t .  

Due t o  d i f f i c u l t i e s  i n  d e f i n i n g  minimum s t r a i n - t i m e  behavior ,  SI% 

is o f t e n  def ined merely as 80% of t h e  average stress t o  cause 1% 

accumulated s t r a i n  i n  t i m e  t .  That d e f i n i t i o n  w i l l  b e  used h e r e .  

Tables 1 3  and 14  summarize t h e  c a l c u l a t i o n  of Srn and St v a l u e s  from 

t h e  c u r r e n t  r e s u l t s ,  wh i l e  Table 15  compares those  v a l u e s  w i t h  t h e  

ones given i n  Code Case 1592. 

For t h e  va lues  from t h e  c u r r e n t  a n a l y s i s ,  S i s  i n  a l l  cases  

c o n t r o l l e d  by t h e  minimum y i e l d  s t r e n g t h  a t  temperature .  These v a l u e s  

can l i e  s i g n i f i c a n t l y  below those  given i n  Code Case 1592. 

v a l u e s  are a l i t t l e  more complicated,  being c o n t r o l l e d  a t  t h e  lowest  

temperatures  by S1%, a t  in t e rmed ia t e  temperatures  by S 

h i g h e s t  temperatures  by S3. However, SI% c o n t r o l s  only i n  r e g i o n s  

where most of t h e  s t r a i n  i s  ins t an taneous ,  and where S determines 

m 

The St 

and a t  t h e  r' 

rn 
The c u r r e n t  v a l u e s  g e n e r a l l y  f a l l  s l i g h t l y  below those  given i n  ' r n t  . 

t h e  code case. 

y i e l d  s t r e n g t h s  from t h e  c u r r e n t  a n a l y s i s  and from t h e  code case .  

The l a r g e s t  d i f f e r e n c e s  are those  between t h e  minimum 

Table 1 3 .  Calcu la t ion  of Time-Independent Allowable S t r e s s e s  f o r  
Alloy 800H from t h e  Current Analysis  

S t r e s s e s ,  MPa (ks i )  T e m p e r a t u r e  
(1 /3)0 ,  ( 1 . 1 / 3 ) 0  ( 2 / 3 ) O Y  0. guy 

("') ( O F )  (Room T e m p e r a t u r e )  (At T e m p e r a t u r e ) a  (Room T e m p e r a t u r e )  (At T e m p e r a t u r e ) a  sm 
~ 

427 800 1 6 1  ( 2 3 . 3 )  1 6 3  ( 2 3 . 7 )  1 1 5  ( 1 6 . 7 )  72 (10.4) 72 ( 1 0 . 4 )  

482 900 1 6 1  ( 2 3 . 3 )  1 6 1  ( 2 3 . 4 )  115  (16 .7)  69 (10 .0)  69 ( 1 0 . 0 )  

538 1000 1 6 1  ( 2 3 . 3 )  156  ( 2 2 . 6 )  115  ( 1 6 . 7 )  66 ( 9 . 6 )  66 ( 9 . 6 )  

593  1100 1 6 1  ( 2 3 . 3 )  146 ( 2 1 . 2 )  1 1 5  ( 1 6 . 7 )  65  ( 9 . 4 )  6 5  ( 9 . 4 )  

649 1200 1 6 1  ( 2 3 . 3 )  1 3 1  ( 1 9 . 0 )  1 1 5  ( 1 6 . 7 )  6 3  ( 9 . 2 )  6 3  ( 9 . 2 )  

704 1300 1 6 1  ( 2 3 . 3 )  1 0 9  ( 1 5 . 8 )  1 1 5  ( 1 6 . 7 )  62 ( 9 . 0 )  62 ( 9 . 0 )  

760 1400 1 6 1  ( 2 3 . 3 )  7 8  ( 1 1 . 3 )  1 1 5  (16 .7)  6 1  ( 8 . 9 )  6 1  ( 8 . 9 )  

%inimum v a l u e s  c a l c u l a t e d  by mean v a l u e  - 2 s t a n d a r d  e r r o r s .  
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Table 1 4 .  Ca lcu la t ion  of Time-Dependent Allowable S t r e s s e s  
for Alloy 800H from t h e  Current  Analysis  

S t r e s s e s ,  MPa ( k s i )  
T e m p e r a t u r e  

St 

427 

482 

538 

593 

64 9 

704 

7 60 

427 

482 

538 

593 

649 

7 04 

760 

800 

900 

1000 

1100 

1200 

1300 

1400 

800 

900 

1000 

1100 

1200 

1300 

1400 

580 (84.1) 

379 (55.0) 

245 (35.5) 

161 (23.4) 

98 (14.2) 

60 (8.7) 

37 (5.3) 

319 (46.1) 

199 (28.8) 

123 (17.8) 

77 (11.1) 

47 (6.9) 

29 (4.3) 

18 (2.7) 

lo3 h r  

558 (80.9) 

358 (51.9) 

228 (33.1) 

146 (21.2) 

88 (12.8) 

53 (7.7) 

32 (4.6) 

lo5 h r  

337 (48.9) 

208 (30.2) 

127 (18.5) 

78 (11.4) 

46 (6.6) 

26 (3.8) 

15 (2.2) 

141 (20.5) 

133 (19.3) 

125 (18.2) 

115 (16.7) 

101 (14.6) 

69 (10.0) 

45 (6.6) 

141 (20.5) 

132 (19.2) 

124 (18.0) 

108 (15.7) 

70 (10.1) 

41 (5.9) 

24 (3.5) 

141 (20.5) 

133 (19.3) 

125 (18.2) 

115 (16.7) 

88 (12.8) 

53 (7.7) 

32 (4.6) 

141 (20.5) 

132 (19.2) 

123 (17.8) 

77 (11.1) 

46 (6.6) 

26 (3.8) 

15 (2.2) 

Table 15. Comparison of Allowable Stress Values from the 
Current Analysis  w i t h  Those Given i n  ASME Code Case 1592 

S t r e s s e s ,  MPa 

Code Case 1592 Temperature Cur ren t  Analysis 

Smt ("C) ( O F )  S t  Smt ~ 

l o 3  h r  lo5 h r  l o 3  h r  lo5 h r  l o 3  h r  lo5 h r  ' m  

c 

427 800 72 141 1 4 1  72 72 

482 900 69 133 132 69 69 102 102 

538 1000 66 125 12 3 66 66 99 99 

593 1100 65 115 77 65 65 97 81 

649 1200 63 88 46 63 46 86 50 

704 1300 62 53 26 53 26 54 32 

760 1400 61  32 1 5  32 1 5  36 21 
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0 

Figure 56 compares t h e s e  v a l u e s  w i t h  a c t u a l  experimental  d a t a .  

f i g u r e  i n d i c a t e s  t h a t  Code Case 1592 r e s u l t s  may indeed b e  nonconservat ive 

i n  terms of y i e l d  s t r e n g t h  i n  t h e  temperature range from about 427 t o  

593OC. 

The 

ORNL-DWG 77-13341 
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LINES REPRESENT PREDICTED "MINIMUM" STRENGTH 

300 'f 40 

LL u) 

b (00 

--7----- a-" CODE CASE 1592 
CURRENT ANALYSIS 
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Fig. 56. Comparison of Experimental Data f o r  0.2% O f f s e t  Yield 
S t r eng th  f o r  Alloy 800H w i t h  P red ic t ed  Minimum Values from t h e  Current  
Analysis  and from Code Case 1592. 

SUMMARY 

Avai l ab le  t e n s i l e  and c reep  d a t a  f o r  a l l o y  800H have been c o l l e c t e d  

and analyzed t o  y i e l d  a n a l y t i c a l  r e p r e s e n t a t i o n s  f o r  t h e  behavior  of 

t h i s  important material. It is recognized t h a t  p r e c i p i t a t i o n  p rocesses  

and o t h e r  m e t a l l u r g i c a l  phenomena play an important r o l e  i n  determining 

t h e  behavior of t h i s  material. However, t h e  c u r r e n t  d a t a  base  and t h e  

c u r r e n t  understanding of t h e  metal lurgy of a l l o y  800H d i c t a t e  t h a t  t h e  

ana lyses  b e  empi r i ca l  i n  n a t u r e .  S p e c i f i c  r e s u l t s  of t h e  c u r r e n t  s tudy 

are l i s t e d  below. 

1. The 0.2% o f f s e t  y i e l d  s t r e n g t h ,  u l t i m a t e  t e n s i l e  s t r e n g t h ,  

t o t a l  e longa t ion ,  and r educ t ion  of area from monotonic t e n s i l e  tests 

were expressed as simple polynomial f u n c t i o n s  of temperature .  

2 .  The engineer ing s t r e s s - s t r a i n  behavior t o  0.4% p l a s t i c  s t r a i n  

w a s  expressed us ing  t h e  r a t i o n a l  polynomial t e n s i l e  equa t ion ,  
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where G is  t h e  stress and e i s  t h e  p l a s t i c  s t r a i n .  The remaining 

parameters  are g iven  by:  
P 

Go = 0.7Dy (0.2% o f f s e t  y i e l d  s t r e n g t h )  , 

b = 4 0 ,  

where T = temperature  ( "C ) ,  and e 

a = 9 / 8 ( a  - 00 - 0.2 hm) . (62) Y 

Thus, t h e  s t r e s s - s t r a i n  behavior  i s  g iven  as a f u n c t i o n  of temperature  

and y i e l d  s t r e n g t h .  Average, minimum and maximum v a l u e s  of 0 can be  

used t o  y i e l d  p red ic t ed  s t r e s s - s t r a i n  cu rves  f o r  average ,  minimum, and 

maximum s t r e n g t h  material  . 
Y 

3. Several c reep  p r o p e r t i e s  were expressed as s imple  f u n c t i o n s  of 

stress and temperature .  These p r o p e r t i e s  i nc lude  t i m e  (t ) and s t r a i n  

( e  ) t o  r u p t u r e ,  t i m e  (t3) and c reep  s t r a i n  (e3) t o  t e r t i a r y  c reep  

(both 0.2% o f f s e t  and f i r s t  d e v i a t i o n  from l i n e a r i t y ) ,  minimum c reep  

rate ( e  ) ,  p l a s t i c i t y  r e source  (e  = e t ) ,  and t i m e  t o  t h e  o n s e t  of 

secondary c reep  (tl). Although t h e  a v a i l a b l e  d a t a  are s p a r s e  ( p a r t i c -  

u l a r l y  a t  lower t empera tu res ) ,  t h e  equa t ions  developed appear  t o  

d e s c r i b e  t h e  d a t a  w e l l .  

r 
t 

. 
m S m r  

4 .  Rupture d a t a  f o r  Sanicro  31 material i n d i c a t e  c o n s i s t e n t l y  

lower s t r e n g t h  and h ighe r  d u c t i l i t y  than  those  f o r  t h e  a l l o y  800H 

material ,  even when t h e  San ic ro  31 material meets s p e c i f i c a t i o n s  f o r  

a l l o y  800H. These d i f f e r e n c e s  need t o  b e  examined f u r t h e r .  

5. The c r e e p  s t r a i n - t i m e  behavior  of a l l o y  800H w a s  expressed 

us ing  t h e  r a t i o n a l  polynomial c reep  equa t ion ,  

* 
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e =  c 1 + p t  

* 

. 
where e i s  t h e  c reep  s t r a i n  and t is t h e  t i m e .  The parameter e is  c m 
t h e  minimum c reep  r a t e  mentioned above. 

given by 

The remaining parameters  are 

and 

. 
C = e3 - emt3 , 

p = 1 9 / t l  . 

6.  The p r e d i c t i o n s  from t h e  c u r r e n t  c reep  equa t ion  are g e n e r a l l y  

somewhat similar t o  those  of t h e  p rev ious ly  developed S t e r l i n g  equa t ion ,  

a l though t h e  c u r r e n t  p red ic t ed  curve  shapes are more c o n s i s t e n t  w i t h  t h e  

shapes of a v a i l a b l e  exper imenta l  c r eep  curves .  

7. The c u r r e n t  r e s u l t s  were used t o  c a l c u l a t e  a l lowab le  stress 

v a l u e s  such as those  g iven  i n  ASME Code Case 1592. The c u r r e n t  v a l u e s  

were gene ra l ly  s l i g h t l y  lower than  those  of Code Case 1592. 
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T a b l e  A l .  A l l o y  800H T e n s i l e  Data 

HE4T NUMBER TEMP Y I E L D  ULTIMATE TOTAL 
(Cl STRENGTH S T R E S S  EL O Y  G o  

(PSI 1 ( P S I )  

HH1022A 

HH102 6 A  

HH3603A 

HH4391A 

HH5 1 7 1 A  

HH5342A 

HH5356A 

HH5432A 

HH5853A 

HH6279A 

HH673 8A 

HH72 6 2A 

HH7 5 3 4A 

HH76 86A 

HH7686A 

HH76864 

HH76 86A 

HH8 2 8 5A 

HH84L6A 

HH8646A 

HH8808A 

HH8 8 0 8A 

25 

25 

25. 

25 

25. 

25 

25. 

25 

25 

25 

25 

25. 

25 

25. 

25. 

25 

25  

25 

30600. 

30800. 

32 500. 

35000. 

28300. 

27600. 

27200. 

29500. 

37600.  

41 700. 

27503. 

28000. 

28200. 

26 800. 

26 700. 

35000. 

33 500. 

3 3 0 0 0 .  

82900. 

82500. 

81 500. 

80000. 

81700, 

76900. 

72000. 

78300. 

77000. 

84500- 

77700 .  

85700. 

75100. 

75600. 

75000. 

83500. 

81 500.  

80000. 

54.000 

53.000 

57.000 

55.000 

51.000 

53.000 

55.000 

54.000 

56.000 

47m000 

58.000 

43,000 

56.000 

57.000 

530000 

48.000 

50.000 

4 9 0 0 0 0  

25 28500. 810000 52.000 

25. 40000. 820000 48.000 

25. 33000. 82500. 50.000 

25 33400.  83400. 52.000 

25. 29500. 79000. 51.000 

25 21900.  81000- 49.000 

RED. I N  
A R E A  

( % I  

72 90 

73.60 

74.80 

68.00 

69.30 

73.50 

68.50 

73.70 

73.00 

71 00 

75.00 

73.50 

70.50 

76 00 

66 00 

64.00 

74080 

7 2 , O O  

72.20 
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Table A l .  (Continued) 

HEAT NUMBER 

HH8808A 

HH8808A 

HH8808A 

HH880 8A 

HH6279A 

HHlO2 2A 

HH1026A 

HH3603A 

HH76 8 6A 

HH76 86A 

HH84 16A 

HH880 8A 

HH8808A 

HH8808A 

HH102 2A 

HH1026A 

HH36 03A 

HH6 2 7 9 A  

HH62 79A 

HH72 6 2A 

HH7686A 

HH7686A 

TEMP 
(C) 

25 

93 

93  . 
93 

1490 

204. 

2040 

2040 

2060 

2 040 

204. 

204. 

2040 

204. 

2040 

204 .  

3160 

316. 

316. 

3160 

316, 

3160 

3160 

316, 

Y I E L D  
STRENGTH 

( P S I 8  

25000. 

20900. 

21300. 

21000. 

22fOOo 

251000 

24800. 

261000 

279000 

20 700. 

27400. 

25200. 

29303. 

174000 

1'15OOo 

17900. 

22100. 

250000 

23200. 

20000. 

20 3000 

19  100. 

228000 

22800. 

ULTIMATE 
STRESS 
( P S I )  

785000 

723000 

716000 

73000. 

'177000 

745000 

745000 

72 5000 

696000 

73 7 0 0 0  

723000 

720000 

745000 

674000 

68000. 

677000 

77300, 

695000 

750000 

'16700. 

70700 .  

650000 

71 500.  

725000 

T3TAL 
EL ON Go  

52.000 

52 .500  

5OoOOO 

520 500 

3'10 000 

48.000 

48.500 

460000 

48.500 

480 500 

43.000 

43,000 

450000 

490000  

4 ? o O O O  

5 O o O O O  

490000 

470000 

5 2 o O O O  

38.000 

36.000 

54. 000 

4 4 o O O O  

440000 

RED. IN 
A R E A  

( $ 1  

76.50 . 
72.20 

70.00 

71.10 

7'1010 

71010 
0 

69000 
0 

68.00 

64070 

70.30 

66050 

71.50 

65050 

. 
67000 c 

67.00 

71000 
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Table  A l .  (Continued) 

HEAT NUMBER 

HH84 16A 

HH84 16A 

HH8808A 

HH8808A 

HH8808A 

HH8808A 

HH3603A 

HHL 02 2A 

HH1026A 

HH3 60 3A 

HH76 86A 

HH76 86A 

HH84 16A 

HH8808A 

HH8808A 

HH8808A 

HH8808A 

HHL02 2A 

HH3603A 

HH3 60 3A 

HH62 79A 

HH6279A 

Y I E L D  
STRENGlH 

( P S I  J 

279000 

28 5000 

158000 

183000 

153000 

163000 

17 800, 

23000. 

215000 

22000. 

224000 

181000 

216000 

214ODo 

261000 

144000 

150000 

143000 

18800. 

209000 

178000 

178000 

17200. 

179000 

ULTIMATE 
STRESS 
( P S I )  

740000 

74300. 

66 800. 

685000 

66800. 

685000 

750000 

760000 

750000 

697000 

68800. 

750000 

725000 

725000 

75600. 

65700. 

655000 

665000 

675000 

695000 

73500. 

735000 

73700. 

767000 

TOTAL 
ELONGo 

5 O o O O O  

53.000 

520000 

490000 

53.000 

56,000 

550  500  

56,000 

560000 

44.500 

52.000 

530 500 

480 000 

4 4 0 0 0 0  

55.000 

53.000 

48.500 

510 500 

520000 

51.000 

52.500 

5 2 0  500 

48.000 

36.000 

REDO I N  
A R E A  

( % I  

51.00 

62 00 

62-00 

59050 

60 00 

67.30 

66.00 

62 90 

6 3 0 0 0  

61050 

55.00  

56000 

58.50 

62 50 

4 5 0 0 0  

58050 

64.50 

6 0 0 5 0  

60050  
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Table A l .  (Continued) 

HEAT NUYBER 

HH62 79A 

HH6279A 

HH7686A 

HH76 8 6A 

HH84 16A 

HH8808A 

HH102 2A 

HH102 6A 

HH3603A 

HH3603A 

HH6279A 

HH7262A 

HH76 86A 

HH76 864 

HH84 16A 

HH8 80 8A 

HH88 0 8A 

HH8808A 

HH102 2A 

HH1026A 

HH3603A 

HH3 60 3A 

HH5 2 0 6A 

HH6279A 

T EYP 
(Cl 

482. 

4820 

482 0 

482 0 

482 0 

482 

538. 

5380 

538s 

538. 

538. 

5380 

5380 

538, 

5380 

5380 

5380 

5380 

5930 

593. 

5930 

5930 

5930 

5930 

Y I E L D  
STRENGTH 

(PSX 1 

17800m 

L71OOo 

206000 

19800. 

27 800 

13800, 

20200m 

204000 

16600. 

'166000 

172000 

166000 

194000 

18400-  

282000 

13000m 

130000 

143000 

19 000 

202000 

159000 

159000 

183000 

187000 

ULTIMATE 
STRESS 
wsr) 

75300m 

750000 

?I 5000 

72000m 

756000  

653000 

72OOOo 

655000  

'12OOOo 

730000 

743000 

62 5000 

690000 

685000 

73000. 

627000 

634000 

626000 

641000 

63 1000 

700000 

7OOOOo 

653000 

70700m 

TOTAL 
ELONGm 

4OoOOO 

4OoOOO 

46.000 

44mOOO 

520 000 

5 2 0 0 0 0  

530 500 

500 000 

53.500 

530 SO0 

4OoOOO 

57,000 

440 000 

46,000 

53.000 

540000 

53,000 

510000 

5OoOOO 

470000 

52mOOO 

52.000 

45.000 

370000 

REDO I N  
A R E A  

4 % )  

. 

59050 

64.50 

55070 

580 20 

61000 

61.00 * 

b 

61000 

49mOO 

54.50 

56.00 

60mOO 

63 0 00 

580  30 

0 

63 00 

63000 . 
54.60 
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Tab le A 1 .  (Continued) 

b 

HEAT NUMBER 

HH6279A 

HH6 2 7 9A 

HH72 6 2A 

HH76 8 6A 

HH7686A 

HH84 16A 

HH8808A 

HH8808A 

HH8808A 

HHlO2 2A 

HH1026A 

HH36 0 3A 

HH3603A 

HH5206A 

HH6279A 

HH6279A 

HH7262A 

HH76 8 6A 

HH7686A 

HH7686A 

HH76 86A 

HH8416A 

HH8808A 

HH8808A 

TEMP Y I E L D  UCT I MATE TOTAL 

( P S I  1 ( P S I )  
(Cl STRENGTH STRESS EL ON G o  

593. 18200, 69700. 36,000 

593 . 16900. 690000 38,000 

593 . 15800, 57200, 55.000 

593 . 16800. 62000. 46. 000 

5 9 3 .  16600. 62500. 46,000 

593. 

593 . 
5 9 3 .  

593. 

649, 

649. 

649. 

649. 

6498 

6490 

6498 

649. 

649. 

649. 

6490 

649. 

6490 

649, 

649. 

24900. 

12000. 

12800. 

16500. 

18800. 

208008 

17200. 

17200, 

17500. 

17000. 

18700. 

17600. 

16700. 

17600, 

15800. 

16000. 

24100. 

13500. 

15500. 

70000o 

59400. 

59500, 

59800, 

58000.  

576008 

61 500. 

61500, 

61600, 

65500. 

64300. 

53600.  

627008 

59800. 

61500. 

62000. 

65400. 

54800, 

56500. 

51.000 

54.000 

55 .  500 

51.000 

47.500 

48.000 

45.000 

4 5 o O O O  

42.000 

40.000 

36,000 

50.000 

39,000 

39.000 

45,000 

47.000 

46.000 

50.000 

45.500 

RED. I N  
A R E A  
( t )  

62 50 

57.50 

64.00 

58.50 

57.00 

62.00 

63 00 

54.50 

54.50 

52.70 

62.30 

53.00 

46.50 

61 50 

64.50 

50.50 

65.00 

53.50 
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Table A l .  (Continued) 

HEAT NUMBER 

HH8808A 

HH8808A 

HH102 2 A  

HH1026A 

HH3603A 

HH3603A 

HH6279A 

HH7686A 

HH76 86A 

HH84 16A 

HH8808A 

HH8808A 

HHlO 2 2A 

HH1026A 

HH3 60 3A 

HH3 6 0 3A 

HH6279A 

HH?6 8 6A 

HH76 86A 

HH8416A 

HH8808A 

HH8808A 

TEMP 
(CI 

649. 

6490 

704 

7040 

?040 

7040 

704. 

704. 

7040 

104. 

704. 

704 

760 

760. 

760, 

760. 

7600 

760. 

760. 

760. 

760. 

7600 

760 ,  

7600 

YIELD 
STRENGTH 

( P S I  1 

13400, 

2 1  000. 

188000 

18500, 

16500. 

16500. 

17300. 

175000 

17000. 

22500. 

L31OOo 

158000 

26200. 

20700. 

18200. 

18600. 

15900. 

L59OOo 

16 500. 

18200. 

16400.  

20500, 

13100. 

12700. 

ULTIMATE 
STRESS 
( P S I )  

55700. 

61400. 

5OOOOo 

693000 

53900. 

53900. 

55300, 

53500, 

52000 .  

52 500.  

44100, 

47700, 

342000 

32900. 

4OOOOo 

36200. 

39200. 

39200. 

4ZOOOo 

38 500. 

39000. 

41 800. 

34200 ,  

34000. 

TOTAL 
ELONG. 

53.000 

340 500 

46.000 

48.000 

41.500 

41.500 

390  5 0 0  

330 000 

33.000 

33.000 

43.000 

5OoOOO 

410000 

5 1 o O O O  

52.000 

51.500 

5 3 , 0 0 0  

53.000 

41.000 

47.000 

480000 

29.000 

4 L o O O O  

5 5 , 5 0 0  

RED. I N  
A R E A  

( r g )  I 

63.60 

36 00 

49.50 

49.50 

57.00 

64.00 

35 00 
. 

56.00 

60.50 
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T a b l e  A2.  A l l o y  800 G r a d e  2 T e n s i l e  Data 
- 

TEMP YIELD ULTIMATE TOTAL 

( P S I 1  ( P S I )  

HEAT NUMBER 
(CI STRENGTH STRESS ELONG- 

FY0531/1 25 32800- 82200- 35-000 

f YO53 1/6/ 1 250 43500- 91900- 370000 

HH173 6A 25-  29100,  78400- 52.000 

HH3113A 250 276000 792000 

HH3 1 13A 25 276000 19200, 

HH323A 25- 380000 79400- 430000 

HH406 OA 25 25563- 793710 61.000 

HH4lO 1 A  25- 24845- 736990 67,500 

HH462A 

HH5 1 1 8A 

HH5754A 

HH5 75 6A 

HH5856A 

HH6 07 1 A  

HH6072A 

HH7493A 

HH7493A 

HH873 5A 

HH873 5A 

HH8?3 5A 

HH8 8 7 2A 

HH9 3 74A 

HH9945A 

LCOll  1x1 

25 

25. 

25 

250 

25 

25 

250 

25 e 

25 e 

25 

25-  

25 

25 

25-  

25 

25 

270000 

28600, 

372000 

360000 

273000 

28000- 

314000 

27000a 

210000 

283000 

28800- 

21400, 

263000 

28 5000 

25200- 

32 300- 

76 500- 

?81000 

75500- 

8 O O O O o  

77700, 

78000- 

71400. 

77000-  

800000 

763000 

76 5000 

75500. 

75000a 

75300- 

74300- 

81 500. 

640000 

56,000 

52-000 

540 000 

560000 

520000 

57eOOO 

51-000 

51.000 

5 2 0 0 0 0  

530 500 

S L o O O O  

52-000 

580000 

36-400 

RED, I N  
A R E A  

( % I  

76.20 

1 5 e O O  

56060 

59-00 

75.80 

68030 

75-00 

75-50 

69050 

75e60 

73040 

69020 

76050 

67-50 

64e50 

77060 

77e10 
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Table A2. (Continued) 

HEAT NUMBER 

570594 

A *  

A *  

A* 

A *  

D* 

D* 

D* 

D* 

G* 

G* 

G* 

G* 

H* 

H* 

HS 

H* 

J* 

J* 

J* 

J* 

HH4060A 

HH410 1 A  

HH8735A 

TEMP Y I E L D  ULTIMATE TOTAL 

( P S I  8 ( P S I )  
(C) STRENGTH STRESS ELDNG. 

25 

26 

26 

26 

26. 

26. 

26. 

26 

26 

26 

26. 

26 

26. 

26 0 

26 

26. 

26. 

26. 

G9500. 

26750. 

26033. 

26446. 

26942. 

35537. 

39836,  

25819,  

25246.  

30492. 

29180. 

29504,  

305788 

31 147. 

30488. 

29339.  

27272. 

28925. 

81000.  

80 165. 

94380 .  

867768 

104132.  

113524 ,  

92 3770 

9 1 1 4 7 ,  

9 5 0 8 2 ,  

934428 

92810.  

958670 

95082.  

94471.  

85950. 

83884 ,  

93388 .  

32.000 

38.500 

40.590 

3 7 , 2 6 0  

3 5 , 8 8 0  

340 6 6 0  

29 .670 

36.360 

370 7 6 0  

3 0 , 5 9 0  

30 .950 

30 .170 

30.670 

29.060 

300 6 4 0  

36.710 

36 ,220  

31.480 

26 29173. 943808 30.930 

26 278510 88100. 34.080 

26. 31818. 92561.  31.630 

93 . 23299. 7 3 8 2 1 ,  60 .200  

9 3 .  23  106. 691458 64 .  700 

93 . 24100. 71000o 53.000 

RED. IN 
AREA 

( % I  

74.16 

72 .13  

70 .24  

4 9 - 4 2  

48.76 

54.90 

62.29 

58.19 

44.72 

4 2 - 6 2  

43.80 

49.58 

47.54 

48.78 

55.31 

59.50 

45.45 

41.87 

51.24 

50.41 

51.51 

55.04 

75060 
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Table A2.  (Continued) 

s 

HEAT NUMBER 

FY0531/1 

fY0531/6/1 

C C O l 1 1 X T  

FY053 L / 1  

FY053 L/6/ 1 

C C O l L  1 X T  

HH4060A 

HH410 1 A  

HH873 5A 

FY0531/L 

FY0531/1 

FY0531/6/1 

LCOl l lXT 

HH406OA 

HH410 LA 

FY0531/1 

FY0531/6/1 

C C O l l l X T  

HH3113A 

HH3 1 13A 

HH406 OA 

HH410 1 A  

HH462 A 

HH8735A 

TEMP YIELD ULTIMATE TOTAL 

( P S I  J ( P S I )  
( C l  STRENGTH STRESS ECDNGo 

1000 

100. 

1000 

2000 

2000 

200 0 

2040 

204- 

2060 

70200m 

81000m 

308000 

697130 

6466 7. 

654000 

704000 

693000 

80500. 

699000 

690900 

63 71 5 0  

694000 

796000 

702000 

71 500. 

72400. 

693750 

63412. 

67000. 

658000 

3 7 m O O O  

380000 

35.000 

350000 

710 ZOO 

550 800 

600900 

490 500  

34. 000 

31.000 

3 7,500 

580 5 0 0  

65.900 

320000 

410000  

61.400 

660 300 

56oOOO 

530 000 

REDO I N  
AREA 

(18 

51.00 

45 76 

470 20 

66050 

62.50 
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Table A 2 .  (Continued) 

HEAT NUMBER 

HH406 OA 

HH4101A 

HH873 5A 

FY053 L/1 

FY053 1/6/ 1 

LCOl l lXT 

A *  

A *  

A *  

A *  

D* 

D* 

D* 

D*  

G* 

G* 

G* 

G* 

H* 

H* 

H* 

HH3 1 1 3A 

HH3 11 3A 

HH3 1 13A 

TEMP 
(Cl 

4828 

4828 

482 8 

5008 

5008 

5008 

5388 

5388 

5388 

5388 

5388 

5388 

5388 

5388 

5388 

5388 

5388 

5388 

5388 

538. 

5388 

5388 

5388 

5388 

YIELD 
STRENGTH 

( P S I  I 

177488 

151838 

14900,  

21800. 

213008 

163638 

163638 

16 156, 

16 1168 

221318 

195868 

279348 

145908 

190088 

175208 

174598 

16311, 

218858 

180168 

202488 

21600, 

177008 

236008 

ULT I MAT E 
STRESS 
( P S I )  

695598 

635258 

660008 

67900. 

76000, 

659008 

676858 

66628, 

6545 18 

645458 

78 1148 

763738 

85 1240 

715578 

81 40 58 

806618 

790988 

78688, 

844268 

75702, 

77273, 

697008 

64800, 

612008 

TOTAL 
EL ON G. 

628 600 

708500 

56,000 

398000 

338000 

378000 

318420 

38,350 

358730 

318 200 

38.570 

398 770 

33.860 

368020 

36.250 

37.810 

37,280 

31.600 

26.940 

498 660 

428000 

RED, I N  
A R E A  

( .%I b 

41.95 1 

47805 

65.50 

61.98 

73,55 

74832 

58868 I 

49e18 

488 76 

34eb6 

. 

60865 

30.58 

33.88 

33860 

31e97 

22895 

56819 

52 89 

c 



d 

a 

HEAT NUMBER 

HH3 1 13A 

HH406 OA 

HH410 1 A  

HH462A 

HH6 7 3 3A 

HH873 5 A  

HH8968A 
HOT-FIN. 3 / 4  
IN, D I A m  
ROUND 

HH896 8A 
HOT-FIN, 3 / 4  
IN0 D I A o  
ROUND 

HH9374A 

J* 

J* 

J* 

HH406 OA 

HH4lOlA 

HH8?3 5A 

HH3 1 13A 

HH3 1 1 3A 

HH3113A 

TEMP 
(C) 

538. 

538. 

5380 

538. 

538. 

538. 

5380 

538. 

5380 

538. 

538. 

538. 

593. 

593. 

5930 

649.  

649 .  

6 4 9  

649. 

649. 

649 .  

9 1  

Table  A 2 .  (Continued) 

Y I E L O  UCT I MATE 
STRENGTH STRESS 

( P S I  8 ( P S I )  

210000 6 7 2 0 0 ,  

141270  65451 .  

13523.  68481 .  

161500 650000  

158000 683000  

16500. 63500-  

14200. 63200 .  

17000.  

23400. 

187600 

227050 

21557. 

13839. 

132220 

14200. 

14900. 

17100a 

133000 

18000. 

L?LOOo 

16 700. 

TOTAL 
EL ON G. 

59.000 

68 .100 

5 6 0 0 0 0  

54. 000 

5 1.000 

REO, I N  
A R E A  

( % I  

64  00 

39081 

40 08 

64.50 

4 4 0 0 0  

59.00 

46.00 

63000.  56.00 

61000.  

876030 

87705.  

79918.  

62545.  

57585. 

60000.  

41800.  

47200.  

48700.  

59900. 

59?0Oo 

59800.  

4 5 0 0 0 0  55.00 

380 480 4 4 0 6 2  

36.020 34.43 

38 .040 31 14 

6 2 0 7 0 0  4 0 0 0 4  

69 .400 41 .79  

50. 500 5 3 0 5 0  

38.00 

46.00 

5 8 0 0 0  

69000 
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Table A 2 .  (Continued) 

HEAT NUMBER TEMP YIELD ULTIMATE TOTAL R E D O  IN 
(Cl STRENGTH STRESS ELONGo AREA 

(PSI 1 ( P S I )  ( % I  

HH4101A 6490 160860 503500 59.000 39068 

HH462 A 6490 160500 562500 370000 36.00 

HH873 5A 6490 148000 55700, 50oOOO 60070 

HH896 8A 649. 15900. 519000 
HOT-FINO 3 /4  
IN0 DIA, 
ROUND 

5 9 0 0 0  

HH896 8A 6490 135000 
HOT-FIN. 3 /4  
I N 0  D I A o  
ROUND 

HH9374A 6490 221000 

HH8968A 7060 162000 
HOT-FINO 3 /4  
IN.  D I A o  
ROUNO 

HH8968A 7040 11 9000 
HOT-FINO 3 / 4  
IN0 D I A o  
ROUND 

HH3 1 1 3A 7600 

HH3 1 L 3A 7600 186000 

HH3113A 7600 134000 

HH3113A 7600 16400. 

HH410 1 A  760 0 135560 

HH462A 7600 145000 

HH873 5A 7600 15400. 

42 7000 430000 42 0 80 
6 

407000 5 2 0 0 0  

460000 52000 

438000 

456000 

457000 

450000 70.00 

28.81 415360 48.600 

342500 560 500 45050 

32 300.  ?8.OOO 60.00 
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Table A 2 .  (Continued) 

HEAT NUMBER TEMP Y I E L D  ULTIMATE TOTAL RED. I N  
(Cl STRENGTH STRESS ELONGO A R E A  

( P S I )  ( P S I )  ( % I  

HH896 8A 7600 13OOOo 31200. 
HOT-F IN. 3 /4 
IN. D I A .  
ROUND 

HH896 8A 7600 13200, 39400, 
HOT-FIN. 3 / 4  
IN. D I A o  
ROUND 

64.00 

64.00 

HH93 74A 760.  17800. 350000  56.000 54.50 
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Table A3.  Data Used i n  T e n s i l e  S t r e s s - S t r a i n  Analysis  

h E P T  NO. T E M P  S T P E S 5  A T  A P L A S T I C  S T R A I N  OF 
C 04 0.02'F 0 . 2 9  0.45 

kH8808 A 
kH8108A 
bH8808A 
WH6279A 
bH8808A 
tH8808A 
HH8808A 
kH1022A 
kH8808A 
HW8808A 
kP8808A 
PH8808A 
bHt279A 
hH1026A 
kH1022A 
kH8b08A 
kH8808A 
kH8808A 
PH8808A 
kH1026A 
I-Hl022A 
HH627S A 
PP3603A 
kH6279A 
kH62794 
HH6279A 
kH3603A 
liH1022A 
bP8808A 
Wb8808A 
HH1026A 
HH873 5A 
kH8808A 
hH6279A 
kP3603A 
I-HL022A 
HH8808A 
kH8808A 
PH6279A 
bH6274A 
kH1026A 
HH873 5 P 
kH3603A 
HH6279A 
t-H1022A 

93 . 
93 . 
93 . 

149, 
204. 
204. 
204 
204 
316. 
316. 

316.  
316. 

316. 
316. 
316. 
427. 
427 
427. 
427. 
427. 
427. 
482. 
482. 
482. 
482 , 
538. 
538 . 
538.  

538. 
538 , 
538. 
538. 
593 . 
593. 
593. 
593 . 
593 
593. 
593 . 
593 
593. 
649 
649.  
649.  

538 s 

97. 
121. 

59. 
99 . 
85 
79 . 
69, 

111 0 

76 . 
8.5 . 
62 
60 . 

100. 
114. 
102. 

73 . 
9 1  . 
65. 
6 0  
97. 
94. 
890 
98. 
58. 
76 . 
89 . 
74. 
96 
62. 
66. 
87. 
86 
72 . 

113, 
66 a 

85. 
52 
52.  

110. 
98 . 
92 . 
52. 
78. 
99. 
76. 

115s 
131. 
100. 
133. 
101. 

96. 
98. 

138. 
88. 
97. 
76 . 
77. 

117. 
135. 
117. 

81. 
123. 

79 . 
79. 

119. 
117. 
101. 
103. 

82. 
103. 
103. 
90 . 

114. 
69. 
77. 

104. 
9 7  
74. 

118. 
84. 
98. 
62.  
6 4  

118. 
109. 
111. 

6 6  0 

92. 
106. 

96s 

144, 
147.  
145.  
157. 
120.  
120.  
1230 
180 .  
109.  

1 2 6 .  
105. 

113. 

140. 
172.  
153. 
100. 
176.  
103.  

99. 
155.  
152. 
117. 
122.  
122.  
122. 
120.  
11 5. 
144. 

9 0 .  
98. 

144. 

90 .  
129. 
110 .  
133.  

86.  
87.  

126.  
118. 
141. 

99. 
119, 
119 .  
131.  

114.  

160. 
160 .  
162.  
165. 
128.  
141. 
135. 
194.  
123.  
124, 
150.  
119.  
152. 
187.  
165.  
109, 
206.  
1 2 1 .  
113.  
1 0 6 .  
165. 
129. 
1 4 1  . 
136.  
131. 
127 .  
131. 
151. 
100. 
110. 
159. 
131 .  
103. 
135. 
1 2 2 .  
151.  

95  . 
9 8 .  

131.  
124. 
154.  
117.  
129. 
127.  
144. 
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Table A 3 .  (Continued) 

HEAT NO, TEMP 
C 

S T R E S S  A T  A P L A S T I C  S T R A I N  OF 
0% 0.02% 0.27 0.47  

pH88086 
KH8808A 
PH8808A 
HH6279A 
PH1026A 
FH873 5 A 
HH8808A 
HH6279A 
HH3603A 
tJH1022A 
HH8808A 
HH1026A 
FH8735A 
HU6279A 
FH3603A 
HH 102 2 A 
HU8808A 
bH1026A 
kH8735A 
PH8808A 

649. 
649 . 
6 4 9  . 
649. 
649. 

704.  
704 . 
704 . 
704 . 
704 . 

6 4 9 -  

6 4 9  

7 0 4 .  

760. 
760  
760 
760  . 
760. 

760. 
760 

57. 
67  . 

119. 
104. 

85 
69 
69 
9 1  
95. 
91 . 
57 . 
80. 
79 
97 . 
71 . 
62 
a7 . 
86 
76 . 
a3 . 

69. 
80. 

128. 
114. 
104. 

81. 
78, 

108. 
102. 
103-  

74. 
97. 
83. 

103. 
85. 
97, 
72. 

101. 
96. 
83 . 

1070 
93. 

145. 
130, 
144. 
103.  

9 3 .  
121 .  
114. 
1 2 9 -  

90. 
126. 

99. 
114. 
111. 
126. 

88 .  
128. 
134. 

9 0 .  

122 . 
9 8  

156.  
136, 
157 .  
1 1 2 .  
1038 
129 .  
1 2 1 .  
137, 
97. 

137.  
105. 
1 2 5 .  
1 2 2 .  
134, 

97. 
138. 
183.  

93 



T a b l e  A 4 .  A l l o y  800H C r e e p  Data U s e d a  

e T e m p .  Stress 
("0 (ma) em t l  t:, tss tr e t  ss H e a t  No. 

Hl-8735A 
HH8735A 
HH8735A 
HH8735A 
HH8735A 
HH8735A 
HH8808A 
HH8808A 
HH7686 A 
HH8808A 
HH8808A 
HH7686A 
HH7686A 
HH7686A 
HH7686 A 
HH8735A 
HH8735A 
H E8 735 A 
HH8735A 
HH8735A 
HH8735 A 
H H7686 A 
HH7686A 
HH7686A 
HH7686A 

538 
538 
538 
593 . 
593. 
593- 
593 . 
593 . 
649- 
649 
649 a 
649 
649 
6490 
649, 
649 
649 
649 
649 
649 
649 
649 
649 
649 
649 

3 10. 
3450 
2070 
310. 
207 .  
241- 
3 10. 
310. 
138, 
179. 
165. 
124. 
145. 
103. 
2 0 7 -  
241. 

69. 
117, 
172. 
138. 
2070 

a3. 
124. 
179. 
241. 

0. 000029 
0.000530 
0.0 
0.070000 
0.000043 
Oa000033 
0 003 75 0 
0.0 
oeooo 110 
0.000090 
0.000009 
Oa000083 
0.000520 
0.0000 1 5  
0-023500 
0.270000 
0.000004 
0.000250 
0.003600 
0.000500 
Oa030000 
08000015 
0.000075 
0.008400 
0.040000 

100.0 
125.0 
100*0 

8.5 
150.0 
250- 0 

8.0 
11.0 

240- 0 
300.0 
400.0 
600- 0 
320.0 

1100.0 
14. 0 
3.7 

1300.0 
10.0 
30.0 
50.0  
10.0 

1650.0 
200.0 

15.0 
7.0 

1400.0 
0.0 
0-0 
0.0 

1700. 0 
1100.0 

0.0 
0.0 

1300.0 
1650.0 
1100.0 
'1100.0 
1100.0 
3200.0 

980 0 
9.0 
0.0 

1700.0 
260.0 
500. 0 
100.0 

0.0 
2400.0 

340. 0 
21.0 

2700.0 
0.0 
0.0 
0.0 
0.0 

2000.0 
0 . 0  
0.0 

2000.0 
2020.0 

0.0 
2650.0 
1450.0 
8050.0 

118.0 
10.0 
0.0 

1800.0 
280.0 
920.0 
110.0 

0.0 
3400.0 

385.0 
28.5 

0.0 
63204 

0.0 
53.5 
000 

3974-6 
198. 7 
142 4 

3710.0 
3273 7 

0.0 
7617- 1 
2877.9 

2 5354 0 
22109 

26.0 
0 . 0  

7385 5 
695 3 

2879- 1 
19OoJ. 

0 .Q 
886607 

522-4 
51.2 

19.50 
22.00 
4-60  

26.50 
5.45 

1 1 a O O  
28.50 
21.50 
9-00 
8-50  
0.0 

11-00 
8.50 
8 000 

24000  
30-00 

Om17 
26.50 
31.50 
21-50 
26-50 

Om20 
15-00 
19.00 
25.00 

1.00 
oeo 
0.0 
0. 0 
0.0 
1.10 
0.0 
0.0 
1.75 
0.86 
0.0 
1.00 
2. 30 
0 - 5 8  cn 
3. 90 
4- 40 
0.0 
1. 50 
20 40 
1-30  
5.20 
0.0 
O e 8 0  
7.80 
2.10 

rt) 

. c L 



4 Y L . t 

T a b l e  A 4 .  (Continued) 

Temp.  Stress ;t t l  t 2  tss e t es s m ("C)  (ma) Heat N o .  

HH8808A 
HH8808A 
HH84 16 A 
HH8416A 
HH8416A 
HH84 16 A 
HH8416A 
HH3603A 
HH3603A 
HH3603A 
HH3603A 
HH3603A 
HH3603A 
HH8808A 
HH8808A 
HH8808A 
HH8735A 
HH8735 A 
HH7686A 
HH7686A 
HH768bA 
HH7686A 
HH8416A 
HH8416A 
HH84 16 A 

6 4 9 ,  
6 4 9 ,  
649 
649  
649.  
649 
649. 
649 
6 4 9 ,  
649.  
649 
649 
649 
7 0 4 ,  
704 
704 .  
7 0 4  
7 0 4 ,  
7 0 4  
704 .  
7 0 4 .  
704. 
7 0 4 .  
7 0 4  
704.  

207. 
207. 
103. 
241. 
179. 
117. 
138 .  
179. 

83. 
241. 
124. 
138m 
124.  

a3 . 
110. 
152.  

50 
5 5 -  
90- 
5 5 -  
6 9 ,  
41m 

124. 
103. 

79.  

0 0006 2 5  
Om001400 
Om000008 
Om026700 
O m  010600 
Om000078 
Om000175 
Om008000 
0.000018 
0.040000 
Om000140 
Om000670 
0 000 100  
Om000250 
O m  0 00670 
0.0 10000 
0.005000 
Om000103 
0 00020 0 
O m  00001 4 
Om000125 
Om000020 
Om GO8600 
Om001000 
Om000170 

50.0  
400 O 

1650.0 
2.0 

25.0 
300mO 
240.0 
1 1 0 m O  

lt00m0 
2.0 

700.0 
300.0 
900- 0 

2OmO 
60s 0 
14.0 

O m  0 
160.0 

10 a 0  
3100mO 

1 O O m O  
1400mO 

25.0 
30.0 

O m  0 

840.0 
300.0 

3700. 0 
19s 0 

255.0 
3100.0 
1210mO 
330.0 

4500mO 
26.0  

1460. 0 
1150.0 
1600mO 

2 O O m O  
260.0 

64.0 
800mO 

Om 0 
42 5.0 

5800mO 
4000mO 
5000.0 

94mO 
230.0 

1800.0 

100Om 0 
445.0 

0.0 
23.0 

280.0 
4700, 0 
1760mO 

350.0 
5100mO 

38-0 
1600mO 
1350.0 
2200mO 

3 80- 0 
3 0 5 - 0  

84.0 
850.0 

0.0 
625.0 

O m  0 
8000m 0 

Om 0 
120mO 
320.0 

2 700s 0 

1099mO 
522.0 

O m 0  
57m7 

421 7 
7999 3 
3190.5 

632.3 
O m 0  

96-1  
0.0 

3723 3 
676amo 

O m 0  
1252.7 
211.1 

234983 
O m 0  

4529.9 
0.0 

21259.0 
O m 0  

294.4 
1057.9 
9479.0 

6 - 0 0  
7 a 0 0  
O m 0 5  

2 6 m O O  
15.00 

5.00 
4 - 5 0  

21mOO 
O m 5 0  

3 0 m O O  
1880 

36-50 
21.50 

0.0 
26.50 
27m50 
54.00 

Om72 
20m50 

Om30 
17.00 

O m 2 0  
24mOO 
1 2 - 5 0  
1 1 m O O  

l a 3 0  
1. 70 
0.0 
l a 6 0  
5.10 
2.70 
Om 85  
6.20 
0.40 
2.60 
l a 6 4  
l a  9 0  
1m25 ," 
0, 50 
l a  00 
2 - 5 0  
4.50 
Om 0 
Om 40 
0.0 
1.60 
O m  0 
2m00 
O m  70 
0. 70 



T a b l e  A 4 .  ( C o n t i n u e d )  

Heat N o .  

HH3603A 
HH3603A 
HP8416A 
HH8808A 
HW8808A 
HH8808A 
HH8735A 
HH8735A 
HH8735A 
HH8735A 
HH8735 A 
HH7686A 
Hk7686A 
HH7686A 
HH7686A 
HH7686A 
H H76 86 A 
HH8808 A 
HH8808A 
HH84 16 A 
HH8416A 
HH8416A 
HH3603A 
HH3603 A 
HH3603 A 

Temp. 
("C)  
704.  
7 0 4  
7 3 2 .  
760 
760 
760 
7 6 0 ,  
760 .  
7 6 0 ,  
760 
760  
760 
760 
760 
7 6 0 ,  
760 
7 6 0 m  
760 
760 
760 
760  
760 
760. 
760  
760 

S t r e s s  
(ma) 
124. 
69. 
5 5 .  
5 5 .  
48. 
C9m 
69. 
90 
28 
5 5 .  
41.  
5 5 ,  
62. 
34. 
83. 
48. 
69, 
90 
90, 
5 5 0  
69 ,  
3 1- 
48. 
69. 
28. 

~ ~-~ 

em 
Om015000 
Om000300 
Om000063 
0.001300 
0 000 120 
Om058800 
O m  030000 
0 427000 
0*000050 
Om001070 
Om 000875 
Om000400 
Om000640 
0.000002 
O m  074000 
Om000300 
O m  024300 
0*081000 
O m  240000 
O m  OO0140 
O m  004600 
O m  00000 1 
O e O O O 8 0 0  
0,009000 
O m  COO003 

t l  

25.0  
1OOmO 
160.0 

5.0 
6 0 m O  

Om 0 
5-0 
3.5 

2 1 O m O  
O m 0  
O m 0  
O m 0  
O m 0  

3000mO 
2.0 

50.0 
Om 0 
3.0 
4.0 
O m  0 
Om 0 

3800.0 
O m  0 
Om 0 

2850mO 

t 2  

160.0 
4000mO 

O m  0 
180.0 
9 0 0 m O  

30.0 
140.0 

1 8 m O  
O m  0 

360.0 
4400mO 
1500mO 

500.0 
4750,  0 

155.0 
100Om 0 

8 5 m O  
14.0 
1 1 m O  

2100mO 
140.0 

Om 0 
3800mO 

440.0 
0.0 

LSS 

175mO 
5200mO 

Om 0 
3 700 O 

Om 0 
45.0 

145.0 
O m  0 
Om 0 

400.0 
4600mO 
1825.0 

925.0 
O m  0 

165.0 
1 6 2 5 - 0  

9 5 m O  
16.0 
14.0 

3700.0 
310.0 

Om 0 
4800mO 

450.0 
O m  0 

tr  
5'10-9 

l?828.O 
O m 0  
O m 0  
0.0 

536.4 
575 3 

83e2 
O m 0  

3018.6 
11995mO 

7981  m6 
3676m5 

O m 0  
340.6 

1088 7 
585e6 
149.0 
91.4 

9814.0 
1144-9 

O m 0  
12001mO 

1522.3 
O m 0  

et 

43-00  
27m50 

O m 0  
6m40 
O m 2 6  

5 8 - 0 0  
37-00 
72e60 
Om12 
35.00 
2 6 e O O  
1 9 - 5 0  
18mOO 
oeo 
63.00 
14mOO 
35 -00  
62.50 
58.00 
13.50 
18mOO 

Om10 
25 -00  
3 9 m O O  

Om20 

4m10 
2e20 
O m  0 
0.80 
0,o 
3 - 0 0  
5 m 0 0  
0,  0 
0.0 
O m  50 
4mOO 
1.00 
O m 8 0  
O m  0 

13.00 
O m  80 
20 50  
2.50 
4m40 
O m  7 0  
1.60 
Om 0 
4.10 
4m50 
Om 0 

R Y . . c 



. . * 

Table A 4 .  (Continued) 

S t r e s s  
t l  t 2  t S s tr et ess 

Temp. 
("C) ( m a )  Heat No. 

O m  0 00 100 Om 0 816. 33 . 
00 144000 
Oe34OOOO 
Om400000 
00012800 
Om000013 
Om000083 
OoOOOO40 
Om 100000 
0.000110 
Om000023 
00000200 
00012000 
Om000048 
O o O O O 1 5 O  
00 110000 
Om000075 
00000039 
Om004000 
0.000280 
Om 008500 
Om C09200 
Om375000 
Om 125000 
Om000250 
Om000013 

O m  0 
13.0 

Om 0 
s o 0  

750.0 
Om 0 

500.0 
Om 0 
Om 0 

1800mO 
O m 0  
0.0 

250.0 
Om 0 

47.0 
O m 0  

475.0 
Om 0 

70.0 
5 . 0  
Om 0 
O m 0  
O m 0  
O m 0  

1500mO 

HH7686A 
HH7686A 
HH8808A 
HH8808A 
HH84 16 A 
HH84 16 A 
HH84 16 A 
HH8416A 
HH3603A 
HH3603A 
HH3603A 
HH8808A 
HH8808A 
HH8735A 
Hk8735A 
HH8735A 
HHt686A 
Hh7686A 
HH1686A 
HH1686A 
Ht-7686A 
HH8735A 
HH8808A 
HH8808A 
HH7534A 
HH8285A 

816, 6 1. 
816. 6 l m  
816, 61. 
816, 61. 
816, 21. 
816, 410 
816. 3 70 
816, 61. 
816 28. 
816. 21. 
871. 2 8 ,  
871 34, 
871 0 10 . 
8710 17, 
871 41. 
871 2 8 m  
871. 24 
871 41. 
811 . 34.  
8710 34 
871 0 28. 
871 41.  
8710 41. 

871 21. 
871 28. 

4500: 0 
8.0 

41.0 
3 7 m O  
650 0 

1700mO 
2400.0 

00 0 
55.0 

1500mO 
3000mO 

370.0 
3 0 m O  

1 4 0 0 m O  
1900mO 

97.0 
1450.0 
1OOOm 0 

140.0 
980mO 
110.0 
110mO 

57.0 
1 O m O  

9OOmO 
310000 

5300mO 
100 0 
42 .0  
39.5 
850 0 

O m  0 
63 00.0 

Om 0 
56.0 

4000mO 
Om 0 

520.0  
40.0 

0.0 
2250mO 

98.0 
3050mO 

0.0 
150.0 

1420.0 
180.0 
140.0 
62.0 
1 2 m O  

1300mO 
Om 0 

13411sO 
11305 

80.7 
84.3 

382.0 
O m 0  

1 Of30 0 
0.0 

234.7 
000 
0 m 0  
O m 0  

446 8 
000 

7204m7 
15483 

4989.4 
O m 0  

513m1 
2245.8 

86419 
879m4 
131.4 
117.6 

24?6m1 
0.0 

23.50 
72000  
84mOO 
72.50 
26mOO 
0.0 

10m50 
Om13 

72000 
1.90 
0050  
10000 
41.00 

O m 2 9  
33.50 
16050 

4000 
O m 2 0  
31.00 
11000 
31.00 
33050 
86.50 
58mOO 
20000 

0.30 

Om 50 
1.50 

190 00 
1 6 m O O  

1m40 
o s 0  
00 90 
Om 0 
60 50 
00 64 
000 
Om 30 
O m 7 0  
000 W 

O m  40 
23.00 

00 20 
O m  0 
Om 50 
00 65 
1.90 
1m50 

240 00 
1 m  50 
O m  80 
00 0 

a h  v a l u e  of 0.0 impl ies  t h a t  an  a c c u r a t e  v a l u e  could n o t  b e  determined. 



Table A5. Sandvik San ic ro  31 Creep Data 

PRODUCT FORM HEAT 
NUMBER 

S P E C 1  MEN 
NUMBER 

T EMP 
( C )  

STRESS 
( M P A )  

RUPTURE 
L I F E  
( H R )  

ELONG 
( X 1  

RED I N  
AREA 
( X I  

135MMOD X 
7MMWf TUBE 

7 .  52438 446.0 51.00 51.00 3994 600 208.2 

7.52438 

7.52438 

7.52438 

7.52438 

7.52438 

7.52438 

7.52438 

70 52438 

7.52438 

6.53436 

7.53353 

177 e2 

155.8 

13501 

113.8 

10401 

93.1 

84.0 

73.8 

6401 

1063.0 

2763 0 

8888 0 

32422.0 

158.0 

248.0 

574 0 

1199.0 

3667 0 

57.00 

35.60 

2 8 . 0 0  

31.00 

90.00 

91.00 

81.00 

67.00 

67.00 

55.00 

38.00 

27.00 

19.00 

70.00 

80.00 
P 

0 
75.00 0 

75.00 

65.00 

40.00 

32.00 

3995 

3996 

3997 

3990 

4014 

4015 

4016 

4017 

4018 

13605 

4975 

600  

6 0 0  0 

600 

600. 

700 e 

700. 

700 

700 0 

700 

7 0 0  

6 0 0  

16MM BAR 

197MMOO X 
l 9 M M W T  TUBE 

208.2 1045.0 23.00 

7.53353 

7.53353 

7.53353 

7.53353 

4.98180 

4976 

4977 

4978 

4979 

11076 

6 0 0  

600 0 

600 

600. 

700 

177.2 

155.8 

135.1 

113.8 

104.1 

8629 a 0  

16637 0 

39694 0 

68404 0 0 

689 0 

23.00 

7.00 

12.00 

140 00 

56.00 

27.00 

13.00 

17.00 

15.00 

6 5 . 0 0  50MMM) X 
7MMWT TUBE 

4.98180 11079 700 93.1 1353.0 45.00 49.00 

c . . 



b . . 

Table  A 5 .  (Continued) 

PRODUCT FORM HEAT SPECIMEN T E M P  STRESS 
NUMBER NUMBER ( C )  ( M P A  1 

SOMMOD X 4.98190 
7MMWT TUBE 

4.98iao 

4 . 981 a0 

4.98180 

4.98180 

75MMOD X 7.53723 
14MMWT TUBE 

7.53723 

7.53723 

7.53723 

7.53723 

11080 

11082 

11084 

11458 

11460 

5877 

5879 

5884 

5886 

5891 

7 0 0  

7 0 0  

7 0 0  

7 0 0  

700 

700 

7 0 0  

7 0 0  . 
700 . 
700 

84.8 

73.8 

6401  

57.9 

53.1 

104.1 

93.8 

84.8 

73.8 

57.9 

RUPTURE 
L I F E  
(HR) 

2259.0 

6065 0 

11907.0 

12473.0 

23114.0 

694 0 

1275.0 

2709 0 

6148.0 

17588.0 

ELONG 
( X I  

58.00 

35.00 

42.00 

37.00 

34.00 

54.00 

51.00 

54.00 

36.00 

32.00 

RED I N  
AREA 
( X )  

54.00 

19.00 

39000 

38.00 

28.00 

51.00 

42.00 

55.0 0 

37.00 

37.00 



Table A 5 .  (Continued) 

ANN/O 17/ 1050/WQ 

PRODUCT FORM HEAT SPECIMEN TEMP STRESS 
NUMBER NUMBER (C) (HPA) 

l 6 M M  B A R  6. 53438 

6.53438 

6.53438 

6.53438 

6.53438 

6 53438 

7.73207 

7.73207 

7 073207 

7.73207 

6.53438 

6 53438 

6.53438 

6.53438 

6.53438 

7073267 

7.73207 

7.73207 

7.73207 

7.73207 

13521 

13844 

13540 

13559 

13578 

13597 

13520 

13539 

13558 

13577 

13145 

13164 

13183 

13202 

13221 

13144 

13163 

13182 

13201 

13220 

600. 

600. 

600 

600 

600 

600 

600 

600 

600 

600. 

650 

650 

650 

650 

650 

650 

650 

650 

650 

650 

219 09 

219.9 

184.8 

160.0 

140.0 

124.8 

219.9 

184.0 

160.0 

140.0 

150.3 

124.8 

104.8 

90.3 

80 0 0  

150.3 

124.8 

104.8 

90.3 

80 00 

RUPTURE 
L I F E  
( H R )  

144.0 

131 0 0  

364.0 

7 6 6 0 0  

1482.0 

2351.0 

308.0 

863 0 

2578. 0 

4207 0 

137.0 

304.0 

602 0 

963 0 

2743 0 

299.0 

695 0 

1172.0 

3315.0 

3567.0 

E LONG 
( X B  

88.00 

89. 00 

93.00 

77.00 

84.00 

50.00 

61.00 

58.00 

36000 

33.00 

83.00 

88.00 

86. 00 

68. 00 

68. 00 

69.00 

60.00 

52.00 

44.00 

45.00 

RED IN 
AREA 
( X )  

72.00 

60.00 

68.00 

62.00 

58.00 

49.00 
F 

h3 
55.00 0 

49.00 

36.00 

31.00 

75.00 

73.00 

70.00 

61.00 

5 7 . 0 0  

63.00 

6f. 00 

51.00 

39.00 

36.00 

. 



. . 

Table A5.  (Continued) 

ANN/O 171 11001WQ 

PRODUCT FORM HEAT SPECIMEN r EMP STRESS 
NUMBER NUMBER ( C )  ( M P A )  

l 6 M M  BAR 6.53430 

6.53430 

6.53430 

6.53430 

6 53430 

7.73207 

7.73207 

7.73207 

6.53438 

6.53430 

6.53430 

6.53430 

6.53430 

7.73207 

7.73207 

7.73207 

4.98180 

4.98180 

4.90180 

13519 

13843 

13538 

13557 

13576 

13518 

13537 

13556 

13143 

13162 

13101 

13200 

13219 

13142 

13161 

13100 

11464 

11465 

11466 

6 0 0 .  

600 

600 

600 

600 

600 

600 

600 

650 

650 

650 

650 

650 

650 

650 

650 

700 

700 

700 

219.9 

219.9 

104.8 

160.0 

140.0 

219.9 

104.0 

160.0 

150.3 

124.0 

104.8 

90.3 

80.0 

150.3 

124.0 

104.8 

104.1 

93.1 

04.0 

RUPTURE 
L I F €  
( H R )  

322 0 

292.0 

1079.0 

2095.0 

5545.0 

630.0 

2337 0 

6565.0 

360.6 

742.0 

1929.0 

4520 0 

6566.0 

599.0 

2035 0 

4765.0 

699.0 

1217.0 

1057.0 

ELONC 
( X I  

65.00 

60.00 

57.00 

65.00 

40.00 

37.00 

34.00 

23.00 

01.00 

75.00 

58.00 

47.00 

43.00 

48.00 

45.00 

41.00 

58.00 

60.00 

36.00 

RED I N  
ARE A 
( X )  

50.00 

54.00 

51.00 

69.00 

30.00 

40.00 

27.00 

23.00 

66.00 

60.00 

54.00 

46.00 

44.00 

56.00 

42.00 

42.00 

50.00 

58.00 

33.00 

P 
0 
w 



Table A5.  (Continued) 

ANN/Oe17/1100/WQ 
(CONTINUED) 

PRODUCT FORM HEAT SPECIMEN TEMP STRESS RUPTURE E LONG RED I N  
NUMBER NUMBER (C) ( W P A )  LIFE ( X I  AREA 

( H R )  ( X I  

l6MM B A R  4.98180 l lQ67  700 7308 3945.0 58.00 54000  

4.98180 11468 700 e 6401 9290 e 0  48.00 42000 

4.98180 11469 700 e 57.9 14035eO 380 00 3 5 0 0 0  

4.98180 11470 700 e 53.1 26791 0 0 31.00 32.00 

4 



* . 

Table  A5.  (Cont inued)  

PRODUCT FORM HEAT SPECIMEN c EMP STRESS 
NUMBER NUMBER ( C )  ( M P A  1 

l 6 M M  BAR 4.98180 10895 700 111.7 

4.98180 10901 7000  9308 

4.98180 10907 700 0 7308 

4098380 10913 7000  64.1 

5.67078 5060 600 0 26408 25MMOD X 
SMMWT TUBE 

5 67078 

5.67078 

5067078 

5.67078 

5 .  67 l o 7  

5067107 

5.67107 

5.67107 

5067107 

70 0771 1 

7.07711 

70 0771 1 

7.07711 

5063 

5066 

5069 

5072 

5061 

5064 

5067 

5070 

5073 

5062 

5065 

5068 

5071 

600. 

600 0 

600 

600 

600 

600 0 

600 0 

600 

666. 

600 0 

600 0 

600  0 

600 0 

23501 

208 e 9  

177.2 

135.1 

264 8 

235.1 

208.9  

177.2 

13501 

26408 

2350 1 

208 09  

171.2 

RUPTURE 
LIFE 
(HR 1 

639 0 

213000 

8380 0 

19199.0 

155.0 

1017.6 

2857 e 0 

7604 . 0 

29548 0 0 

294 0 

946 0 

3187.0 

8740 0 0 

28673.0 

174.0 

421.0 

108500 

6004r0 

ELONG 
( X )  

140  00 

12.00 

90 06  

5.00 

12.00 

11.06 

70 0 0  

80 00 

60 00 

14.00 

11.60 

80 00 

6.00 

RED I N  
AREA 
( x1 

41.00 

32.00 

37.06 

19.00 

21.00 

16000 

12.00 

9.00 

60 00 

10.00 

12.00 

7.00 

4.00 

4.06 

13000 

16.00 

7.00 

6.00 



Tab l e  A 5 .  (Continued) 

ANN10 I? /  1140/WQ 
( CO NT I NU ED 1 

PRODUCT F O R M  HEAT 
NUMBER 

25MMOD X 7007711 
SMMWT TUBE 

5.67078 

5 67078 

5.67 078 

5.67107 

5.67107 

5.67107 

7.07711 

7.07711 

7.07711 

5.67078 

5 67 078 

5.67078 

5.67078 

5.67078 

5.67078 

5.67107 

5.67107 

SPECIMEN TEMP 
NUMBER ( C )  

5 0 7 4  600 

5243 

5246 

5249 

5244 

5247 

5250 

5245 

5248 

5251 

5075 

5876 

5078 

5883 

5850 

5890 

5076 

5079 

6 5 0 .  

650 

650 0 

650 0 

650. 

650 0 

650 

650 

650 

700 

700 0 

700 

700 

700 

700 

700 

700 0 

STRESS 
( M P A )  

135.1 

157.2 

137.2 

124.1 

157.2 

137.2 

124.1 

157.2 

137.2 

124.1 

104.1 

104.1 

88.3 

84.8 

73.8 

68.9 

104.1 

88.3 

RUPTURE 
L IFE 
( H R )  

29385.0 

352 0 

541 0 

2294 0 

283.0 

3905.0 

3405.0 

2650.0 

2714.0 

3182.0 

589.0 

339.0 

1112.0 

1720.0 

2996 0 

10382.0 

956.0 

1441.0 

E LONG 
( XI 

3.00 

420 66 

56.00 

22.00 

43.00 

15.00 

24.00 

8. 00 

30.00 

140 0 0  

72.00 

61.00 

43.00 

47.00 

37.00 

23.00 

370 06  

21.00 

RED I N  
AREA 
( X I  

7.00 

40.06 

51.00 

23.00 

44.00 

13.00 

21.00 

16.00 

29.00 

13.00 

49.00 

47.00 

47.00 

45.00 

34.00 

23.00 

40.00 

33.00 

c c . b 



a r 

Table A5. (Continued) 

ANN10 171 1140/YQ 
(CONTINUED)  

PRODlKT FORM HEAT 
NUMBER 

25MMOD X 5.671 07 
SMMWT TUBE 

7.0771 1 

7.0771 1 

?e07711 

7.07766 

7.07766 

7.07766 

7.07766 

7 0  07766 

7.07766 

7 .  07766 

70 07766 

7 .  07766 

7. 07766 

7 0  07766 

7.07766 

7.07766 

60MMOD X 1.53088 
1OMMWT TUBE 

SPECIMEN 
NUMBER 

585 1 

5077 

5080 

5852 

5622 

5623 

5624 

5628 

5844 

5845 

5846 

5625 

5626 

5627 

5847 

5848 

5849 

4470 

TEMP 
( C )  

700 

700 

700 

700 

7 0 0  

700 e 

700 

700 

700 

700 

700 0 

700 

700 

700 

700 0 

700 

7 0 0 .  

600 0 

STRESS 
(HPA)  

73.8 

104.1 

88.3 

73.8 

106.9 

106.9 

106.9 

106.9 

106.9 

166.9 

106.9 

86.9 

86.9 

86.9 

8609 

86.9 

86.9 

208.2 

RUPTURE 
L I F E  
( H R )  

4669 0 0 

1432.6 

2583 0 

6315.0 

516.0 

613.0 

1131.0 

625.0 

618.0 

661.0 

573 0 

2650 0 

1671.0 

3751 0 

2211.0 

2089.0 

2141.0 

704.0 

ECONG 
( X )  

28.00 

30.06 

23.00 

18.00 

3 3 0  0 0  

34.00 

26.00 

38.06 

46.00 

43.00 

42.00 

16.00 

25.00 

14.00 

22.00 

21.00 

28.00 

39.00 

RED IN a m  A 
4 X )  

25.00 

25.00 

11 e o 0  

23.00 

29.00 

29.00 

24.00 

31.00 

37.00 

33.00 

37. 00 

16.00 

21 0 00 

12.00 

14.00 

19.00 

27.00 

38.00 



Table A 5 .  (Continued)  

ANN/D 0 17/ 1140/WQ 
(CON1 INUED)  

PRODUCT FORM HEAT SPECIMEN rEMP STRESS 
NUMBER NUMBER [ C )  4 WPA 1 

6OMMOD X 7.53080 4471 600 177 2 
10MMWT TUBE 

7.53688 4472 600  155.8 

7.53080 4473 6 0 0  135.1 

7.53000 4474 600 124.8 

RUPTURE ELONG RED I N  
L I F E  ( X I  AREA 
( H R )  ( X )  

41.00 32.60 1906.0 

26.00 26.00 

31062.0 21.00 44.00 

21.00 30735.0 

7637.0 

20 .00  

a . * 



(. . 8 
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Table  A 5 .  (Continued) 

ANN10 17/ llSO/YQ 

PRODUCT FORM HEAT SPECIMEN TEMP STRESS 
NUMBER NUMBER (C) (HPA 1 

16.OMM B A R  4.81037 

6 53433 

6 53433 

6 853434 

6.53434 

6.53434 

6.53434 

6.53435 

6.53435 

6.53435 

6 053435 

6.53436 

6.53436 

6.53436 

6 53438 

6.53438 

6.53438 

7.73207 

7.73207 

13413 

13412 

13421 

13417 

13426 

13435 

13444 

13418 

13427 

13436 

13445 

13419 

13428 

13437 

12695 

13420 

13429 

13414 

13423 

550 

550 

550 

550 . 
550 

550 

550 

550 

550 

550  . 
550 

550 

550  . 
550 

550 

550 

550 

550 

550 . 

299.9 

299.9 

270.3 

299 09 

270.3 

230 03 

199.9 

299.9 

270 3 

230.3 

199.9 

299 9 

270.3 

230 3 

299.9 

299.9 

270.3 

299 09 

270 03 

RUPTURE 
L I F E  
( H R )  

3090 0 

1665.0 

2765 0 

292 0 

619.0 

1845.0 

4534 . 0 
586.0 

1051.0 

2600.0 

6053 0 

862.0 

1714.0 

3916.0 

1360 0 

1651 0 0  

4963. 0 

1355.0 

3657 0 0 

ECONG 
( X I  

14. 00 

14. 00 

12.00 

18.00 

19.00 

24.00 

21.00 

24.00 

20. 00 

21.00 

19. 00 

31.00 

23.00 

22.00 

21.00 

20.00 

14. 00 

16. 00 

11.00 

RED I N  
AREA 
4 XI 

15.00 

13.00 

9.00 

19.00 

15.00 

17.00 

17.00 

22.00 

17.00 

19.00 

9.00 

26.00 

22.00 

16.00 

15.00 

15.00 

9.00 

13.00 

9.00 



Table A 5 .  (Continued) 

A N N / O  17/ 1150/WQ 
(CONTINUED) 

PRODUCT FORM HEAT 
NUMBER 

16.OMM BAR 7.74129 

7.74129 

7 74 129 

?e76025 

7.76025 

7 8741 29 

7.76025 

4.81837 

4.81837 

6.53433 

6 053433 

6.53434 

6.53434 

6.53434 

6.53434 

6.53434 

6.53435 

6.53435 

6.53435 

SPECIMEN TEMP 
NUMBER <C) 

13415 

13424 

13433 

13416 

13425 

13544 

13507 

13504 

13523 

13503 

13522 

13508 

13527 

13546 

13565 

13584 

13509 

13528 

13547 

550 

550 

550 

550 . 
550 

600 

600 

600 

600 

600 

600 

600 

600 

600 

6 0 0  

600 

600 

600 

600 

STRESS 
( M P A )  

299.9 

270 3 

230 3 

299.9 

270 3 

160.0 

219.9 

219.9 

184. 8 

219.9 

184.8 

219.9 

184.0 

160.0 

140.0 

124.8 

219.9 

184.8 

160 0 0  

RUPTURE 
LXFE 
(HR) 

598.0 

1231.0 

4103.0 

2198.0 

4477 . 0 

3020 0 

3525. 0 

1111.0 

4152.0 

1870.0 

5828.0 

164.0 

644 0 

1313.0 

3332. 0 

7077 0 

326.0 

1107.0 

1638.0 

ELONG 
( X I  

22.00 

21.00 

18.00 

13.00 

10.00 

31.00 

5.00 

22.00 

35. 00  

7.00 

6.00 

23. 00 

2 5 . 0 0  

35.00 

33.00 

33.00 

27. 00 

41.00 

32.00 

RED I N  
ARE A 
( X )  

24.00 

19.00 

15.00 

15.00 

8.00 

26.00 

5.00 

28.00 

38.00 

8.00 

7.00 

23.00 

27.00 

33.00 

30. 00  

30.00 

2 6 . 0 0  

34.00 

30.00 

P 
P 
0 

* . 
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Table  A 5 .  (Continued) 

PRODUCT FORM HEAT 
NUMBER 

16eOMM BAR 6.53435 

6.53436 

6.53436 

6 53436 

6 53436 

6.53438 

6.53438 

6.53438 

6.53438 

6.53438 

6.53438 

6.53438 

6.53430 

6.53438 

7 073207 

3.73207 

7.73207 

7.74129 

1.74129 

ANN/O~17/1150/WQ 
(CONTINUED) 

SPEC I MEN 
NUMBER 

13566 

13510 

13529 

13548 

13567 

13511 

13841 

13886 

13887 

13888 

13889 

13530 

13549 

13568 

13505 

13524 

13543 

13506 

13525 

1 E M P  
( C )  

600 

600 e 

600 

600 

600 

600. 

600 

600. 

600 

600. 

600 

600 

600 

600 

600 

600 

600 

600. 

600 

STRESS 
( Y P A )  

140.0 

219.9 

184.8 

160 0 0  

140.0 

219.9 

219.9 

184.8 

104.0 

160 e 0  

160.0 

140.0 

140.0 

124.0 

219.9 

104.~1 

160.0 

219.9 

ia4.a 

R UP TURE 
L IF€ 
( H R )  

4382 . o 

1285.0 

2180.0 

413.0 

4855.0 

456.0 

414.0 

1304.0 

1016.0 

2438.0 

7801 .o 
1472.0 

1334.0 

1314.0 

484.0 

2010.0 

5065 0 

368.0 

1550.0 

ELONG 
( X I  

35.00 

23.00 

30.00 

29.00 

30.00 

29.00 

40.00 

32.00 

66. 00 

24.00 

1 a. oo 

25.00 

22.00 

17.00 

28.00 

28.00 

RED I N  
AREA 
( X I  

30.00 

28.00 

31.00 

26.00 

20.00 

28.00 

36.00 

21.00 

37.00 

24.00 

17.00 

27.00 

19.00 

22.00 

25.00 

25.00 



Table A 5 .  (Continued) 

A N N 1 0  171 1150/WQ 
(CONTINUED)  

PRODUCT FORM HEAT S P E C I M E N  TEMP STRESS 
N U M B E R  N U M B E R  I C )  ( Y P A )  

l6.OHM B A R  4.81 837 

4.01037 

4.81037 

6.53433 

6.53434 

6.53434 

6.53434 

6 53434 

6.53435 

6.53435 

6.53435 

6.53436 

6.53436 

6 53436 

6.53438 

6 s 53438 

6.53438 

7.73207 

7.73207 

13128 

13147 

13166 

13127 

13132 

13151 

13170 

13189 

13133 

13152 

13171 

13134 

13153 

13172 

13135 

13154 

13173 

13129 

13148 

650 

650 e 

650 

650 

650 

650 

650 

650 

650 

650 

650. 

650. 

650 

650 

650 

650 

650 

650 

650 

150 a 3  

124.8 

104.8 

150.3 

150.3 

124.8 

104.0 

90.3 

150.3 

124.0 

104.0 

150.3 

124.8 

104.8 

150.3 

124.8 

104.8 

150.3 

124.8 

RUPTURE 
L I F E  
( H R )  

1326.0 

3056.0 

7660 e 0 

4523 0 

330 0 

903.0 

2463 0 

7938.0 

393.0 

1228.0 

3124.0 

459 0 

1205.0 

3760 0 

380.0 

1267 b 0 

3537.6 

672.0 

1766.0 

ELONG 
( X I  

35.00 

39.00 

26.00 

10.00 

45.00 

68.00 

56.00 

45.00 

52.00 

55.00 

55.00 

54.00 

51.00 

40.00 

43.00 

41.00 

36.00 

33.00 

36.00 

RED I N  
AREA 
( X )  

40.00 

37.00 

29.00 

13.00 

40.00 

50.00 

42.00 

36.00 

43.00 

45.00 

45.00 

45.00 

44.00 

35.00 

40.00 

30.00 

32.00 

34.00 

33.00 

& . 
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Table A5.  (Continued) 

ANN/O.l7/1150fWQ 
(CONTINUED) 

PRODUCT FORM HEAT SPECIMEN TEMP STRESS 
NUMBER NUMBER (C) ( M P A )  

l6MM BAR 

16.0MM BAR 7.73207 

7 e74 129 

7.74129 

7.76025 

7.74129 

4.81837 

4.81837 

6 0 53433 

6.53433 

6.53434 

6 53434 

6.53434 

6.53435 

6.53435 

6.53435 

6.53436 

6.53438 

6.53438 

7.73207 

13167 

13130 

13168 

13150 

13149 

13599 

13608 

13598 

13607 

13603 

13612 

13621 

13604 

13613 

13622 

13614 

13606 

13615 

13600 

650 . 
650 

650 0 

650 

650 0 

700 

700 

700 

700 0 

700 

700 

700 

700 

700 

700 

700 0 

700 

700 

700 

104.8 

150.3 

104.8 

124.8 

124.8 

100.0 

84.8 

100.0 

84.8 

100 .O 

84.8 

70.3 

100.0 

84.8 

70.3 

84.8 

100.0 

84.8 

100 00 

RUPTURE 
LIFE 
(HR) 

4642 0 

504 . 0 

3601 .O 

5073 . 0 

1580.0 

1549.0 

2413.0 

2731 .O 

4680.0 

545.0 

1291 .O 

3255.0 

812.0 

1449.0 

6107r0 

1792.0 

771 0 

1606.0 

1056.0 

E LONG 
( X I  

31.00 

48.00 

33.00 

33.00 

48.00 

40.00 

36.00 

27.00 

45.00 

82.00 

08.00 

71.00 

58.00 

74.00 

38.00 

56.00 

57.00 

47.00 

49.00 

RED I N  
AREA 
( X )  

28.00 

45.00 

29.00 

33.00 

42.00 

41.00 

39.00 

40.00 

36.00 

70.00 

670 00 

76. 00 

42.00 

57.00 

37.00 

49.00 

50.00 

42.00 

42.00 

F 
P w 



Table A5. (Continued) 

ANN/Ool7/1150/YQ 
(CONTINUED) 

PRODtXT FORM 

16MM BAR 

33MUoD x 
SMMYT TUBE 

HEAT 
NUMBER 

7.73207 

7014129 

7.74129 

7.74129 

7076025 

7.76025 

4098180 

4.98180 

9098180 

4.98180 

4.98180 

4 981 80 

4.98180 

4.98180 

4.98180 

4.98180 

4 98180 

4.98180 

SPECIMEN 
NUMBER 

13609 

1360 1 

13610 

13619 

13602 

13611 

12068 

12071 

12074 

12077 

12080 

11086 

12449 

12450 

12083 

12451 

12452 

11 087 

1 €UP 
( C )  

700 0 

700 0 

7000 

700 0 

700 

700  0 

600 

600. 

600 0 

600 

600 . 
700 0 

7 0 0 .  

700 0 

700 0 

1 0 0  0 

700  0 

1 Q O  0 

STRESS 
( W P A )  

8408 

100.0 

8 4 0 8  

76.3 

100.0 

8408 

208 02 

186.8 

161.3 

14602 

1350 1 

104.1 

1040 1 

10401 

93.8 

93.8 

9 3 0 8  

930  1 

RUPTURE 
L fFE 
(HRB 

2618.0 

679 0 

2435 0 0 

7517.0 

1970.0 

2859. 0 

220300 

2796 0 0 

748200 

14884.0 

2364500 

996.0 

497 0 

5160 0 

98900 

1019.0 

8960 0 

151900 

ECONG c X I  

21.00 

20.00 

21.00 

19.00 

21.00 

20.00 

28000  

560 00 

25.00 

29.00 

25.00 

RED I N  
ARE A 
( X )  

0 . c . 1 



. + . 0 

Table A5. (Continued) 

PRODUCT FORM HEAT 
NUMBER 

33WMoo x 4.90100 
SMMWT TUBE 

4090100 

4090180 

4 90 100 

4.90180 

4090100 

4.90100 

4.98180 

4098180 

4.90100 

42MHa) X 4 90 190 
5MMYT TUBE 

4.98198 

4.90198 

4.90190 

4.98198 

4 981 98 

4.90198 

ANN/O.l7/115O/UQ 
( C O W  INUED 1 

SPEC I MEN 
Nu MBER 

11030 

12453 

12454 

11009 

12455 

12456 

12006 

11090 

12450 

12089 

120 67 

12370 

12073 

12076 

12079 

12002 

12005 

T EMP 
( C )  

700 0 

700 

700 

700 0 

700 

700 

700 0 

700 0 

700 0 

700 0 

600 0 

600 

600 0 

6000 

6000 

700 0 

700 

STRESS 
( W P A )  

84.8 

84.0 

0400 

73.8 

73.8 

7308 

6809 

64.1 

640 1 

57.9 

20802 

186.8 

161.3 

14602 

135.1 

930 1 

6809 

RUPTURE 
L IFE 
(HR) 

3974 0 0 

2112.0 

2016.0 

7927 0 0 

14472 0 

858800 

1149f.0 

1 7007 0 

23216.0 

23269 0 0 

133300 

171200 

40210 0 

43630 0 

12276.0 

663 0 

11658.0 

E LONG 
( X )  

21.00 

27.00 

29.00 

140 00 

12.00 

140 00 

35.00 

160 00 

17.00 

25.00 

22.00 

20.00 

21.00 

12.00 

140 00 

27. 00 

20.00 

RED I N  
AREA 
( Y )  

30. 00 

23.00 

20.00 

30.00 

13000 

25.00 

32000 

15.00 

12.00 

300 00  

22.00 

25.00 

18000 

23.00 

21.00 

35.00 

26.00 



Table A5.  (Continued) 

ANN/O 171 1150/WQ 
<CONTINUED) 

PRODUCT FORM HEAT 
NUMBER 

42MMOD X 4.98195 
PMMWT TUBE 

4.98195 

4.98195 

4.98195 

4.90195 

4.98195 

4.98195 

4.98195 

4.98195 

4.98195 

4.98195 

4.98195 

4 0  981 95 

4098195 

4. 981 95 

4.98195 

43MMOD X 
6MMWT TUBE 

4098195 

7.05801 

SPECIMEN 
NUMBER 

11276 

12066 

11279 

12069 

11 282 

12072 

11285 

12075 

11288 

12076 

11291 

12081 

11 294 

11 297 

12084 

11300 

12087 

3970 

TEMP 
( C )  

666. 

600. 

6 0 0  

600 0 

600 0 

600  . 
600 0 

600 0 

600 0 

6 0 0  0 

700 0 

700 0 

700 0 

700 . 
700. 

700 0 

700 0 

700 0 

RUPTURE 
L I F E  
( H R )  

3313.0 

2031 e 0  

9290 e 0 

2374 0 0 

18513.0 

551500 

23233.0 

13873.0 

26349.0 

17303.6 

147600 

129500 

5949.0 

1305700 

13291 0 

22215.0 

256670 0 

940 e 0 

ELONG 
( X I  

15.00 

18.00 

15.00 

230 0 0  

60 00 

16.00 

l e  00 

12.00 

8.00 

10.00 

400 0 0  

28000  

30.00 

27.00 

21.00 

140 00 

25.00 

53.00 

RED IN 
ARE A 
( X )  

18000 

230 0 0  

18000 

18.00 

14.00 

16.00 

7.00 

25.00 

10.00 

12.00 

35.00 

26.00 

30.00 

24.00 

30.00 

14.00 

21.00 

42000 

. z . 
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Table A 5 .  (Continued) 

PRODUCT FORM HEAT 
NUMBER 

43MMOD X 7.05801 
6MMWT TUBE 

7005861 

7005861 

7 e 7  64 1 1 

SOMMOD X 4098180 
7MMWT TUBE 

4.98180 

4 98180 

4 0  981 8 0  

4.98180 

4098180 

6OMMOD X 7 0  53088 
lOMMWT TUBE 

7053088 

7 .  53Q88 

7.53088 

7053088 

7.53688 

70 53008 

ANN/Oo17/1150/YQ 
(CON1 INUED) 

SPECIMEN 1 EMP 
NUMBER (C) 

3972 7 0 0  0 

3974 700 0 

3976 700 e 

13890 700 0 

11 077 700 

11 079 700 0 

11081 700 0 

11083 700 

11085 700 e 

11459 700 0 

4490 700 0 

5875 7 0 0  e 

449 1 7 0 0 .  

4492 700 0 

5882 7600 

4493 7 0 0  0 

5889 7 0 0  0 

STRESS 
( Y P A )  

8400 

73.0 

640 1 

90.3 

10401 

93.1 

8 4 0 8  

73.0 

64.1 

51.9 

11107 

10401 

9 3 0 1  

8408 

8408 

73.0 

6009 

RUPTURE 
LIFE 
(HR) 

3050 0 

55520 0 

14990 0 

4409 0 0 

101706 

1357.0 

25240 0 

70730 0 

1580100 

14221 e 0 

260.0 

386.0 

777.0 

1610.0 

1652.0 

3520 0 0 

6283 0 

RED I N  
AREA 
( X I  

3 6 0 0 0  

40.00 

28.00 

33.00 

5 5 0  00 

49.00 

320 0 0  

20.00 

3 8 0 0 0  

54.00 

54.00 

53006 

51 000 

50.00 

46.00 

34000  



Table A5. (Continued) 

ANN/O.l?/115O/WQ 
(CONTINUED) 

P R O D K T  FORM HEAT SPECIMEN TEMP STRESS 
NUMBER NUWBER ( C )  ( Y P A B  

60MMOD X 7.53088 4494 700 . 64.1 
1OMMWT TUBE 

64MMOD X 7.72471 11215 6 0 0 .  208.2 
6MMUT TUBE 

7.72471 11278 6 0 0  106.8 

7.72471 11281 600 161 03 

7.72471 11284 600 146.2 

7.72471 11201 600 135.1 

7.72471 11290 700 . 93.1 

7 0 0  80 00  7.72471 11293 

7.72471 11296 700 . 68 09 

7.72471 11299 700 64.1 

R W T U R E  
L 1FE 
(HR) 

9678 0 

2290 0 

4604 0 

6922 0 

9310.0 

16520 0 

114000 

5930 0 

11199.0 

33629.0 

E LONG 
( X )  

40. 00 

23.00 

21.00 

17.00 

18.00 

16.00 

53.00 

31.00 

33.00 

24.00 

RED I N  
AREA 
t X )  

34.00 

20.00 

26.00 

26.00 

19.00 

10.00 

49.00 

43.00 

32.00 

14.00 

. * . . 
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PRODUtT FORM HEAT 
NUMBER 

16UM BAR 0098180 

4.98180 

4098180 

4098180 

Tab le A5. (Continued) 

SPECIMEN TEMP STRESS RUPTURE 
NUMBER ( C )  ( M P A )  L I F E  

(HRB 

10896 

10902 

10908 

10914 

16eOMU BAR 6.53442 13502 

654 0 700 0 11107 

700 0 9308 1956.0 

700 0 73.6 7765. 0 

700 0 64.1 26509.0 

ANN/ 0 17/900/W Q 

600 104.8 5360 0 

. 

ELONG 
( X )  

44.00 

37.00 

31000 

22.00 

66.00 

RED I N  
AREA 
( X )  

43.00 

42.00 

40.00 

15.00 

51 e00 



Table A 5 .  (Continued) 

ANNYO 0251 1150/JQ 

PRODUCT FORM HEAT SPECIMEN 
NUMBER NU MBER 

l6MM BAR 

2OMM BAR 

16oOMM BAR 1054214 

7.54214 

7054214 

7054214 

7.54214 

7 542 14 

7.54214 

7.54214 

7054214 

7054214 

? 0542 14 

7054214 

7.54214 

2000MM BAR 70 06745 

7 0  06745 

7 0  06745 

7 0  06745 

fob6745 

70 06745 

7194 

7195 

7196 

7197 

7190 

7382 

7383 

7384 

11022 

7385 

11023 

7386 

11024 

4239 

4240 

4241 

4242 

4243 

5862 

1 EMP 
(Cl 

600 0 

600 0 

6 0 0  0 

600 

6 0 0  0 

700  0 

700 0 

700 0 

7 0 0  0 

700 0 

700 0 

700 0 

700 0 

6000 

600 0 

600 0 

600 0 

600 0 

700 0 

STRESS 
(MPA) 

23501 

21307 

19709 

177.2 

155.8 

11107 

93.1 

8408 

8408 

73.8 

70.3 

6401 

6401 

20802 

177.2 

15508 

1350 1 

12408 

12200 

RUPTURE 
L I F E  
( H R )  

26500  

449 0 

874.0 

1708 0 0 

459706 

18700 

788 0 0 

165500 

152700 

4255 0 0 

101 52.0 

1407000 

12888 0 

10377 0 

2765300 

56073 0 0 

83030 0 0 

83030.0 

38600 

ELONG 
( X )  

560 00 

RED I N  
ARE A 
4 X )  

P 
N 
0 

. c 



. . c c 

T a b l e  A 5 .  (Continued) 

ANN/O .25/1150/WQ 
(CONT INUED)  

PRODUCT FORM HEAT SPECIMEN TEMP STRESS 
NUMBER NUMBER ( C )  ( H P A )  

20MM BAR 7.06745 4244 700 . 104.1 

7.06745 5864 700 . 104.1 

7.06745 4247 700 04.0 

7.06745 5866 700 04.0 

7.06745 4250 700 0 73.8 

7.06745 5868 700 0 73.8 

7.06745 5870 700 64.1 

7.06063 4245 700 104. 1 

7.06063 5872 700. 93.8 

7.06063 4248 700 84.8 

7.06863 4251 700 0 73.8 

7.06063 5873 700. 64.1 

7.52399 5063 700. 122.0 

7.52399 4246 700 . 104.1 

7.52399 5865 7 0 0 .  104.1 

7.52399 4249 700 04.8 

7.52399 5067 7 0 0  04.8 

7.52399 4252 700. 73.0 

7.52399 5869 700 73.8 

RUPTURE 
L XFE 
( H R )  

3800 0 

682.0 

10715.0 

3243 0 

10578.0 

8242.0 

15937 0 

1145.0 

2254 0 

4682.0 

8713.0 

22027.0 

255.0 

496 0 

330 . 0 

6437 0 

2163.0 

4378 0 

5509 0 0 

ELONG 
( X I  

11.00 

61.00 

7.00 

44.00 

31.00 

34.00 

32.00 

47.00 

40. 6 0  

31.00 

34.00 

29.00 

76.00 

87.00 

68. 00 

28.00 

66.00 

52.00 

32.00 

RED I N  
A R E A  
( X )  

18.00 

470 0 0  

7.00 

43000  

32.00 

33.00 

32.00 

47.00 

42.00 

38.00 

40.00 

32.00 

55.00 

52.00 

56000  

32.00 

53.00 

440 00 

25.00 



Table A 5 .  (Continued) 

ANN/O.25/1150/WQ 
4 CONT INUED 1 

PROD 

20MM 

E T  FORM HE A T  
NUMBER 

BAR 7.52399 

7.52399 

25.0MM BAR 5.67078 

5.67070 

5.67078 

5.67078 

5.67078 

5.61078 

5.67078 

5.67107 

5.67107 

5.67107 

5.67107 

5.67107 

5.67107 

5.67107 

7.07711 

7.07711 

7.07711 

SPECIMEN 
NU MBE F? 

4255 

587 1 

5037 

5040 

5043 

4766 

4768 

4772 

4775 

5036 

5039 

5042 

4767 

4770 

4773 

4776 

5038 

5041 

5044 

f EMP 
( C )  

700 

700 

600 

600 

600 

600 

600 

600 

600 

600 

600 

600 

600 

600 

600 

600 

600 

600 

600 

STRESS 
(HPA) 

64.1 

64.1 

306.1 

275.8 

244 8 

213.7 

186.8 

155.0 

124.8 

306.1 

275.8 

244.8 

213.7 

186.8 

155.8 

124.0 

306.1 

275.8 

244 8 

RUPTURE 
L 1FE 
( H R )  

12953 0 

11938.0 

67.0 

143.0 

255.0 

1351.0 

3804 0 

12976.0 

50604.0 

87.0 

396.0 

720 . 0 

3215.0 

8268.0 

28769 0 

47303.0 

105.0 

146.0 

442 0 

ELONG 
( X I  

36.00 

22.00 

23.00 

19.00 

13.00 

13. 00 

11.00 

6. 00 

23.00 

13. 00 

13. 00 

10.00 

8. 00 

5. 00  

4.00 

21.00 

10.00 

12.00 

RED IN 
ARE A 

X )  

32.00 

18.00 

22.00 

19.00 

13.00 

10.06 

13.00 

6. 00 

27. 00 

19.00 

13.00 

13.00 

10.00 

9.00 

7.00 

19.00 

14.00 

11.00 

c . 



c 

Table A5. (Continued) 

ANN10 025/1150/WQ 
( C O W  INUED) 

SPECIMEN T'EMP STRESS 
NUMBER ( C )  ( Y P A  1 

PRODUCT FORM HEAT 
NUMBER 

25MM BAR 

25oOMM BAR 7.6771 1 

7.07711 

7.07711 

5.67070 

5.67070 

5.67070 

5e67070 

5.67107 

5.67107 

5.67107 

5.67167 

6026273 

6.26273 

6.26273 

6026273 

6.26273 

6.27271 

6.27271 

6.27271 

4765 600 0 213.7 

4768 600 0 186.8 

477 1 600 0 155.8 

4778 700 11107 

4781 700 93.1 

4784 700 0 80.0 

4 f 8 7  700 0 64.1 

4779 700 11107 

4782 7000  93.1 

4705 700 0 80.6 

5853 700 0 64.1 

110319 700 104.1 

11043 7000 93.0 

11047 700 0 84.0 

11051 700 7308 

11055 700 0 6401 

11037 7 0 0  0 1040 1 

11041 700 93.8 

11045 700 0 84.8 

RUPTURE 
L IF€  
( H R )  

261300 

70970 0 

29133.0 

273 0 

60600  

22750 0 

6467 0 0 

495.0 

1124.6 

4077 0 0 

11959. 0 

711.0 

162400 

3056 0 0 

9624.0 

33197.0 

139600 

34960 0 

6174.0 

ELONG 
( X )  

RED I N  
AREA 
( X )  



PRODUCT FORM HEAT 
NUMBER 

25MM BAR 6027271 

6027272 

6027272 

6027272 

6027272 

6027272 

7007711 

70  0771 1 

70 0771 1 

700771 1 

7SMMOD X 7.53723 
14MMWT TUBE 

7053723 

7053723 

Table A5. (Continued) 

ANN/Oo25/llSO/WQ 
(CONTINUED) 

SPECIMEN 
NUMBER 

11049 

11038 

11042 

11046 

11050 

11054 

4777 

4780 

4783 

4786 

5874 

588 1 

5888 

TEMP STRESS 
( C )  ( H P A )  

700 

700 0 

700 

700 0 

700 0 

7 0 0  0 

7 0 0  0 

700 

7000 

7 0 0  0 

700 0 

7 3 0 8  

104.1 

93.8 

8408 

7308 

6401 

11107 

93.1 

80.0 

6401 

104.1 

7600  8408 

700 6809 

RUPTURE 
L IF€ 
( H R )  

10292 0 

798 0 

164300 

319300 

7350 0 

17121.0 

336 0 

99000 

33750 0 

7629 0 0 

?3? 0 

2721 0 0 

1092400 

RED I N  
AREA 
( X )  

28006 

50.00 

42000 

400 00 

260 00 

20000 

41000 

36000 

31 00 

280 00 

53000 

530 0 6  

34r00 

c 



b 

PRODUCT FORM HEAT 
NUMBER 

16.OMM B A R  5.67942 

5.67942 

5.67942 

5.67942 

5.67943 

5.67943 

5.67943 

5.67943 

5.70037 

5 70 037 

5.70037 

5.70037 

7.07765 

7 .  07765 

7 .  07765 

7. 07765 

7.  07765 

5.67942 

5.67942 

Table A 5 .  (Continued) 

ANN/O.5/lOOO/WQ 

SPECIMEN 
NUMBER 

8008 

8012 

8016 

8020 

8009 

8013 

8017 

8021 

8011 

8015 

8019 

8023 

80 10 

8014 

8018 

8022 

8026 

8028 

8032 

T EMP 
( C )  

550 

550 

550 

550 

550 

550 

550 

550 

550 

550 

550 

550 

550 

550 

550 

550 

550 

600 

600 

STRESS 
( Y P A )  

319.2 

217 9 

246 8 

215.8 

319.2 

277 9 

246.8 

215.8 

319.2 

277.9 

246.8 

215.8 

319.2 

2 7 t  . 9 

246.8 

215.8 

184.8 

235.1 

213.7 

R UP TUR E 
LIFE 
( H R )  

261.0 

727.0 

3101.0 

10889.0 

315.0 

1019.0 

3156.0 

11087.0 

400.0 

2927.0 

8805 0 

26941 0 

226.0 

648.0 

1606.0 

8207.0 

38585. C 

234.0 

435.0 

ELONG 
( X I  

35.00 

22.00 

12.00 

11.00 

25.00 

20.00 

14.00 

10.00 

44.00 

20 .00  

18.00 

12.00 

48.00 

29.00 

19.00 

13.00 

9.00 

45.00 

41.00 

RED I N  
ARE A 
( X I  

36.00 

21.00 

15.00 

11.00 

32.00 

23.00 

16.00 

13.00 

45.00 

21 000 

5.06 

13.00 

49.00 

29.00 

20.00 

13.00 

9.00 

45.00 

41 00 



Tab le A 5 .  (Continued) 

ANN/Oo5/ 1000/WQ 
(CONTINUED)  

PRODUCT FORM HEAT 
NUMBER 

1600MM B A R  5.67942 

5.67942 

5067942 

5.67943 

5.67943 

5.67943 

5.67943 

5.67943 

5070037 

5.70037 

507003f  

5.70037 

5 0  70037 

7.07765 

7.07765 

7007765 

7 0  07765 

7 0  07765 

SPECIMEN TEMP 
NUMBER (Cl 

8036 

8040 

8044 

8029 

8033 

8037 

8041 

8045 

8031 

8035 

8039 

8043 

8047 

8030 

8034 

8038 

8042 

8046 

660 0 

600 0 

600 0 

666. 

600 0 

600 0 

600 0 

600 0 

600 0 

600 r 

6 0 0  

600 0 

600 0 

606  . 
6 0 0  0 

600 . 
600 0 

600 0 

RUPTURE 
L I F E  
( H R )  

521 0 

806.0 

2673.0 

237 0 

455.0 

666 0 

969.0 

1669.0 

283.0 

680.0  

956 0 

1271.0 

3676 0 0 

147.0 

369 0 0 

475.0 

5950 0 

1185.0 

t 
. b 



. 4 
U 

Table A5.  (Continued) 

ANN/O -51 1140/WQ 

PRODUtT FORM HEAT SPECIMEN TEMP STRESS R UP TUR E ECONG RED IN 
NUMBER NUMBER (CI (MPAI  L IF€ (XI AREA 

( H R )  c X I  

l 6 M M  BAR 4.98180 10897 700 e 111.7 0 46.00 41.00 

4.98180 10903 700 . 93.8 2068.0 37.00 37.00 

4.98100 10909 700 73.0 0424.0 28.00 33000 

4.98180 10915 700 64.1 26840 0 21.00 17.00 



Table A 5 .  (Continued) 

PRODUCT FORM HEAT SPECIMEN TEMP STRESS 
NUMBER NUMBER (C) ( Y P A )  

20MM BAR 

25MM BAR 

l 6 M M  BAR 60 53438 

6053438 

6.53438 

7073207 

7.73207 

7.73207 

7.73691 

7 0  73697 

7073697 

7.73697 

6.26772 

6.26772 

6.26772 

6 26772 

6.26772 

6 0  2746 1 

6 0 2 f 4 6 1  

6 2746 1 

6 0  2746 1 

13141 

13160 

13179 

13140 

13159 

13178 

12166 

12167 

12168 

12196 

9390 

9394 

9398 

9402 

9406 

11914 

11917 

11 920 

11923 

650 0 

650 0 

650 0 

650 0 

650 0 

650 0 

7000  

700 0 

7 0 0  0 

7 0 0  0 

7 0 0  0 

7 0 0  0 

7 0 0 .  

7 0 0  0 

7 0 0 .  

7 6 0  0 

7 0 0  0 

7 0 0  0 

7 0 0  0 

15003 

124.8 

10408 

150 03  

12408 

164.8 

9308 

80.0 

6809 

64.1 

122.0 

104.1 

8408 

7308 

640 1 

122.0 

104.1 

8408 

7308 

RUPTURE 
LIFE 
( H R )  

439.0 

137400 

3430 0 0 

532 0 

1795.0 

516500 

l f16 .0  

46060 0 

8502.0 

14986.0 

432 0 

1421.6 

58520 0 

11130.0 

34411.0 

595.0 

1934.0 

9013.0 

19723.0 

ECONG 
4 X )  

RED I N  
ARE A 
( X )  

36060  

33000 

290 0 6  

46.00 

33.00 

30.00 

32000  

23.00 

10.00 

11.00 

51000 

430 0 0  

30.06 

29.00 

17.00 

48.00 

470 0 0  

21.00 

11.00 



. 

PRODUCT FORM HEAT 
NUMBER 

16MM BAR 4.98180 

4.98180 

4.98180 

4.98180 

4.98180 

4 981 80 

4.98180 

4.98180 

4098180 

7.76211 

7.76411 

7.76411 

Table  A 5 .  (Continued) 

ANN/Oo5/ll?O/WQ 

SPECIMEN 
NU H6ER 

12754 

10098 

12757 

12760 

10904 

12763 

12766 

10910 

10916 

13893 

13891 

13896 

C EMP 
( C t  

700 

700 0 

700 

700 

7 0 0  

7 0 0  

700 

700 

700 

700. 

7 0 0  

700 

SCRESS 
( W P A )  

128.3 

111.7 

108.9 

97 a9 

93.8 

80.3 

79.3 

73.0 

64.1 

90.3 

90.3 

80.0 

RUPTURE 
LIFE 
( H R )  

184.0 

614.0 

543.0 

3123.0 

2293 0 

2529 0 0 

5370 0 

7025 0 

19467.0 

3655.0 

1815.6 

3936.0 

ELONG 
4 X )  

530 0 0  

39.00 

570 0 0  

41.00 

36.00 

44.00 

33.00 

30.00 

18.00 

36.00 

240 00 

1 7. 00 

RED I N  
A R E A  
( %) 

51.00 

45.00 

55.00 

39.00 

20.00 

39.00 

290 0 0  

37.00 

17.00 

39.00 

25.00 

13.00 



Table A5.  (Continued) 

A N N I D  .SO/ 1 150/W 0 

PRODUCT FORM HEAT SPECIMEN TEMP STRESS 
NUMBER NU HBER ( C )  ( H P A )  

1 6 e O M M  BAR 6.53438 

6.53438 

6.53438 

6.53430 

6.53438 

7.73207 

7 73207 

7.73207 

7 73697 

7.73697 

13517 

13842 

13536 

13555 

13574 

13516 

13535 

13554 

12151 

12152 

600 

600 

600 

600 

600 

600 

600 

600. 

600 

600 

219.9 

219.9 

104.8 

160 .O 

140.0 

219.9 

184.8 

160.0 

200.2 

106.8 

RUPTURE 
L IF€ 
( H R )  

777.0 

485.0 

1166.0 

3101 0 0  

7795 . 0 
730.0 

1601.0 

5392 0 

4650 0 

16419.0 

ELONG 
( X I  

19.00 

41.00 

30.00 

20.00 

16.00 

21.00 

21.00 

16.00 

11.00 

8.00 

RED I N  
ARE A 
( X )  

26.00 

36.00 

25.00 

19.00 

11.00 

26.00 

23.00 

19.00 

12.00 

10.00 

n b . 



4 
c 

Tab le A5.  (Continued) 

A N N Y O  .67/ 109O/AC 

PRODUCT F O R M  HEAT SPECIMEN TEMP STRESS 
NUMBER NU MBER ( C )  (MPA) 

38MMOD X 7.54802 f 8 7 1  700 111.7 
6MMWT TUBE 

7.54802 7872 700 93.1 

7.54802 7873 700 04.8 

7.54802 7 8 f 4  700 13.8 

7.54a02 7875 700 rn 64.1 

RUPTURE 
L I F E  
( H R )  

251 0 0  

739.0 

1081 00 

2610.0 

6622 0 

ELONG RED I N  
( X I  AREA 

4 X )  

5 8 . 0 0  58.00 

50.00 52.00 

56.00 52.00 

36.00 40.00 

19.00 28.00 



Tab le A 5 .  (Continued) 

PRODUCT FORM HEAT SPECIMEN f EMP STRESS 
NUMBER NUMBER (C) (HPA 8 

16MM BAR 4.98180 10899 700 111.7 

4098180 10905 7 0 0 .  93.8 

4.98180 10911 700 e 13.8 

4.98180 10917 700 640 1 

16MH BAR 4.98180 10900 

4.98180 10906 

4.98180 10912 

4.98180 10918 

700 111.7 

700 93.8 

700 73.8 

700 64.1 

RED I N  ELONG RUPTURE 
LIFE ( X )  AREA 
(HR 1 ( X )  

48.00 

2687.0 34.06 39.00 

8784 0 24.00 30.00 

26059.0 20.00 21 .oo 

600.0 50.00 

48.00 

1816.0 31.00 36.00 

728300 31000  30.00 

14013.0 18.00 21.00 

523.0 46.00 
P w 
N 

4 
w . 



A P P E N D I X  B 

. 



a 

a 

1. 
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0.7 

0.6L 

f; 0.5L 
a 
LT g 0.UL 

APPENDIX B 

L P 
0 

The p o i n t s  i n  t h e  f o l l o w i n g . p l o t s  r e p r e s e n t  a v a i l a b l e  experimental  

c r eep  d a t a .  

t h e  dashed l i n e s  were p red ic t ed  by t h e  S t e r l i n g  equa t ion .  

The s o l i d  l i n e s  were p red ic t ed  by t h e  p r e s e n t  equat ion;  

STRESS [MPRJ =207. ORNL-OWG 77-6332 
TEMP [C) = 538. 

HH8735fl 2 1 7/32" BFlRn 

1 . 0 1  

3.2 

0.1 

0.0 

IO 
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STRESS (MPFII =138. ORNL-OWG 77-6327 
TEMP (C) = 649. 

HH8735FI 2 1 7/32"  BFlR 

0.55 

0.50 

. 

F 
1 

30 

STRESS (MPFII = 55. ORNL-OWG 77-6331 
TEMP tCl= 704. 

0.15 Q Q Q  

I00 
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STRESS [MPFI) = 11 1. BRNL-DWG 77-6330 
TEMP (C1= 7011. 

HH7686R H 5"ODX 1 /2"EXT. 

0. Q C  

0.35 1 
0.30 1 
0.251 

I E 0.20 

& 0.15 
U 
LT 

0 . 1 0 ~  

9.05 

3.30 

-0.05 

t . 0  8 .  l rn.. . l  * * I 4  I I . . *  I I C . ,  6 . . .  I 1 I , , ,  I , , , .  I I . . , , , , . .  I , , , , , , , , ,  1 
0 2000 4000 6000 8000 10000 12300 

TIME [HR) 

STRESS [MPAJ =207. ORNL-DWG 77-6328 
TEMP (C) = 6U9. 

HH8735fl 2 1 7/32" BFlR 



138 

ORNL-OWG 77-6329 STRESS (MPFI) =103. 
TEMP IC1 = 6U9. 

HH81116R H 11/4" PLRTE 

g 0.04 

0.c2 

=; U (r o*o_I 0.00 Q 

-0.02 

-,:. 'U 

-:.06 

-0.08 

TIME [HRI 

STRESS (MPR) =2U1. BRNL-OWG 77-632'4 
TEMP [C) = 593. 

HH8735R 2 1 7/32" BRR 

0.9 

0.8 

0.7 

0.6 

Q 

4 

~ . ' " ~ ' " " ' ' ' " ' ~ ' ' ~ ' ~ ~ '  0 son 1000 1500 2000 I 

TIME [HR) 



P 
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ORNL-DWG 77-6323 STRESS (MPF11=207. 
TEMP (C1= 593. 

HH8735R 2 1 7/32“ BFlR 

TIME [HA1 

TEMP [C) = 619. 

IO 

STRESS (MPW =211. ORNL-OWG 77-6325 

I 

HH8735R 2 1 7/32” BFlR 
6.0 

4.0 

0 

0 

0 

Q 
0 

2.0 / 

1.0 L5K, 0, ’ 

I , . . . 1 . . . . I . . . . 1 . . . . I . . . . I . . . . , . . . . ~ . . , , ~ , . . , ~ , , , , , , , ,  
1 2  3 1 5  6 7 8 9 1 0 1 1 1  

TIME (HR) 
I 
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STRESS (MPRI =172. ORNL-OWG 77-6326 
TEMP (Cl = 649. 

6.0 

5.5 

5.0 

4.5 

u.0 

R 3 . 5 1  - 

L 
I 
7 

1 

TIME (HA) 

STRESS IMPRI =395. ORNL-DWG 77-6321 
TEMP K1= 538. 

HH8735R 2 1 7/32” BRR 

z 

LT 
t- 
v, 

I 

a 

I 
00 
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U.0 

3.5 _ i ~  

STRESS [MPR) =310. CIRNL-OWG 77-6322 
TEMP [CI = 593. 

HH8735fl 2 1 7/32" BflR 

0 

TIME (HR) 

STRESS (MPAI = 83. BRNL-OWG 77-6319 
TEMP [C) = 760. 

HH7686fl H 71'8" BFlR 
2LL 

0 

0 
0 

Q Q  

0 

TIME [HR) 
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STRESS (MPR) = 3U. ORNL-DWG 77-6318 
TEMP (C1= 760. 

HH7686Q H 7/8" BRRm 
0.12 A 

/ I 
/ 

0.11 L 
0.10: 

0.09 5 
0.08 1 

g 0.07 L 
0.06 1 

a 
/ 

/ 
/ 

Q 

0.11 

0.10 

0.09 

0.08 

g 0.07 

5 0.06 

0.05 

0.04 

0.03 

0.02 

0.01 

a 
(II 

0 
TIME (HR) 

/i 
// 

STRESS (MPFI) = 62. ORNL-OWG 77-6317 
TEMP (Cl = 760. 

HH7686Q H 7/8" BRR 
1.2 



b 

b 

143 

STRESS (MPRI =310. ORNL-DWG 77-6320 
TEMP (C) = 538. 

IO 

STRESS [MPRI = 55. ORNL-OWG 77-6316 
TEMP (Cl = 760. 

HH7686R H 7/8" BFlR 

1.6 1-81 I 
/' i 

0.6 

0.4 

0.2 

1.11 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

TIME (HRI 
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STRESS (MPRI = SO. 
TEMP (C1= 704. 

HH7686R H 71’8” BQR 

BRNL-OWG 77-6315 

E 0.35 f 
I 

I CC 
LT & 0.25 

0.20 Q 

STRESS [MPFII =207. BRNL-OWG 77-6314 
TEMP (C) = 649. 

HH7686FI H 7/8” BRR 

5.0 

4.5 

30 

4. 

3. 

5 3. 

& 2. 
a 
LT 

2. 

1. 

1. 

0. 

0 

Q 

0 

50 100 150 200 
TIME [HRI 



o-lol 0.05 

0 1000 2000 3000 UOOO 5000 6( 

b 

b 

IO 

145 

ORNL-OWG 77-6351 
STRESS (MPFII =103. 
TEMP (C )  = 649. 

5 . 5 :  

5 . O L  

u.5 

11.01 

.)' 3 . 5 -  ,... 

HH7686R H 718" ERR 

1 

0*60* 0.55 0-501 0. us 
/ 

/ 
/ 
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