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PROPERTIES AND STRUCTURE OF CPF8 AND CPF8M 
CENTRIFUGALLY CAST PIPE" 

E. B o l l i n g ,  R. T. King,+ and V. K. S ikka f 

ABSTRACT 

The chemical  c o n t e n t s ,  m i c r o s t r u c t u r e s ,  t e n s i l e  proper-  
t i e s  from room tempera tu re  t o  64g°C, and shor t - t e rm creep-  
r u p t u r e  p r o p e r t i e s  a t  538 and 649°C of two CPF8 and two CPF8M 
c a s t  p i p e s  were i n v e s t i g a t e d .  . A l l  t e s t  specimens had circum-' 
f e r e n t i a l l y  o r i e n t e d  t e n s i l e  axes .  One c a s t i n g  of each t y p e  
had r e l . a t i v e l y  low f e r r i t e  c o n t e n t ,  and one had r e l a t i v e l y  
h i g h  f e r r i t e  c o n t e n t .  The 0.2% y i e l d  s t r e n g t h  was h i g h e r  f o r  
h i g h e r  f e r r i t e  c a s t i n g s  f o r  t h e  e n t i r e  t e s t  t empera tu re  range.  
The u l t i m a t e  t e n s i l e  s t r e n g t h  was h i g h e r  f o r  h i g h e r  f e r r i t e  
c a s t i n g s  on ly  at  low tempera tu res .  A t  538 and e s p e c i a l l y  
649°C u l t i m a t e  t e n s i l e  s t r e n g t h  v a l u e s  were n o t  s i g n i f i c a n t l y  
d i f f e r e n t  . for  t h e  low- and h i g h - f e r r i t e  c a s t i n g s .  Some of t h e  
u l t i m a t e  t e n s i l e  s t r e n g t h s  were below t h e  minimum v a l u e s  
s u g g e s t e d  f o r  wrought m a t e r i a l s  of e q u i v a l e n t  composi t ions .  
The measured c reep- rup ture  s t r e n g t h s  f o r  t h e  c a s t  s t e e l s  f r e -  
q u e n t l y  were lower t h a n  t h e  sugges ted  niinimum v a l u e s  of t h e  
wrought c o u n t e r - p a r t s ,  t y p e s  304 and 316 s t a i n l e s s  steel.  The 
c r e e p - r u p t u r e  d u c t i l i t y  of CPF8 m a t e r i a l  t e n d s  t o  d e c r e a s e  
w i t h  i n c r e a s i n g  r u p t u r e  t ime a t  bo th  538 and 649°C. F r a c t u r e  
a t  649°C f o l l o w s ' s u b s t r u c t u r a 1  boundar ies  and i s  a s s o c i a t e d  
w i t h  sigma phase formed from t h e  o r i g i n a l  f e r r i t e  phase.  The 
r e s u l t s  s u g g e s t  t h a t  s e p a r a t e  a n a l y s e s  of t h e  p r o p e r t i e s  of 
wrought and c a s t  a u s t e n i t i c  s ? e e l s  f o r  d e s i g n  a r e  war ran ted ,  
p a r t i c u l a r l y  f o r  e leva ted- tempera tu re  s e r v i c e .  

INTRODUCTION 

The CPF8 and C P F ~ M  c a s t i n g  g rades  of s t a i n l e s s  s t e e l  p i p e  a r e  t h e  

c o u n t e r p a r t s  of wrought t y p e s  304 and 316 s t a i n l e s s  s t e e l ,  r e s p e c t i v e l y .  

* Work performed under DOE/RRT AF 15 10 15, OR-1.3, Mechanical  
P r o p e r t i e s  Design Data. 

+ p r e s e n t  a d d r e s s ,  Sprague E l e c t r i c  Co., M a r s h a l l  S t r e e t ,  North 
Adams, MA 01247. 

+ ~ u t h o r  t o  whom i n q u i r i e s  should  be addressed .  



They a r e  p r e s e n t l y  accepted  f o r  use i n  nuc lear  p r e s su re  boundary construc-  

t i o n  under Sect .  111 of t h e  ASME B o i l e r  and P r e s s u r e  Vessel code1 f o r  tem- 
* 

p e r a t u r e s  below 426°C (800°F). These c a s t  mater i -a l s  have des ign  s t r e s s  

i n t e n s i t y  va lues  a t  low temperatures  t h a t  a r e  u sua l ly  equa l  t o  those uE 

t h e i r  wrought equ iva l en t s .  Addi t iona l  s a f e t y  f a c t o r s  a r e  sometimes' 

a p p l i e d  t o  c a s t i n g s  when they  a r e  used f o r  c o n s t r u c t i o n  i n  accordance with 

r u l e s  t h a t  a r e  less s t r i n g e n t  than those  of Subsec t ion  NB. For example, 

C l a s s  3  c o n s t r u c t i o n  (Sect .  111, Subsect.  ND) employs q u a l i t y  f a c t o r s  from 

0.8 t o  1.0, depending upon t h e  ex t en t  of t he  nondes t ruc t ive  examination.2 

Even so ,  t h e  economic advantages of c a s t i n g  p a r t s  i n  t h e i r  f i n i s h e d  

geometry o r  near  t o  i t  a r e  s u f f i c i e n t  t o  make them competi t ive.  Thus, it 

i s  no t  s u r p r i s i n g  t h a t  c a s t i n g s  should be cons idered  f o r  e levated-  

tempera ture  nuc l ea r  s e rv i ce .  The economic advantages of c a s t i n g s  a r e  pro- 

bably  g r e a t e s t  f o r  i n t r i c a t e  o r  i r r e g u l a r  shapes such a s  pump and va lve  

hous ings  and f o r  some of t h e  i n t e r n a l  s t r u c t u r a l  e lements ,  core  support  

s t r u c t u r e s ,  and o t h e r  components t h a t  may be welded t o  t he  p re s su re  boun- 

da ry  ma te r i a l .  I n  o r d e r  t o  develop time-dependent a l lowable  s t r e s s e s  f o r  

c a s t  m a t e r i a l s ,  a  combination of t e n s i l e ,  f a t i g u e ,  c reep  f a t i g u e ,  and 

c r e e p  d a t a  i s  needed. Th i s  a r t i c l e  p r e s e n t s  l i m i t e d  c r eep  d a t a  and some 

t e n s i l e  d a t a  t h a t  have been developed3 t o r  two CPF8 and two CPF8M 

m a t e r i a l s  t h a t  were supp l i ed  by a  commercial manufacturer.  

A p a r t i c u l a r  i n c e n t i v e  f o r  c a r e f u l l y  examining t h e  p r o p e r t i e s  of 

c a s t  a u s t e n i t i c  s t g e l s  i s  t h e  r e l a t i v e l y  low d u c t i l i t y  of c e r t a i n  auste-  

n i t i c  welds i n  long-time c r eep  t e s t s . 4  F e r r i t e  p r e sen t  i n  welds trans- 

forms t o  sigma phase,  and f r a c t u r e  can propagate  a long  t h e  

aus ten i te -s igma phase boundaries  a t  t o t a l  s t r a i n s  i n  t h e  range from 1 

t o  5%. Because of t h e  s i m i l a r i t i e s  between s o l i d i f i e d  welds6 and 

c a s t i n g s ,  both of which can have a  c e l l u l a r  d e n d r i t i c  g r a i n  s t r u c t u r e  

w i t h  a u s t e n i t i c  subg ra ins  e longa ted  i n  t h e  s o l i d i f i c a t i o n  d i r e c t i o n ,  

c a s t  a u s t e n i t i c  s t e e l s  may e x h i b i t  s i m i l a r  behavior.  Long-term creep  

tests provide an  i n d i c a t i o n  of t h i s  p o t e n t i a l  problem. 

* For  example, SA-351, Grade CF8 pipc,  has  dctiign st re^^ i n t e n s i t i e s  
of 138 MPa (20 k s i )  a t  38OC (100°F) and 102 MPa (14.8 k s i )  a t  4 2 6 ' ~  
(800°F) ,  while  SA-375, type  304 s t a i n l e s s  s teel  p ipe  has  des ign  stress 
i n t e n s i t i e s  of 138 and 105 MPa (20 and 15.2 k s i ) , '  r e spec t ive ly .  



A final incentive for examining the properties of cast pipe is to 

provide baseline data for comparison with the properties of wrought pro- 

ducts later made from the castings. An ongoing program7 at ORNL has the 

. goal of demonstrating that cast pipe can be spin-forged or roll-extruded. 

to form large-diameter seamless, wrought pipe for fast breeder reactor 

applications. The pipes that were characterized in this study were among 

those used in the cast-and-worked pipe program. 

The determination of the properties of centrifugally cast pipe is 

not straightforward, however. In an earlier study these pipes were 

.found to have highly anisotropic elastic proper tie^,^ and some prelimi- 
nary tensile tests showed that the plastic deformation behavior of the 

castings is also anis~tro~ic.~ Similar behavior has been observed in a 

type 308 stainless steel elgctroslag weld.6 Particular attention wds 

therefore paid in this study to characterizing the location and orien- 

tation of the specimens in the castings. Creep and tensile data pre- 

sented here are only for one combination of either creep or tensile 

specimen orientation and location in the pipes, but they were not delib- 

erately selected to emphasize any particular properties of the casting. 

PHYSICAL CHARACTERIZATION OF EXPERIMENTAL MATERIAL 

Four sections of centrifugally cast pipe were supplied by the 

Sandusky Foundary and Machine Company, Sandusky, Ohio. Each was 

0.589 m OD by 0.486 m ID by 0.61 m long (23.2 by 19.1 by 24 in.). The 

vendor's characterizations of the materials and ORNL identifications are 

glvell 111 Table 1. To determine whether chemical segregation might have 

Table 1. Identification of Centrifugally 
Cast Pipe 

Designation Pipe Heat Material Specimen 

CPF8(L) 154344 low fe~riLe CC4 

CPF8(H) 154345 high ferrite CC5 

CPF8M(L) 154581 low ferrite CC 1 

CPF8M(H) 154384 high ferrite CC8 



occu r r ed  dur ing  s o l i d i f i c a t i o n ,  w e  had spec t rog raph ic  chemical ana lyses  

performed a t  an i n d u s t r i a l  l a b o r a t o r y  on t h e  i nne r  and ou te r  s u r f a c e s  of 

t h e s e  pipes .  The r e s u l t s  a r e  given i n  Table 2. The agreement between 

t h e  vendor ' s  a n a l y s e s  and t h e  i n n e r  and o u t e r  s u r f a c e  ana lyses  i s  q u i t e  . 

good. The v a r i a t i o n s  i n  chemical con ten t s  from t h e  i n s i d e  t o  t h e  out- 

s i d e  a r e  no t  l a r g e  compared wi th  normal s p e c i f i c a t i o n  ranges f o r  CPF8 

and CPY8M, but t h e r e  a r e  some c o n s i s t e n t  t rends .  

A 0.1-m-long (4-in.) r i n g  was c u t  from each p ipe ,  and a  100 by 50 

by 24-mn s l a b  was sawed from each r ing.  The s l a b s  were po l i shed  on 

t h r e e  s i d e s  and e t ched  t o  r e v e a l  t h e  macrostructure .  (See Figs.  1 ,  2, 

and 3 ) .  Appr~x ima te  k e r r i t e  numbers (YN) were rdeasured wi th  a 

F e r r i t e s c o p e  on t h e  o u t e r  s u r f a c e  of t h e  p ipe ,  t h e  i nne r  s u r f a c e  of t h e  

p i p e ,  and p o i n t s  about 5  mm from each sur face .  These r e s u l t s  a r e  com- 

pared  wi th  f e r r i t e  c o n t e n t s  c a l c u l a t e d  by t h e  vendor from t h e  S c h a e f f l e r  

Iliagramlo i n  Table  3. The v a r i a t i o n s  i n  f e r r i t e  con ten t s  from t h e  i nne r  

t o  t h e  o u t e r  s u r f a c e s  of t h e  r i n g s  a r e  too  l a r g e  t o  be expla ined  on t h e  

b a s i s  of t h e  S c h a e f f l e r  diagram and must be r e l a t e d  t o  k i n e t i c  e f f e c t s  

d u r i n g  s o l i d i f i c a t i o n .  

Meta l lographic  s e c t i o n s  were c u t  from each p ipe  t o  a l low examina- 

t i o n  of t h e  m i c r o s t r u c t u r e  through t h e  p ipe  wa l l  i n  t h e  p lanes  p a r a l l e l  

t o  and normal t o  t he  p ipe  a x i s .  Sec t ions  were a l s o  prepared t o  a l low 

examinat ion of p l anes  j u s t  below but p a r a l l e l  t6 ehe inne r  and o u t e r  . . 

s u r f a c e s  of t he  pipe.  S ince  t h e  only d i f f e r e n c e s  .observed a c r o s s  any 

s e c t i o n  were i n  t h e  q u a n t i t y  and c o n t i n u i t y  of t h e  f e r r i t e  phase and t h e  

change from an e longa t ed  t o  n e a r l y  equiaxed seruccure  partway through 

t h e  C P F ~ M ( H )  p ipe  ( s e e  Fig. 2), a l l  micrographs were a r b i t r a r i l y  taken  

on t h e  o u t e r  s u r f a c e  of t h e  p ipe  ( s ee  Figs. 4-7). Examination was per- 

formed i n  t h e  as -pol i shed  c o n d i t i o n  and a l s o  a f t e r  specimens had been 

e t c h e d  wi th  Murakami's reagent .  The s a l i e n t  f e a t u r e s  observed i n  a l l  

c a s t i n g s  inc luded  minor c a s t i n g  p o r o s i t y ,  f e r r i t e  t h a t  q u a l i t a t i v e l y  

appea r s  i n  keeping wi th  t h e  measured f e r r i t e  con ten t s  l i s t e d  i n  Table 3,  

and a  few i s o l a t e d  r eg ions  of a  phase t h a t  i s  v i s i b l e  i n  t h e  as-pol ished 

c o n d i t i o n  and may be sigma phase formed by decomposition of t h e  f e r r i t e  

d u r i n g  cool ing  of t h e  c a s t i n g s .  W e  d i d  no t  measure t h e  amounts of t he  

v a r i o u s  phases t h a t  were presen t .  



Table 2. Comparison of Vendor's Chemical Analysis of Centrifugally 
Cast Pipe with Spectrographic Analyses Performed on the 

Inner and Outer Surfaces of the Pipe 

.- - 

Content, w t  %, i n  Pipe by Heat Number 

Element and OIWL Pipe Specimen Number 

Vendor Inner Outer Vendor Inner Outer 

CPF8 (L) 154344 ( CC4 CPF8 (H) 154345 (cC5 



Fig. 1. Macrostructure of Centrifugally Cast Pipes - Radial 
Section. Left to right: CPF8(L), CPF8(H), and CPF8M(H). 

, F i g ,  2 i  Macrostructure of Centrifugally arst Hip-@B - Wctton 
Hormal to Pipe Axis.  eft, to tight: BFB(L)., CPF%M(L), CPF8(H), and 
CPF~M~H). 



- .  - *' >- . . 
'fable e h ' ~ e r r i i e   umbers a*d Calculated ~ e r i i t e  CoGents 

of Centrifugally Cast Pipe 

Calculated Measured Ferrite Number (FN) 

Designation Ferri te  
Content Outside Inside 5mmfrom 5mmfrnm 

(%  Surf ace Surf ace 
Outside Inside 
Surf ace Surf ace 

CPF8(L) 12.8 1.3 0.5-1.0 0.3-0.3 0.5-1.0 

CBF8 ( H )  26.2 18-20 !%lo 10-15 5-1 0 



Fig. 4. Microstructure 0;5 CPF8(L) Material* (a) As polished, 
showing second phase and casting voids. (b) Etched with Murakami's 
-%gent showing islands of grey ferrite and black casting voids. 



P%B. 5. niermtmetvre uf CPFB(B? Wterial. (a) @ pallshed, 
shewing eastiag m i d  with ferrite in light =lief. (b) Etched with 
M u r a k a q e  m@$~tl5, shadrig grey ferrite and a f e w  casting voids. 



F i g .  6. Microstructure of CPF~M(L) Material. (a) As polished, 
showing casting porosity and second phase. (b) Etched with Murakainl's 
xeagent, showing ferrite ,  second phase, and same porosity, 

8 - 
"IE 

3 :- * W ~ ~ # ; - * ~ = * *  -.- , , , - - ,  
- I 3-' ' I d .  

.% : ' 4  'Sk, - 





MECHANICAL TESTING METHODS AND RESULTS 

Specimens f o r  t e n s i l e  and creep-rupture tests were prepared from 16 

by 16 by 105-mm (518 by 518 by 4.13-in. ) blanks t h a t  were or iented  with 

t h e  gage length  i n  t h e  c i rcumferent ia l  d i rec t ion.  The creep-rupture 

specimens were loca ted  jus t  within the  outer  surface  of the  pipes while 

t h e  specimens t h a t  were t e n s i l e  t e s t e d  came from the  midthickncse of the  

p ipe  wa l l  (Fig. 8). Other specimens have been made with the  gage sec- 

t i o n s  o r i en ted  p a r a l l e l  t o  t h e  pipe a x i s  or r a d i a l l y ,  and specimens have 

b e ~ n  prepared a t  d i f f e r e n t  loca t ions  through the  w a l l  thickness,  but 

t h e s e  have not been t e s t e d  yet.  Specillietirr were rueschlnted Lu  tlie coa 

f i g u r a t i o n  shown i n  Fig. 9. 

A l l  t he  t e n s i l e  tests were performed i n  a i r  a t  room temperature, 

100, 200, 300, 538, or  649°C. The t e s t  temperatures measured a t  t h e  

top ,  cen te r ,  and bottom of t h e  gage s e c t i o n  were held  within 2 2OC of 

t h e  nominal temperature. The t e s t s  were performed on an Ins t ron  machine 

a t  a nominal s t r a i n  r a t e  of 0.004/min. The specimens were f i t t e d  on the  

shoulder grooves (Fig. 9) with averaging extensometers having transducers 

ORNL-DWG 77-M(B 

Fig. 8. Location of Gpecimen Blanks i n  Centrigually Cast Pipe 
Sections.  
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Fig. 9. Design of Creep-Rupture Specimens Prepared from 
C e n t r i f u g a l l y  Cast Pipe. 

wi th  a  l r 3  s t r a i n  s e n s i t i v i t y .  A load c e l l  was included i n  t h e  load  

t r a i n ;  t h e  s i g n a l s  were used t o  d r i v e  an e y  recorder .  

The t r u e  stress vs t r u e  s t r a i n  d a t a  have been p l o t t e d  i n  Figs.  10 

and 11 f o r  t e s t s  performed a t  300°C and below on CPF8 and CPF8M, respec-  

t i v e l y .  The h ighe r  f e r r i t e  m a t e r i a l s  have c o n s i s t e n t l y  h igher  s t r a i n  

hardening r a t e s  than t h e i r  lower f e r r i t e  coun te rpa r t s .  

The t e n s i l e  test da t a  f o r  a l l  tests a r e '  p resen ted  i n  Tables 4  and 5. 

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 ,  uniform 

e longa t ion ,  t o t a l  e longa t ion ,  and r educ t ion  of a r e a  d a t a  a r e  p l o t t e d  a s  

f u n c t i o n s  of t e s t  temperature  i n  Figs.  12  through 21. Minimum va lues  

sugges ted  i n  t h e  Nudlear Systems Materials Handbook ( N S M H ) ~  f o r  a l l  but 

t h e  r educ t ion  of a r e a  a r e  p l o t t e d  t oge the r  wi th  t h e  d a t a  f o r  t h e  CPF8 and 

CPF8M c a s t i n g s .  Where no va lues  f o r  c a s t i n g s  were given i n  t h e  NSMH, 

comparisons with suggested minimum va lues  f o r  types  304 and 316 s t a i n l e s s  

s t e e l  were made. 
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Fig. 10. True S t r e s s - S t r a i n  Curves of C e n t r i f u g a l l y  Cast CPF8 
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Fig. 11.  True S t r e s s - S t r a i n  Curves of C e n t r i f u g a l l y  Cast CPF8M 
S t a i n l e s s  S t e e l  Showing the  In f luence  of Test  Temperature and F e r r i t e  
Content.  



Table 4. Tensile Test Data for CPF8 Castings CC4 and CC5 

Stress ,  MPa (ks i )  
Test Elongation, % Reduction 

Test Temperature Specimen Proportional Yield of Area 
Tensile Uniform Total 

Limit 
( " C )  ( O F )  0.02% 0.2% 

-- - -- - - 

aspecimen measured separately. 



T a b l e  5 -  T e n s i l e  T e s t  D a t a  f o r  CPF8M C a s t i n g s  CCI and CC8  

3 t r e s s ,  MPa ( k s i )  
T e s t  E long . s t ion ,  % Reduc t ion  

T e s t  Tempera tu re  S p e c i m e ~  
P z o p o r t i o n a l  

Y i e l d  of Area 

Limit  Tens i l e  Uniform T o t a l  ( 2  
("C) ( O F )  0.02% 0.2% 

19,029 25 77 C C 1 , C l  77(11..1) "68(24.3)  244(35.4) . 532C77.1) 54.74 69.70 78.82 

19,389 649 1200 C C 8 ,  36 48 (6.911 54(12.2) 130(18.9) 237(3L.,L) 27.36 37.74 54.43 

a S p ~ c i m e n  measured s e p a r a t e l y .  
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Fig. 12. The 0.2% Of f se t  Yield S t rength  of CPF8 Cast ings.  
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Fig. 13. The 0.2% Of f se t  Yield S t r eng th  of CPF8M Castings. 
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Fig. 16. Total Tensile Elongation of CPF8 Castings. 
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Fig. 17. Total Tensile Elongation of CPFBM Castings. 



ORNL-OWG 79-I364j 

o 

NSMH MINIMUM 
(PIPE. TURE) 

-- 
TEST TEMPERATURF ( ' C )  

Fig. 18. Uniform Elongation of CPF8 Castings. 

ORNL-OWG 79- I3642 

80 I I I I I I 

0 I I I I I I 
0 (00 200 300 400 500 600 700 

TEST TFMPER~TuRE ( O C  ) 

Fig. 19. Uniform Elongation of C P F ~ M  Castings. 
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Fig. 20. Tens i l e  Reduction of Area of CPF8 Cast ings.  
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Fig. 21. Tens i l e  Reduction of Area of CPF8M Cast ings.  



The s i g n i f i c a n t  f i n d i n g s  inc lude  these  po in t s :  

1. The h i g h e r  f e r r i t e  CPF8 and CPF8M c a s t i n g s  have c o n s i s t e n t l y  

h i g h e r  y i e l d  and u l t i m a t e  t e n s i l e  s t r e n g t h s  than t h e i r  lower f e r r i t e  

c o u n t e r p a r t s  (F igs .  12-15). However, t h e  d i f f e r e n c e  i n  u l t i m a t e  t e n s i l e  

s t r e n g t h  f o r  t h e  two f e r r i t e  con ten t s  diminishes  a t  538 and 649°C. 

2. The y i e l d  s t r e n g t h  and u l t i m a t e  t e n s i l e  s t r e n g t h  of t h e  low- 

f e r r i t e  CPF8 a r e  c o n s i s t e n t l y  below t h e  minimum va lues  suggested by t h e  

NsMH" f o r  wrought m a t e r i a l .  The i n c r e a s e  i n  y i e l d  s t r e n g t h  with 

f e r r i t e  con ten t  a g r e e s  w i th  the f i n d i n g s  of o t h e r  workers. 12 

3. A t  e l e v a t e d  tempera tures ,  p a r t i c u l a r l y  538 and 64g°C, t h e  u l t i -  

mate t e n s i l e  s t r e n g t h s  of a l l  t h e  c a s t i n g s  f e l l  below t h e  minimum va lues  

sugges ted  by t h e  NSMH f o r  wrought ma te r i a l .  

4. The t o t a l  e longa t ions  and uniform e longa t ions  of the  c a s t i n g s  

were a l l  h igher  than t h e  minimum va lues  suggested by t h e  NSMH wrought 

m a t e r i a l  except  f o r  one datum - t h e  t o t a l  e longa t ion  of h i g h - f e r r i t e  

CPF8 a t  649°C (F igs .  16-19). 

5. Reduct ions of a r e a  tended t o  exceed 40% except  f o r  CPF8 a t  

649°C (F igs .  20-21). 

A l l  t h e  c r e e p  tests were performed i n  a i r  a t  nominal temperatures  

of 538 and 649°C (1000 o r  1200°F). The temperatures  measured a t  t he  

t o p ,  c e n t e r ,  and bottom of t h e  gage were h e l d  w i t h i n  2 2°C (4OF) of t h e  

nominal temperature .  A l l  loads  were app l i ed  g radua l ly  and smoothly by 

manually lowering a jack t o  produce a s t r a i n  r a t e  du r ing  1.oadi.ng of 

about  0.004/min. S t r a i n s  during loading  and t h e  f i r s t  few hours of 

t e s t i n g  were u s u a l l y  recorded cont inuous ly  from an averag ing  exten- 

someter  mounted on t h e  shoulders  of t h e  specimens. The stresses were 

s e l e c t e d  t o  produce r u p t u r e  t imes i n  t h e  range from 1. t o  about 1000 h. 

The c r eep  and c r eep  rup tu re  d a t a  a r e  summarized i n  Tables 6  and 7. 

The times t o  s e v e r a l  impor tan t  even t s  dur ing  c r eep  t e s t i n g ,  i nc lud ing  

t h e  end of primary o r  f i r s t - s t a g e  c reep ,  t h e  end of second-stage c reep  

by d e p a r t u r e  from l i n e a r i t y ,  and t h e  onsc t  of t e r t i a r y  c r eep  a s  de te r -  

mined by a  0.2% o f f s e t  l i n e  from second-stage c reep  were ob ta ined  by 

v i s u a l  e s t i m a t e s  from t h e  s t ra in- t tme curves ,  a s  were t h e  s t r a i n s  a t  

t h e s e  events .  Times t o  va r ious  s t r a i n s  were ob ta ined  by l i n e a r  i n t e r -  

p o l a t i o n  between t h e  n e a r e s t  s t r a in - t ime  d a t a  p a i r s .  The f r a c t i o n  of 



Table 6 .  Creep Stra in  Data f o r  CPF8 and CPF8M Centrifugal ly  Cast Pipe a t  538 and 649°C (1000 and 1200°F) 

Scress  S tra in ,  %, for  Each Stage Reduction 'llIJEr ' Minimum Stra in  

Alloy Casting of Area Rate, %/h 
(MPa) (ksi) LoadiEg First Second, Second, Third, Tertiary 

Linearity  Of f se t  Linearity  Of f se t  
Total  (%) Total  Creep 

Linearity  Of f se t  

Propert ies  a t  538'C (lOOO°F) 

Propert ies  a t  649'3 (1200°F) 



T a ~ l e  7. ~Czeep T e s t  Time Data f o r  CPF8 and CPF8, C e n t r i f u g a l l y  Cast P i p e  

a t  538 and 649OC (1000 and 1200°F) 

Time t o  Various Events ,  h Diametral  
S t r e s s  S t r a i n  Ra t i o  

Alloy Cas t i ng  End of S tage  tr' Creep S t r a 5 r  of 1:MPa) ( k s i ) ,  At 5 1 1  
''llla Rupture AwayFrom - 

F i r s t  Second 0.5% 1% 2% F r a c t u r e  F r a c t u r e  t~ 

P r o p e r t i e s  a t  538°C (1000°F) 

'L0.01 
63.6 35.0 ' 102.8 23.1 

>12,328.4 20.2 

CPF8 (L) 

CPF8 (H) 

CPF8M(L) 

CPF8M(H) 

P r o p e r t i e s  a t  64g°C (1200°F) 

1 3  15 .5  18.2 0 .7  
123 .5  153.7 158.1 12.7 
161 .3  163.0 167.2 7.2 

CPF8 (H) 

CPF8M(Lj 

CPF8M (H) 

'LO.  0 1  2 0 . 0 1  5 .6  
0.15 0.06 2.4 
6 .7  80.0 3.5 

a 
0.2% o f f s e t  t o  m s ~ t  of t e r t i a r y  c reep .  

b ~ e s t  d i s con t i nued  a f t e r  12,318..4 h. 
C 0.15  h t o  1% t o t a l  s t r a i n ,  1 . 3  h t o  2% t o t a l  s t r a i n .  



t h e  c r e e p  t e s t  t ime b e f o r e  t h e  o n s e t  of t e r t i a r y  c r e e p  ( t I I I / t r ) ,  t h e  

f r a c t i o n  of t o t a l  s t r a i n  b e f o r e  t h e  o n s e t  of t e r t i a r y  c r e e p  (&II I I&r ,  

t o t a l ) ,  and t h e  f r a c t i o n  of c r e e p  s t r a i n  b e f o r e  t h e  o n s e t  of t e r t i a r y  

c r e e p  ( E ~ ~ ~ / E ~ ,  c r e e p )  were computed from t h e s e  d a t a .  The r e d u c t i o n  of 

a r e a  was computed on t h e  assumption t h a t  t h e  measured maximum and mini- 

mum d i a m e t e r s  a t  r u p t u r e  were t h e  major and minor a x e s  of an  e l l i p t i c a l  

p r o j e c t e d  f r a c t u r e  s u r f a c e .  The minimum s t r a i n  r a t e  was c a l c u l a t e d  both  

f o r  a  l i n e  .drawn through t h e  second-s tage c r e e p  d a t a  and f o r  a  l i n e  

j o i n i n g  t h e  p o i n t  a t  which second-s tage c r e e p  began w i t h  t h e  p o i n t  of 

t h e  o n s e t  of t e r t i a r y  c r e e p  by t h e  0.2% o f f s e t  method. The maximum and 

minimum d i a m e t e r s  of t h e  o v a l  specimens were measured a t  t h e  p o i n t  of 

f r a c t u r e  and a t  an  a r b i t r a r i l y  s e l e c t e d  p lane  a t  l e a s t  5  mm from t h e  

f r a c t u r e .  The r a t i o  of d i a m e t r a l  s t r a i n s  i n  e i t h e r  p l a n e  i s  a  rough 

gu ide  t o  t h e  a n i s o t r o p y  of deformat ion.  Because t h e  s u r f a c e s  of t h e  

t e s t e d  specimens a r e  i r r e g u l a r  a s  a  r e s u l t  of t h e  l a r g e  g r a i n  s i z e s  of 

t h e  m a t e r i a l s ,  t h e  numbers a r e  on ly  r e p r e s e n t a t i v e  and a r e  n o t  v e r y  

r e p r o d u c i b l e .  

S e v e r a l  noteworthy o b s e r v a t i o n s  f o r  t h e  c r e e p  d a t a  fol low.  

1. The r u p t u r e  t imes  measured h e r e  f o r  both  CPF8 and CPF8M a r e  

g e n e r a l l y  s h o r t e r  t h a n  t h o s e  expec ted  f o r  t h e  r e s p e c t i v e  e q u i v a l e n t  

wrought g rades .  The lower h a l v e s  of t h e  s c a t t e r  bands f o r  wrought 

m a t e r i a l  a t  538 and 64g°C (1000 and 1200°F) a r e  shown i n  Figs .  22 

and 23. These bands were d e f i n e d  a s  t h e  r e g i o n s  between average  s t r e s s  

r u p t u r e  c u r v e s  and t h e  (P = 0.90, Y =  0.95) lower t o l e r a n c e  l i m i t  f o r  

t y p e  304 s t a i n l e s s  s t e e l , 1 3  and t h e  r e g i o n  between average  c u r v e s  and 

t h o s e  c u r v e s  d i s p l a c e d  by -1.65 s t a n d a r d  d e v i a t i o n s  f o r  t y p e  316 

s t a i n l e s s  s t e e l .  l4 I n  n e a r l y  a l l  c a s e s ,  the '  cast m e t a l  d a t a  occur  low 

i n  o r  below t h e  s c a t t e r  bands t h u s  de f ined .  

2. The CPF8(L) c a s t i n g  CC4, which had FN of 0.3 t o  3.3 i n  t h e  same 

r e g i o n  a s  t h e  specimen gage l e n g t h ,  was s i g n i f i c a n t l y  s t r o n g e r  t h a n  

C P F ~ ( H )  c a s t i n g  CC5 w i t h  FN from 10 t o  15. However, t h e  CPF8M c a s t i n g s  

C C l  and CC8, w i t h  FN ranges  5  t o  10 and 20 t o  25, had v i r t u a l l y  iden- ' 

t i c a l  s t r e n g t h s .  F u r t h e r  work i s  needed t o  de te rmine  whether  f e r r i t e ,  

which h a s  a  s t r e n g t h e n i n g  e f f e c t  on room-temperature t e n s i l e  p r o p e r t i e s ,  
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i s  d e s i r a b l e  from t h e  s t a n d p o i n t  of c r e e p  s t r e n g t h .  Meaningful conclu- 

s i o n s  cannot  be drawn from t h e s e  l i m i t e d  r e s u l t s  because of o t h e r  

i n f l u e n c i n g  v a r i a b l e s .  

3. The t o t a l  s t r a i n  a t  r u p t u r e  and r e d u c t i o n  of a r e a  of CPF8 

d e c r e a s e  w i t h  i n c r e a s i n g  r u p t u r e  t ime a t  b o t h  538 and 649°C ( s e e  

Fig .  24). These measures of d u c t i l i t y  f o r  CPF8M d i d  no t  e x h i b i t  any 

c l e a r  t r e n d s  (Fig .  25). However, t h e  d u c t i l i t i e s  measured a t  538OC 

tended  t o  be h i g h e r  t h a n  t h o s e  measured a t  649OC f o r  bo th  m a t e r i a l s .  
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Fig. 24. Creep-Rupture D u c t i l i t y  of CPF8 C a s t i n g s  a t  538 and 
649OC (1000 and 1200°F). (a)  T o t a l  s t r a i n .  (b) Reduct ion of area. 
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Fig. 25. Creep-Kupture L J u ~ c i l i r y  of CPF81.1 CasLlugs A L  -530 and 
649°C (1.000 and 1200°F). (a) Total strain. (b) Reduction of area. 

4. Disregarding plastic strain during loading, the creep component 

of strain to rupture for CPF8 is in the range of 6 to 17% (Fig. 261, 

while .that for CPF8M is in the range from 9 to 20% (Fig. 27). 

5. Usually creep specimens are in first- and second-stage creep 

for more than 0.8 of their total test time (see tIII/Lr i ~ i  Table 7). 

6. Over half the total strain usually occurs before the onset of 

tertiary creep (see E ~ ~ ~ / E , , ,  total, in Table 6). 

7. Creep strain before tertiary creep ranges from 0.2 to 0.8 times 

creep strain to rupture (deleting plastic loading strain). 

The reader should recognize the preliminary and somewhat scanty 

nature of these data and not attempt unwarranted extrapolations. 
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Fig.  27. Creep S t r a i n  t o  Rupture  of CPF8M C a s t i n g s  a t  538 and 
649°C (1000 and 1200°F).  



METALLOGRAPHIC OBSERVATIONS ON TESTED SPECIMENS 

Because such  d a t a  a r e  r a r e  i n  t h e  l i t e r a t u r e ,  we have i n c l u d e d  an  

e x t e n s i v e  set of m e t a l l o g r a p h i c  o b s e r v a t i o n s  on c r e e p - r u p t u r e - t e s t e d  

specimens i n  t h i s  r e p o r t .  

The mode of f a i l u r e  i n  c r e e p  r u p t u r e  of each h e a t  of p i p e  w a s  

e x p l o r e d  f o r  one sample t e s t e d  a t  538°C and one specimen t e s t e d  a t  

649°C. One h a l f  of e a c h  t e s t e d  specimen was s e c t i o n e d  t o  view t h e  p lane  

of t h e  major a x i s  of t h e  e l l i p t i c a l  f r a c t u r e  s u r f a c e  and t h e  p l a n e  of 

the minor a x i s .  A f t e r  t h e y  were mounted and p o l i s h e d ,  t h e  s e c t i o n s  were 

etched w i t h  m o d i f i i d  Murakami's reager l r l6  ru r e v e a l  the d i 3 t r i b u t i o n  of; 

f e r r i t e  and sigma phase  i n  t h e  gage s e c t i o n  n e a r  t h e  f r a c t u r e .  The 

o p t i c a l  m i c r o s t r u c t u r e s  a r e  shown i n  Figs .  28 through 35. The most 

s i g n i f i c a n t  o b s e r v a t i o n s  a r e :  

1. The CPF8(L) and CPF8(H) i l l a t e r i a l s  t e s t e d  a t  538°C d i d  no t  exhi-  

b i t . e x t e n s i v e  t r a n s f o r m a t i o n  of f e r r i t e ,  a l t h o u g h  a t  1 5 0 0 ~  some t r a n s -  

f o r m a t i o n  p r o d u c t s  may be v i s i b l e  a t  t h e  a u s t e n i t e - f e r r i t e  boundar ies  

( F i g s .  28, 30). 

2. I n  t h e  CPF8M(L) and CPF8M(H) m a t e r i a l s  t e s t e d  a t  538"C, t h e  

f e r r i t e  a p p e a r s  t o  have p a r t ' i a l l y  t r ans formed ,  but che p r u d u c e s  cannot 

be r e s o l v e d  a t  1500x ( F i g s .  32, 34). 

3.  P e r r l r e  t r aueformed  e x t c n s i v e l y  to sigma phase l u i  a l l  m a t e r i a l  

t e s t e d  a t  64g°C ( P i g s .  29, 31, 33, and 35). The t r a n s f o r m a t i o n  appeared 

t o  i n v o l v e  n u c l e a t i o n  of sigma phase a t  many s i t e s  w i t h i n  a s i n g l e  

r e g i o n  of f e r r i t e ,  as has  been r e p o r t c d  before.. 15 

4. For a l l  m a t e r i a l s  t e s t e d  a t  538"C, t h e  f r a c t u r e  tended t o  

f o l l o w  t h e  f e r r i t e  phase ,  and f o r  a l l  m a t e r i a l s  t e s t e d  a t  64g°C, t h e  

f r a c t u r e s  tended t o  f o l l o w  t h e  t r ans io rmed  f e r r i t e  r eg ions .  Eecauce 

f e r r i t i c  s t e e l s  a r e  g e n e r a l l y  weaker t h a n  a u s t e n i t i c  s t e e l s  f o r  t h e s e  

t e s t i n g  c o n d i t i o n s ,  i t  i s  tempt ing  t o  h y p o t h e s i z e  t h a t  t h e  p resence  of a 

n e a r l y  c o n t i n u o u s  f e r r i t e  phase c a u s e s  t h e  r e l a t i v e l y  low c reep- rup ture  

s t r e n g t h s  of t h e s e  c a s t  s t e e l s .  Indeed,  t h e  l o w - f e r r i t e  CPF8 m a t e r i a l  

(CC4) i s  s t r o n g e r  t h a n  t h e  h i g h e r  f e r r i t e  CPF8 m a t e r i a l  ( c c ~ )  ( s e e  

Fig .  10) .  However, t h e s e  d a t a  a r e  i n f l u e n c e d  by t o o  many o t h e r  

v a r i a b l e s  t o  j u s t i f y  f i r m  c o n c l u s i o n s .  



Fig. 28. Specimen of CPF8(L) that Ruptured at 538OC after 102.8 h. 
(a) Overall view of fracture. (b) Cracks tend to intersect ferrite 
regions (dark grey phase). (c) Fracture follows paths both through the 
ferrite phase and very close to the original ferrite-austenite phase 
boundary, but some evidence of transformation is seep in the vicinity of 
the urlgirlal austenitc-ferrite phase baundary, (d) Ferrite (dark grey) 
away from crack essentially untransformed during testing. 



Fig. 29. Specimen of CPF8(L) t h a t  Ruptured a t  64g°C a f t e r  167.2 h. 
( a )  Overal l  view of t h e  f r a c t u r e  region. (b) Cracks tend t o  follow or i -  
g i n a l  f e r r i t e  phase. (c) Separations fol low the  boundary between t h e  
untransformed f e r r i t e  and t h e  r i m  of a u s t e n i t e  p lus  sigma formed a t  the  
o r i g i n a l  a-y boundary. (d) Rim of a u s t e n i t e  p lus  sigma on a f e r r i t e  
i s l a n d  away from cracks. 
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Fig. 30. Specimen of CPF8(H) that Ruptured at 538'C after 58.2 h. 
(a) Overall view of fracture. (b) Cracks tend to intersect ferrite 
regions (dark grey). ( c )  Fracture follows paths both through the 
ferrite phase and very close to the original ferrite-austenite phase 
boundary, but some evidence of transformation is seen near the original 

phase boundary. (d )  Ferrite (dark grey) essentially 
testing. - 

Y ,  



F i b  31. §peaimp of CPF8(8) that Ruptured at 649'C .after 407.1 h. 
(a) Overall view of fracture region. (b) Cracks are allnqst exclusively 
i n  region of origin@l ferrite phase. (c) Fracture clearly occurs i n  
regLon where ferrite lags tqansfirrmed to susrp i t e  and sl-gmsa phaes. 
(4) Uncracked, re,g%on s)toffing both fine si- - p b a s ~  pareiclas or=- 
nal austenite-fer'rfte boundary and more massive s i p  phase Formed i n  
interior of ferrite phase. 





.F%g. 33. Spgcimen of Cr)F8M(E) that Kuptured at  649OC after 
2214.5 h. (a) Overall view of fracture region. (b,c) Cracks tend to 
follow original f err i t e  phase region. (d) Uncracked region showing 
nearly complete transformation of ferrite .  



Fig. 34. Specimen of Cl?FSM(H) that Ruptured a t  53S°C after  
971.4 h. (a) View of fracture region, (b) Cracks tend to  follow origi- 
nal Serrite phase region. ( c )  Same regisn as b, extensive nucleation of 
transformation i n  uncracked ferr i te  islands. 



Fig, 35. Specimen of CPFBM(H) that Ruptured at  64g°C after 
916.3 he (a) View of fracture region. (b,c) Cracks tend to follow ori- 
ginal Ierrlte region, (d) Uncracked region showing nearly complete 
transformation of ferrite .  



The second half of each t e s ted  specimens w a s  p la ted  with vapor- 

deposited gold and examined on a JOEL-JEM-U3 scanning e lec t ron  

microscope. The r e s u l t s  a r e  shown i n  Figs. 36 through 43. W e  are not 

aware of a broad s e l e c t i o n  of elevated-temperature f r a c t u r e  surface  

micrographs of c a s t  a u s t e n i t i c  steels i n  the  l i t e r a t u r e ,  and they are 

included here a s  a matter of record. The re la t ionsh ips  between the  or i -  

g i n a l  microstructures,  t h e  f r a c t u r e  micrographs, and the  f r a c t u r e  sur- 

f ace  a r e  s t r ik ing .  Some key observations are:  

1. For specimens t e s t e d  at  538"C, the  f r a c t u r e  surfaces  t h a t  pro- 

pagate through t h e  a u s t e n i t i c  phase tend t o  be r e l a t i v e l y  smooth a t  

1000x, while the  f e r r i t e  phase t e a r s  and forms obvious dimples. 

2 .  For specimens t e s t e d  a t  64g°C, the  f r a c t u r e  surfaces  t h a t  pro- 

pagate through the a u s t e n i t i c  phase'are somewhat smooth (but t h e  f i n e  

d e t a i l  is  o b s ~ u r e d  by oxide), while the  f r a c t u r e  path through t h e  trans- 

formed f e r r i t e  appears t o  be a f fec ted  by the sigma phase pa r t i c l es .  

DISCUSSION AND SUMMARY 

The data  presented above a r e  only a subset  of the  set needed t o  pro- 

pe r ly  charac te r i ze  t h e  cen t r i fuga l ly  c a s t  pipes. From the  microstructures 

t h a t  were observed, e a r l i e r  work on a u s t e n i t i c  s t e e l  welds having s imi la r  

microstructures,  3 f i  and measurements reported here f o r  t e s ted  specimens 

one should expect anisotropy of e l a s t i c ,  p l a s t i c ,  and time-dependent 

deformation propert ies.  Tensi le  and creep tests were performed f o r  speci- 

mens whose t e n s i l e  axes l i e  approximately i n  the  d i r e c t i o n  of t h e  maximum 

p r i n c i p a l  stress i n  a pressurized pipe - t h e  c i rcumferent ia l  d i rec t ion.  

However, property va r ia t ions  through the  w a l l  thickness of the pipe were 

not  explored. No data a r e  shown f o r  pipe t h a t  has  been annealed a f t e r  

f i n i s h i n g  o p e r a t i ~ n s .  From the  standpoint  of the  da ta  t h a t  might be 

required t o  gain code acceptance, our data a r e  incomplete i n  terms of t h e  

t e n s i l e  test temperatures included, creep-rupture test temperatures and 

times included, and the  absence of f a t i g u e  data. A s i g n i f i c a n t  number of 

f in i shed  t e n s i l e  samples of o ther  pipe segments are ava i l ab le  f o r  f u r t h e r  

t e s t i n g ,  but data from other  cas t ings  w i l l  undoubtedly be needed f o r  

f r ~ r t h e r  t e s t i n g  f o r  acceptance. 



Fig. 36. Fracture Surface 
of CPF8(L) Specimen that 
Ruptured a t  538OC i n  102.8 h. 
(a, b) Flat fracture area normal 
t o  tens i le  axis ,  showing cellu- 
lar  structure of same scale as 
c e l l s  defined by ferr i te  
[compare with Fig. 28(b)]. 
( c )  Shear l i p  region. 



appear t o  be a t  aus teni te-  
f e r r i t e  boundaries, 

Fig. 37. Fracture Surface 
of CPF8(L) Specimen t h a t  
Ruptured a t  64g°C a f t e r  167.2 h. 
The bulk of the  f r a c t u r e  surface  
was i r r e g u l a r  but e s s e n t i a l l y  
normal t o  t e n s i l e  axis. 
( a )  Overview of area  t h a t  had , 

l i t t l e  shearing. Note the  
correspondence of dimpled a reas  
with d i s t r i b u t i o n  of o r i g i n a l  
f e r r i t e  phase [compare with Fig, 
29(b)]. (b) De ta i l s  of f r a c t u r e  
surface.  (c)  Deta i l s  of dimpled 
area. Large, "smooth" regions 
probably pass through aus t e n i  t e  , 
while highly dimpled regions 



Fig. 38. Fracture Surface 
of CPF~(H) Specimen that 
Ruptured at 538OC after 58.2 h. 
Most of the fracture surf ace was 
heavily sheared, but an 
unsheared area was found near 
the center of the sample. 
Compare with Fig. 30(b). The 
smoother areas appear to pass 
through the ferrite, while 
highly dimpled regions are at 
austenite-ferrite boundary. 



Fig. 39. Fracture  Surface 
of CPF8(H) Specimen t h a t  Ruptured 
a t  6 4 ' 9 0 ~  a f t e r  407.1 h. The sur- 
f ace  was extremely coarse, with ' 

subgrain separa t ion v i s i b l e  t o  
t h e  naked eye. (a)  Substructure '  
on a f i n e r  sca le ,  with subce l l s  - 
corresponding . t o  f e r r i t e  d i s t r i -  
bution of Fig. 31(b). 
(b)  Dimpling appears t o  
correspond t o  cusps i n  rear ing 
through o r i g i n a l  f e r r i t e  a reas  
[Fig. 31(c)].  (c)  Selected 
area. 



Fig. 40. Fracture Surface 
of CPF8PI(L) Specimen that . 

Ruptured at  538OC after 1812.4 h. 
(a)  Overview of unsheared area; 
compare with Fig. 32(b). 
(b)  Selected area of (a). 
(c) Selected axea of (b). 



Fig. 41. Frac ture  Surface of CPF8(L) Specimen t h a t  Ruptured at  
649°C a f t e r  2214.5 h. A coarse subgrain s t r u c t u r e  normal t o  the  t e n s i l e  
a x i s  was v i s i b l e  t o  t h e  naked eye. (a)  Frac ture  su r face  is  r e l a t e d  t o  
o r i g i n a l  f e r r i t e  d i s t r i b u t i o n  [see Fig. 33(b)]. (b) Roughness of f rac-  
t u r e  su r face  i s  probably r e l a t e d  t o  sigma phase d i s t r i b u t i o n  i n  t rans-  
formed f e r r i t e  [see Fig. 33(c,d)].  



Fig. 42. Fracture Surface of CPF8M(H) Specimen that Ruptured a t  
538OC after 971,4 h, 





The data that are available for wrought austenitic steels exhibit 

scatter, some of which is attributed to variations of chemical contents 

within specification limits, to variations in microstructure resulting 

from variations in processing history, and to variations in residual 

cold work resulting from straightening or finishing operations. While 

processing history is not a variable in castings, the chemical contents, 

melting and casting practice, mold configuration, and annealing treat- 

ments can all affect the microstructure and hence the properties of 

austenitic stainless steel castings. A base of data is needed to 
, - k;-- 

account for these potentially inportant factors. _ --.I _ , ,  * 

We w i l l  nor compare these data with those available in the litera- 

ture for other CPP8 and CPF8M castings; a separate review report on that 

topic is in preparation. 

Comparisons of the tensile and creep-rupture properties of the cast 

steels with those suggested for wrought material yield the following 

points that suggest a need for careful comparison of cast and wrought 

material properties: 

8 ,  I ,: . &- 1. The yield and'ultimate tensile strengths of low-ferrite-bearing 
: , -  

. ' ;: - ' CPF8 are lower than minimum properties suggested for wrought materials. 
I I 3 - 
4 2. The ultimate tensile strengths of all CPF8 and CPF8M castings 

tested at 538 and 649°C were lower than the minimum values suggested for 

wrought materials. 

3. The measured creep-rupture strengths at 538 and 649°C of cast 

CPF8 and CPF8M are well below the "average" values reported for multiple 

heats of their wrought counterparts, and they frequently have shorter 

rupture times than the "minimum" values suggested for their wrought 

counterparts, types 304 and 316 stainless steel. 

4. In addition, the creep ductility ~f CPF8 appears to decrease 

significantly with rupture time at both 538 and 649°C. Both CPF8 and 

CPF8M material exhibit creep fracture morphologies that are similar to 

those sometimes associated with low creep ductility and sigma phase for- 

mation in austenitic stainless steel weldsO6 The lowest total creep 

rupture strains measured were 6.9 and 16.6% for CPF8 and CPFBM, respec- 

tively, for tests lasting between 100 and 1000 h, 
\ 



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

wrought a u s t e n i t i c  s t e e l s  of s i m i l a r  composi t ions  shou ld  not  be grouped 

f o r  d e s i g n  purposes .  None of t h e s e  d a t a  p r e c l u d e  t h e  s a f e ,  use  of t h e s e  

m a t e . r i a l s  under s u i t a b l e  d e s i g n  r u l e s .  
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