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TENSILE AND CREEP BEHAVIOR OF TYPE 308 CRE STAINLESS STEEL 
J O I N I N G  13-mm TYPE 304 STAINLESS STEEL PLATE* 

R. W. Swindeman, E. Bo l l ing ,  and R. T. King7 

ABSTRACT 

A s  p a r t  of an e f f o r t  t o  develop and v a l i d a t e  des ign  tech- 
nology f o r  use i n  t h e  Liquid-Metal F a s t  Breeder Reactor  (LMFBR) 
Program, w e  are s tudy ing  creep and c rack  growth i n  weldments. In  
one se t  of experiments  t h e  weldments were f a b r i c a t e d  by j o i n i n g  
13-mm (1/2-in.)  p l a t e s  of a r e f e r e n c e  h e a t  of type 304 s t a i n l e s s  
s t ee l  by manual s h i e l d e d  metal-arc welding (SMAW) u s i n g  type 308 
c o n t r o l l e d  r e s i d u a l  e lements  (CRE) f i l l e r  metal. To ana lyze  t h e  
behavior  of t h e  weldments we ga the red  u n i a x i a l  test  d a t a  from spe- 
cimens c u t  from t h e  weldments. T e n s i l e  and c r e e p  tes t s  were per- 
formed on t h e s e  specimens a t  593°C (1100'F). 

On examinat ion p r o p e r t i e s  i n  the  l o n g i t u d i n a l  ( a l l  weld 
me ta l )  o r i e n t a t i o n  d i f f e r e d  s i g n i f i c a n t l y  from those i n  the  t r a n s -  
v e r s e  (composite) o r i e n t a t i o n ;  t h e  l o n g i t u d i n a l  o r i e n t a t i o n  had 
s u p e r i o r  c r eep - rup tu re  p r o p e r t i e s .  This  w a s  p a r t l y  because t h e  
t r a n s v e r s e  (composite) weldment con ta ined  some weaker base metal. 
We developed a c r e e p  l a w  t o  r e p r e s e n t  t he  s t r a i n - t i m e  behavior of 
t h e  l o n g i t u d i n a l  weld metal specimens f o r  times t o  36 M s  (10,000 h ) .  

INTRODUCTION 

The need t o  develop an  improved high-temperature des ign  methodology f o r  

u se  i n  t h e  U.S. Liquid-Metal F a s t  Breeder Reactor  (LMFBR) Program was 

recognized i n  t h e  l a t e  s i x t i e s .  To s a t i s f y  t h i s  need the  U.S. Department 

of Energy (USAEC a t  t h a t  t ime)  i n i t i a t e d  a n a t i o n a l  e f f o r t  t o  s tudy  prob- 

lems s p e c i f i c  t o  t h e  LMFBR. Very e a r l y ,  weldments were i d e n t i f i e d  as a cri-  

t i c a l  area f o r  r e s e a r c h  and development. Seve ra l  n a t i o n a l  l a b o r a t o r i e s  and 

government c o n t r a c t o r s  undertook c o o p e r a t i v e  programs t o  accomplish the  

fo l lowing  goa l s :  ( 1 )  compile and e v a l u a t e  t h e  e x i s t i n g  d a t a  on a u s t e n i t i c  

s t a i n l e s s  s t ee l  welds ,1 ( 2 )  opt imize t h e  welding p rocesses  and weld depo- 

s i t e d  chemical compositions t o  produce sound weldments w i th  p r o p e r t i e s  com- 

p a r a b l e  o r  s u p e r i o r  t o  base m e t a l Y 2  ( 3 )  e s t a b l i s h  i n e l a s t i c  a n a l y s i s  methods 

*Work performed under DOE/RRT AG 10 20 4 2  4, Task 02, (OH048), "High- 

t P r e s e n t  addres s :  Sprague Electric Company, Marshall S t r e e t ,  North 

Temperature S t r u c t u r e  Design." 

Adams, MA 01247. 
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and des ign  c r i t e r i a ,3  ( 4 )  develop a d a t a  base f o r  use i n  long-time high- 

t .emperature des ign ,  and ( 5 )  v a l i d a t e  t h e  high-temperature  des ign  methodo- 

logy by performing s t r u c t u r a l  tests. 

A h igh  p r i o r i t y  w a s  ass igned  t o  weldments produced wi th  type 308 

s t a i n l e s s  s teel  f i l l e r  metal because of i t s  use i n  f a b r i c a t i n g  t h e  v e s s e l  

and p ip ing  f o r  t h e  Fast-Flux Test F a c i l i t y  (FFTF). Combustion Engineer ing 

produced t h e  v e s s e l  and jo ined  Oak Ridge Na t iona l  Labora tory  (ORNL) i n  a 

program t o  develop an improved v e r s i o n  of type 308. The r e s u l t  of t h e  

e f f o r t  w a s  a s u b c l a s s  of f i l l e r  metal, type .308 CRE s t a i n l e s s  s teel ,  which 

conta ined  t h r e e  c o n t r o l l e d  r e s i d u a l  e lements:  boron (about  0.007%),  t i t a -  

nium (about  0.06%), and phosphorus (about  0.04%). The development of t h i s  

material i s  desc r ibed  by Binkley,  King, and co-workers. 2 ,  4,  6-8 
There has been a s u b s t a n t i a l  e f f o r t  t o  produce a d a t a  base f o r  type  308 

CRE s t a i n l e s s  steel. 

s i l e ,  and creep- rupture  p r o p e r t i e s ,  whi le  Brinkman and KorthlO and 

o t h e r s l l ,  l2 have s t u d i e d  f a t i g u e  and creep- rupture  behavior .  

Westinghouse Advanced Reactor  D iv i s ion  (WARD) has  a t tempted  t o  s tudy  t h e  

performance of type  308 CRE s t a i n l e s s  steel i n  "bas i c  specimen" and 

 structure^"^^ l3 tests. 

v i o r  of a weld material i s  c o n t r o l l e d  by more t h a t  j u s t  t h e  chemical com- 

p o s i t i o n .  The j o i n t  des ign  and welding techniques  a l s o  p l ay  an  extremely 

impor tan t  r o l e .  For t h i s  reason  t h e  type  308 CRE weldment d a t a  produced i n  
t h e  materials programs were judged t o  be u n r e p r e s e n t a t i v e  of weld material 

as depos i t ed  i n  t h e  weldments supp l i ed  t o  WARD by ORNL. A s e p a r a t e  set of 

" c h a r a c t e r i z a t i o n  da ta"  w a s  needed. This  r e p o r t  summarizes t h e  u n i a x i a l  

t e s t s  performed on coupons machined from t h e  weldments produced f o r  WARD. 

King and co-workers4, 7-g have determined e l a s t i c ,  ten-  

Furthermore,  

It should be recognized t h a t  t h e  mechanical beha- 

MATERIAL PREPARATION 

Welds were made by j o i n i n g  13-mm-thick ( l /Z- in . )  p l a t e s  of t y p e  304 

s t a i n l e s s  s teel  (hea t  9T2796). The sawing p lan  f o r  t h e  p l a t e s  i s  shown i n  

Fig.  1. Twenty-eight p l a t e s  measured 254 by 76.2 mm (10 by 3 i n . )  w i t h  t h e  

llong dimension para l le l  t o  t h e  primary r o l l i n g  d i r e c t i o n .  Eighteen  plates 

measured 152 by 127 mm ( 6  by 5 in . )  w i th  t h e  long d i r e c t i o n  t r a n s v e r s e  t o  

t h e  primary r o l l i n g  d i r e c t i o n .  S i x  small p l a t e s  measured 152 by 60.3 mm 

(16 by 2 3/8 i n . )  w i th  t h e  long  d i r e c t i o n  t r a n s v e r s e  t o  t h e  primary r o l l i n g  

6:ir e c  t ion .  
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Fig. 1 Sawing Plan for Plates Used to Fabricate Weldments. Shaded 
area represents plates used for uniaxial characterization tests. 
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Two matching p l a t e s  were s t r apped  t o  t h e  f i x t u r e  ske tched  i n  Fig.  2. 

The f i x t u r e  conta ined  a backup p l a t e  c l a d  wi th  a 9.53-mm (3/8- in . )  ove r l ay  

of  t h e  same type  308 CRE s t a i n l e s s  s teel  used t o  weld the  p l a t e s .  The weld- 

j o i n t  des ign  bore l i t t l e  resemblance t o  j o i n t  des igns  t y p i c a l  f o r  13-mm 

(1/2- in . )  p l a t e s .  Ra the r ,  i t  was designed t o  d e p o s i t  a t  least a 13-mm 

(1/2- in . )  wid th  of weld metal between two beveled s u r f a c e s .  

ske tched  i n  Fig.  3. 

The des ign  is  

ORNL-DWG 79-12138 

13 rnrn TYPE 304 SS PLATE 

STRONGBACK 

Fig.  2. Diagram of Welding F i x t u r e .  

0 R N L- DWG 79 - 1 21 3 7 

Fig. 3. Setup f o r  Welding. 
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The weld metal was depos i t ed  by t h e  s h i e l d e d  metal-arc p rocess  wi th  

Four or  f i v e  pas ses  were r equ i r ed .  6.35-mm-diam (0.25-in.) e l e c t r o d e s .  

The e l e c t r o d e s  were from ba tch  ABHB of type  308 CRE s t a i n l e s s  steel .  The 

chemical  composi t ions of t h e  ABHB e l e c t r o d e ,  a t y p i c a l  FFTF e l e c t r o d e ,  and 

t h e  wrought 13-mm ( l /Z- in . )  p l a t e  are l i s t e d  i n  Table  1. 

Table  1. Analys is  of Types 304 and 308 CRE S t a i n l e s s  Steel  
Used t o  F a b r i c a t e  Weldments 

Content ,  w t  % 

Heat 9T2796 Lot ABHB Lot HBEA 
E l  emen t Type 304' Type 308 CRE 

S i  
S 
P 
Mn 
C 
C r  
N i  
Mo 

Nb + Ta 
T i  
c o  
cu 
B 
V 
N 

0.48 
. 0.015 

0.028 
1.22 
0.052 

18.6 
9.7 
0.32 
0.003 
0.01 
0.18 
0.24 

0.052 

0.46 
0.007 
0.043 
1.77 
0.060 

19.50 
9.48 
0.20 

<o. 01 
0.06 
0.06 
0.11 
0.007 
0.09 
0.041 

0.56 
0.005 
0.040 
1.83 
0.064 

19.70 
9.61 
0.07 

<o. 01 
0.06 
0.03 
0.04 
0.007 
0.07 
0.03 

aLadle a n a l y s i s  except  f o r  carbon and n i t rogen .  

A macroscopic c r o s s  s e c t i o n  of a t y p i c a l  weld i s  shown i n  Fig. 4 (a ) .  

The weld r e g i o n  near  t h e  backup p l a t e  ( r o o t )  w a s  about  13 mm (1/2 i n . )  

wide,  whi le  t h e  r e g i o n  near  t h e  top  ( f a c e )  w a s  t y p i c a l l y  22 mm (9/10 i n . )  

wide. Thus, t h e  weld had a t a p e r  i n  t h e  th i ckness  d i r e c t i o n  of t h e  

p l a t e .  Microhardness d a t a  are a l s o  shown i n  Fig. 4. The hardness  

i n c r e a s e d  s y s t e m a t i c a l l y  from t h e  f a c e  (DPH 220) t o  t h e  r o o t  (DPH 275) 

[ s e e  Fig. 4 ( b ) l .  

i n  t h e  width d i r e c t i o n .  For example, t h e  base metal away from t h e  f u s i o n  

l i n e  e x h i b i t e d  around DPH 210, whi le  hardness  near  t h e  weld c e n t e r l i n e  

v a r i e d  widely but  w a s  i n  t h e  range 230 t o  260 DPH [ s e e  Fig. 4 ( c ) l .  

Comparison of hardness  i n  t h i s  weld t o  d a t a  f o r  t h e  FFTF weld metal used 

A s u b s t a n t i a l  v a r i a t i o n  i n  hardness  w a s  a l s o  d e t e c t e d  
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i n  t h e  d a t a  gene ra t ion  program4 i n d i c a t e d  t h a t  both types  of welds had 

v a r i e d  s i m i l a r l y  from maximum hardness  t o  minimum hardness .  We a l s o  

determined a Rockwell B hardness  p r o f i l e  f o r  t h e  13-mm (1/2- in . )  p l a t e  

w i t h  e q u i v a l e n t  y i e l d  s t r e n g t h s .  Data are shown i n  F ig .  4 ( d ) .  

The a l l o c a t i o n  of t h e  p l a t e s  a f t e r  welding is  i n d i c a t e d  i n  Fig.  1. 

The shaded r eg ions  r e p r e s e n t  p l a t e s  r e t a i n e d  a t  ORNL f o r  c h a r a c t e r i z a t i o n  

t e s t i n g .  The o the r  plates were shipped t o  M. J. Manjoine5 f o r  use i n  the  

WARD program. The sawing p lan  f o r  producing specimen blanks i n  t h e  ORNL 

p l a t e s  i s  i n d i c a t e d  i n  Figs .  5 through 7. P l a t e s  Ml/M2, K3/K4, K9/K10, 

K17/K18, and K21/K22 were s e c t i o n e d  accord ing  t o  t h e  scheme i n  Fig.  5 .  

0 
REDUCE WIDTH 

-/ 
L- -!!?E - Y 

@ MACHINE 60mm LONGITUDINAL WELD BLANKS ( 3  PER PLATE1 

Fig.  5. Sawing Plan  f o r  P l a t e s  Ml/M2, K3/K4, K9/K10, K 1 7 / K 1 8 ,  and K21/K22. 

1a11 

Fig. 6. Sawing Plan  f o r  P l a t e  K15/K16. 



ORNL-DWG 79-42f34 

4 TRANSVERSE WELD 
BLANKS 
9 x f 3  x 60 rnm, 

3 LONGITUDINAL WELD 
BLANKS 
9 x 13 x 60 rnm 

4 FUSION LINE 

9 x 13 I 60 rnm 

Fig.  7. Sawing Plan  f o r  P l a t e  K l l / K 1 2 .  

This  c o n s i s t e d  of :  ( 1 )  machining away t h e  i n s e r t  b lank ,  ( 2 )  reducing t h e  

as-welded p l a t e  width t o  con ta in  only t h e  c e n t e r  28 mm (1.1 i n . ) ,  and ( 3 )  

t r a n s v e r s e  s e c t i o n i n g  of t h e  p l a t e  t o  produce t h r e e  60-mm-long (2  3/8-in.)  

and two s h o r t  end p i eces .  The 5 p l a t e s  provided 15 specimen blanks 

pa ra l l e l  t o  t h e  welding d i r e c t i o n  ( l o n g i t u d i n a l  o r i e n t a t i o n ) .  P l a t e  

K15/K16 w a s  s e c t i o n e d  accord ing  t o  Fig.  6. 

were produced by s e c t i o n i n g  t h e  same way as before  (Fig.  5 ) .  However, t h e  

remainder w a s  cu t  i n t o  s i x  blanks t r a n s v e r s e  t o  t h e  weld. Each blank w a s  

9- by 13- by 601nm (3 /8-  by 1 / 2 -  by 2 3/8-in.) long. The weld w a s  i n  t he  

c e n t e r  of t h e  60-mm length .  P l a t e  K l l / K 1 2  w a s  s ec t ioned  as fo l lows:  9- by 

13- by 60-mm-long (3/8- by 1 / 2 -  by 2 3/8-in.)  b lanks ,  were sawed from the  

base m e t a l  near  t h e  p l a t e  c o r n e r s ,  t h r e e  9- by 13- by 60-mm (3/8- by 1 / 2 -  

by 2 3/8-in.)  a l l -weld-meta l  blanks w e r e  sawed i n  t h e  l o n g i t u d i n a l  d i r e c -  

t i o n ,  f o u r  “ fus ion- l ine‘ ‘  blanks of i d e n t i c a l  dimensions were sawed from 

reg ions  a d j a c e n t  t o  t h e  l o n g i t u d i n a l  weld metal b lanks ,  and fou r  blanks 

t r a n s v e r s e  t o  t h e  weld were sawed wi th  t h e  same dimensions as the  t r a n s -  

ve r se  blanks obta ined  from p l a t e  K15/K16 (Fig.  6 ) .  I n  t o t a l ,  20 l o n g i t u d i -  

n a l  and 10 t r a n s v e r s e  weld metal, 4 base metal, and 4 f u s i o n - l i n e  specimen 

blanks were produced. 

Here two l o n g i t u d i n a l  blanks 

A l l  but seven of t h e  specimen blanks were used t o  f a b r i c a t e  threaded-  

end bar specimens 6.35 mm (0.25 in . )  i n  diameter  by 32 mm (1.25 i n . )  i n  

reduced s e c t i o n  l eng th .  S m a l l e r  bu t ton  head specimens were machined from 
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t h e  remaining seven specimen b lanks  of l o n g i t u d i n a l  weld metal. These spe- 

cimens had 6.35-mm-diam (0.25-in.) shou lde r s  3.17 mm (0.125 i n . )  i n  gage 

diameter  and 29 mm (1.125 i n . )  i n  reduced s e c t i o n  l eng th .  Three specimens 

were machined from t h e  c e n t e r  of t h e  weld (halfway through t h e  t h i c k n e s s ) .  

Two were machined from material a t  t h e  top  1 /4  t h i c k n e s s  and t h e  remaining 

two from material near  t h e  weld r o o t  (3 /4  t h i c k n e s s ) .  

Test Methods 

A l l  t e s t i n g  w a s  performed a t  593°C (1100°F). T e n s i l e  tests were con- 

duc ted  i n  a 44-kN (10,000-lb) I n s t r o n  machine a t  a nominal c rosshead  speed 

of 0.002 mm/s (8.3 x i n . / s ) .  The nominal s t r a i n  ra te  was c l o s e  t o  

6.7 x Creep-rupture tests were performed i n  12 : l  l e v e r  arm 

machines. Extensometers were a t t a c h e d  t o  t h e  specimen shoulders .  

RESULTS 

T e n s i l e  Tests 

The r e s u l t s  of t e n s i l e  tests are provided i n  Table  2. With r ega rd  t o  

t h e  v a r i a t i o n  through t h e  t h i c k n e s s ,  t h e  specimen from t h e  f a c e  (1 /4  

t h i c k n e s s )  had t h e  lowest  y i e l d  s t r e n g t h ,  whi le  t h e  specimen from t h e  r o o t  

(3 /4  t h i c k n e s s )  had t h e  h i g h e s t  y i e l d  s t r e n g t h .  The u l t i m a t e  s t r e n g t h s  

and uniform s t r a i n s  were about t h e  same f o r  a l l  t h r e e  l o c a t i o n s ,  whi le  t h e  

f r a c t u r e  s t r a i n  w a s  h i g h e s t  f o r  t h e  f a c e  specimen and lowest  f o r  t h e  r o o t  

specimen. These d a t a  became less c r e d i b l e  when w e  examined d a t a  f o r  

6.3-nun-diam (0.25-in.) specimens.  Supposedly,  d a t a  from t h e s e  specimens 

r e p r e s e n t e d  c e n t e r  behavior ,  y e t  t h e  y i e l d  s t r e n g t h s  f o r  d u p l i c a t e  samples 

f e l l  below t h e  y i e l d  s t r e n g t h s  f o r  t h e  f a c e  specimen. The l a r g e r  diameter  

specimens produced about  t h e  same u l t i m a t e  s t r e n g t h  and s l i g h t l y  more uni- 

form s t r a i n  than  smaller diameter  specimens. The t r a n s v e r s e  weld specimen 

e x h i b i t e d  s l i g h t l y  h igher  y i e l d  and u l t i m a t e  s t r e n g t h s  and much less uni-  

form e l o n g a t i o n ,  t o t a l  s t r a i n ,  and r e d u c t i o n  of area than  t h e  6.3-mm-diam 

(0.25-in.) l o n g i t u d i n a l  weld specimen. The s ix  tests e x h i b i t e d  an  average  

y i e l d  s t r e n g t h  near  180 MPa (26.2 k s i ) .  This  s t r e n g t h  w a s  much i n  excess 
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Table  2. Summary of T e n s i l e  Tests on WARD Weld Specimens 

S t r e n g t h ,  MPa(ks i )  
Uniform R e d u c t i o n  

Specimen Specimen Type 0.2% Y i e l d  U l t i m a t e  T r u e  S t r a i n  E l o n g a t i o n  of area 
U1 t imate ( X )  ( X )  ( X )  

LWM 1-1 Long. Face  178(25 .8 )  L83(41.1) 23.4 28. a 60.0 

LWM 2-1 Long. C e n t e r  186(27 .2)  282(40 .9)  25.2 34.1 60.0 

LWM 3-1 Long. Root l gg (28 .8 )  290(42. I )  24.0 34.3 53.5 

LWM 6 Long. C e n t e r  273(25 .1)  292C42.3) 378(54 .8)  29.4 39. 6 62 .8  

LWM 7 Long. C e n t e r  163(23 .7)  295(42 .8)  378(54 .8)  28.1 39.5 71.6 

LWM 2 Trans .  C e n t e r  183(26 .5)  312(45 .3)  360(512.3) 15.5 21 .5  47.2 

of t h e  120-MPa (17.4-ksi)  average  y i e l d  s t r e n g t h  f o r  mil l -annealed type 304 

s t a i n l e s s  s teel .  l4 

p l a t e  were ob ta ined  a t  593°C (1100°F). However, t h e  y i e l d  s t r e n g t h  a t  

room tempera ture  w a s  determined t o  be i n  t h e  range 202 t o  227 MPa (29.3 t o  

32.9 ks i ) . 15  

y i e l d  s t r e n g t h  would y i e l d  a t  around 100 MPa (14.5 k s i )  a t  593°C 

(1100"F).14 

metal w a s  about  80% s t r o n g e r  than  t h e  base metal  away from t h e  weld. 

However, t h e  base  metal DPH v a l u e s  (F ig .  4 )  were around 210 and t h e  

RB v a l u e s  were h igh  [F ig .  4 ( d ) l .  These hardness  d a t a  imply a room t e m -  

p e r a t u r e  y i e l d  stress f o r  t h e  base metal around 310 MPa (45 k s i ) .  The 

cor responding  y i e l d  s t r e n g t h  a t  593°C (1100°F) would be 175 MPa (25  k s i ) ,  

which i s  c l o s e r  t o  t h e  weld metal s t r e n g t h .  F u l l  s t r e s s - s t r a i n  curves  f o r  

t h e  weld m e t a l  f o r  l o n g i t u d i n a l  and t r a n s v e r s e  FFTF weld specimens and f o r  

r eannea led  base metal are p l o t t e d  i n  Fig.  8. A s  mentioned ea r l i e r ,  t h e  

y i e l d  s t r e n g t h s  of t h e  t r a n s v e r s e  and l o n g i t u d i n a l  welds were about  t h e  

same. This  i s  t r u e  f o r  both FFTF and WARD welds.  The t r a n s v e r s e  weld 

metal hardens more r a p i d l y  du r ing  t h e  f i rs t  few pe rcen t  s t r a i n .  A s  a con- 

sequence,  t h e  t r a n s v e r s e  weld specimens are much s t r o n g e r  than  l o n g i t u d i n a l  

weld specimens i n  t h e  2 t o  15% s t r a i n  range. The FFTF welds specimens were 

t aken  from " l e v e l  1" o r  near  s u r f a c e  l o c a t i o n  but  s t i l l  e x h i b i t e d  g r e a t e r  

s t r e n g t h s  than  t h e  specimens machined from WARD weldments. 

c l e a r l y  shows t h e  v a s t  d i f f e r e n c e  a t  low s t r a i n s  i n  f low stress of t h e  weld 

material and t h e  reannea led  13-mm (1/2-in.)  p l a t e .  Even tua l ly ,  t h e  rean- 

nea led  p l a t e  hardens  t o  stresses comparable t o  t h e  weld specimens,  but  n o t  

u n t i l  15 o r  20% s t r a i n  i s  in t roduced .  

No t e n s i l e  d a t a  f o r  t h e  13-mm (1/2- in . )  mil l -annealed 

T y p i c a l l y ,  a material wi th  t h i s  range of room tempera ture  

Thus, i f  t h e  room tempera ture  y i e l d  i s  a c c u r a t e ,  t h e  weld 

F igu re  8 
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Creep-rupture  tests are summarized i n  Table  3. Included are seven 

tests on l o n g i t u d i n a l  weld metal, f i v e  tests on t r a n s v e r s e  weldments, two 

tests on fus ion - l ine  material, and three tests on base m e t a l .  Stresses 

are i n  t h e  range 124 t o  241 MPa (18 to 35 k s i ) ,  and times f a l l  i n  t h e  

range  21 k s  t o  64 M s  (6 t o  18,000 h) .  Tests i n  excess  of 172 MPa (25 k s i )  

should be cons idered  " c h a r a c t e r i z a t i o n  tests" s i n c e  t h e  stresses are too 

h igh  t o  be of much va lue  i n  t h e  a n a l y s i s  of s t r u c t u r e s ,  except i f  we are 

concerned wi th  sha rp  notches  o r  c racks  where t h e  t h e o r e t i c a l  e las t ic  

stress could exceed 172 MPa (25 k s i ) .  

The loading  s t r a i n s  from the  creep tests are compared t o  t h e  t e n s i l e  

curves  f o r  t r a n s v e r s e  and l o n g i t u d i n a l  o r i e n t a t i o n s  i n  Fig. 9. Data exhi-  

b i t  scatter but  f a l l  i n  t h e  range between t h e  two t e n s i l e  curves  wi th  only 

two except ions .  



Table 3. Summary of Creep Tests Performed on Manjoine (WARD) Specimens 

Minimum Reduction S t r a i n ,  % 
S t r e s s  T i m e a  

(MPa) ( k s i )  (h) 
Test 

S t r a i n  Rate of Area 
ern ( X )  

Loading Trans i en t  Rupture 
e e 
t R (%/h)  eL 

185 
186 
184 
187 
183 
271 
272 

276 
188 
190 
189 
2 79 

2 74 
278 

2 73 
2 80 
275 

24 1 
220 
207 
193 
172 
138 
124 

2 20 
220 
193 
172 
138 

207 
138 

24 1 
207 
124 

35 
32 
30 
28 
25 
20 
18 

32 
32 
28 
25 
20 

30 
20 

35 
30 
18 

48.8R 
237.6R 
1850.4R 
3488.3R 
12700R 
18118D 
4058D 

86.4R 
85.7R 
317.2R 
752.9R 
5731D 

312.5R 
15265D 

69 
257.9R 
13483D 

Long i tud ina l  Weld Metal 

5.5 5.0 48 
2.9 6.0 47 
0.96 2.4 46 
1.62 3.13 35 
0.54 -0.7 35 
0.23 0.23 >O. 6 
0.06 >0.11 >O. 3 

Transverse Weld Metal 

0.54 57 
0.10 55 
0.03 54 
0.002 52 
0.00045 
0.00001 

>O. 00003 

0.73 1.4 21 
2.45 1.4 13 
0.40 0.30 10 
0.13 0.25 7.1 
0.25 1.5 >2 

Fusion-Line Metal 

0.03 
e. 082 11 
0.016 6 
0.901 9 
0.0002 

0.42 0.04 31 
0.16 0.34 >2.7 

Base Metal 

0.000042 

6.5 0.5 31 
1.5 25 

0.53 3.0 >4.5 
0.065 
0.0000 7 

Q-time specimen rup tu red ;  & t i m e  t es t  discont inued.  
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Fig.  9. Comparison of Creep Loading S t r a i n s  f o r  Weld Metal Specimens 
w i t h  T e n s i l e  Curves a t  593°C (1100°F). 

S t r e s s - r u p t u r e  d a t a  are p l o t t e d  i n  Fig. 10. Specimens machined i n  the  

l o n g i t u d i n a l  weldment o r i e n t a t i o n  l a s t e d  longer  than  those  machined i n  t h e  

t r a n s v e r s e  d i r e c t i o n .  There w a s  a l so  a b ig  d i f f e r e n c e  i n  r u p t u r e  duc- 

t i l i t i e s  (g iven  as numbers i n  Fig.  10).  The l o n g i t u d i n a l  weld specimens 

were very  d u c t i l e  ( a t  least  30% e l o n g a t i o n ) ,  whi le  t h e  t r a n s v e r s e  weld 

specimens e x h i b i t e d  lower d u c t i l i t y  (no more than  13% e longa t ion ) .  The 

f u s i o n - l i n e  and base metal  specimens e x h i b i t e d  p r o p e r t i e s  between the  two 

extremes desc r ibed  above. The t r a n s v e r s e  weldment appeared t o  f a i l  i n  t h e  

base  metal. The stress ve r sus  r u p t u r e  l i f e  behavior  f o r  l o n g i t u d i n a l  

weldments w a s  comparable t o  t h e  behavior  of l e v e l  1 l o n g i t u d i n a l  welds i n  

t h e  FFTF v e s s e l .  These d a t a ,  as w e l l  as da ta  f o r  t h e  l a b o r a t o r y  rean- 

nea led  13-mm (1/2-in.)  p l a t e ,  are inc luded  i n  Fig.  10. We see t h a t  t h e  

reannea led  material w a s  weak r e l a t i v e  t o  t h e  weldment and mil l -annealed 

13-mm (1/2- in . )  p l a t e .  

Secondary c reep  ra te  d a t a  from Table  3 are p l o t t e d  i n  Fig.  11. Again, 

t h e  l o n g i t u d i n a l  weld specimens were s t r o n g e r  than  t h e  t r a n s v e r s e  w e l d  

specimens. The f u s i o n - l i n e  specimen was a l s o  s t r o n g ,  whi le  t h e  base metal 

and t r a n s v e r s e  weld materials were weaker and r e l a t i v e l y  equ iva len t .  When 
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compared t h e s e  d a t a  were e q u i v a l e n t  t o  secondary c reep  ra te  d a t a  f o r  l e v e l  

11 FFTF material. F igure  12  a l s o  i n c l u d e s  d a t a  f o r  t h e  reannea led  13-mm 

(1/2- in . )  p l a t e .  This  material w a s  very  weak. 

ORNL-DWG 78-22488R 
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Fig. 12. Creep Curves f o r  Type 308 CRE Weld Metal a t  593°C (1100’F) i n  
t h e  L o n g i t u d i n a l  D i r e c t i o n .  Dashed l i n e s  are a suggested r e p r e s e n t a t i o n  
based on an a n a l y t i c a l  express ion .  

R e p r e s e n t a t i o n  of t h e  Creep Curve 

The seven creep tests on l o n g i t u d i n a l  weld specimens e x h i b i t e d  some 

i n c o n s i s t e n c y ,  which can b e s t  be seen i n  a p l o t  of l og  s t r a i n  v e r s u s  l o g  

t i m e .  Data are presented  i n  Fig.  12. The curves  f o r  specimens s t r e s s e d  

a t  207 and 193 MPa (30 and 28 k s i )  f e l l  c l o s e  t o  one another  and d i d  not  

d i v e r g e  u n t i l  a f t e r  3.6 M s  (1000 h ) .  A t  t h e  lowest  stresses t h e  curves  

fior specimens s t r e s s e d  a t  124 and 138 MPa (18 and 20 k s i )  tended t o  con- 

v e r g e  around 18  M s  (5000 h ) .  With t h e s e  except ions  t h e  curves  e x h i b i t e d  

f i a i r l y  wel l -def ined t r e n d s .  A t  s h o r t  t i m e s  and h igh  stresses t h e  s l o p e s  

of t h e  l o g  of c r e e p  s t r a i n  v e r s u s  l o g  of t i m e  curves  w e r e  around 2/3.  A s  



t h e  stress dec reased ,  t h e  s l o p e  o f  t h e  curves  decreased .  For example, a t  

172 MPa (25 k s i )  t h e  s l o p e  w a s  c l o s e  t o  113. A l l  cu rves  f o r  stresses below 

241 MPa (35 k s i )  t u rned  downward a f t e r  36 k s  (10 h ) ,  and t h e  low-s t r e s s  

cu rves  became very  f l a t .  Even tua l ly ,  t h e  curves  tu rned  s h a r p l y  upward. The 

downward c u r v a t u r e  sugges ted  t h e  need f o r  a t r a n s i e n t  t ype  expres s ion  f o r  

c reep  s t r a i n  e v e r s u s  t i m e  t i n  t h e  pr imary s t a g e .  

s l o p e  of t h e  l o g  e v e r s u s  l o g  t curves  i n  a n  a n a l y t i c a l  e q u a t i o n  a t  s h o r t  

t i m e s ,  w e  r e s o r t e d  t o  a mod i f i ca t ion  of t h e  e x p o n e n t i a l  form: 

To "capture"  t h e  sha l low 

a e e = e t [ l - e x p ( - r t > l  + t! S t 

where 

e = c reep  s t r a i n ;  

e = t r a n s i e n t  s t r a i n  asymptote;  
e 

t 
r = t r a n s i e n t  s t r a i n  r a t e  parameter ;  

e = secondary c reep  ra te ,  % / h ;  
S 

a = parameter  (which w e  s e l e c t e d  t o  be  1 /21 .  

W e  found t h a t  w e  could r e p r e s e n t  e as a n  e x p o n e n t i a l  f u n c t i o n  of  stress: 
S 

-12 
(2)  

2.83 X 10 12 exp(0.1080) (MPa) e =  s 2.83 X 10- exp(0.7430) ( k s i )  , 

and e had a power dependence on stress: t 

3.92 x 0 6 - 4 3  (MPa) e =  
9.66 X 10- lo 06'43 ( k s i )  . 

F i n a l l y ,  t h e  p roduc t  e r w a s  r e l a t e d  t o  e by t h e  equa t ion :  t S 

114 e r = 1.07  e t S 

(3)  

( 4 )  

P l o t s  of t h e s e  e x p r e s s i o n s  are compared t o  d a t a  i n  F igs .  13, 1 4 ,  and 15. 

Equat ions  ( 2 ) ,  ( 3 ) ,  and (4) were in t roduced  i n t o  Eq.  ( l ) ,  and c reep  cu rves  
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Fig.  15. C o r r e l a t i o n  Between etY and Secondary Creep Rate f o r  Type 
308 CRE Weld Metal a t  593°C (1100'F). 

were c a l c u l a t e d  f o r  s e v e r a l  stresses. The curves  are compared t o  d a t a  i n  

Fig.  12. See curves  l a b e l e d  "model" f o r  Eq.  (1) r e p r e s e n t a t i o n .  This  

comparison r evea led  t h a t  Eq. (1) ove rp red ic t ed  t h e  s h o r t  t i m e  s t r a i n s .  

This  could be f i x e d  by i n c r e a s i n g  c1 from 112 t o  314. However, we d id  not  

t h i n k  t h a t  t h i s  s t e p  w a s  needed i n  view of t h e  incons i s t ency  of t h e  

exper imenta l  da t a .  

Log e ver sus  l o g  t curves  f o r  the  t r a n s v e r s e  weld specimens,  fus ion-  

l i n e  specimens,  and base metal specimens are provided i n  Fig. 16. Again 

t h e  h igh - s t r e s s  curves  e x h i b i t e d  s l o p e s  near  213, whi le  t h e  low-stress  

cu rves  e x h i b i t e d  s l o p e s  near  113. However, i n  t h e  f i r s t  36 k s  (10  h ) ,  

t h e  s t r a i n s  i n  t h e  l o n g i t u d i n a l  weld specimens were about f i v e  times 

h ighe r  than  s t r a i n s  i n  t h e  t r a n s v e r s e  weld specimens. A t  3.6 M s  (1000 h )  

s t r a i n s  were f i v e  times g r e a t e r  i n  t h e  t r a n s v e r s e  weld specimens. This  

c ros sove r  r e s u l t e d  from t h e  t r a n s v e r s e  and f u s i o n - l i n e  specimens not  n o t i -  

ceab ly  t u r n i n g  downward a t  times beyond 36 k s  (10  h ) .  This  d i f f e r e n c e  

i s  i l l u s t r a t e d  by t h e  comparison of t h e  curves  f o r  t h e  specimens s t r e s s e d  
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t o  138 MPa ( 2 0  k s i )  i n  Fig.  16. The downward c u r v a t u r e  i n  t h e  l o n g i t u d i -  

n a l  weld specimen produced an  a r d e r  of magnitude d i f f e r e n c e  i n  t h e  s t r a i n  

a t  36 M s  (10,000 h )  t h a t  was between t r a n s v e r s e  and l o n g i t u d i n a l  specimens. 

Thus, bo th  t h e  "shape" and " p o s i t i o n "  of t h e  log  e ver sus  l o g  t curves  

v a r i e d  wi th  l o c a t i o n  of t h e  specimen i n  t h e  weldment. The re fo re ,  t h e  ana- 

l y t i c a l  r e p r e s e n t a t i o n  f o r  c r e e p  i n  t h e  l o n g i t u d i n a l  specimens could not  

be d i r e c t l y  a p p l i e d  t o  t h e  f u s i o n - l i n e  and t r a n s v e r s e  weld metal o r i en -  

t a t i o n s  wi thout  i n t r o d u c i n g  major e r r o r s .  

ORNL- DWG 79 - 1  2131 
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Fig .  16.  Creep Curves f o r  Transverse  Welds and Fusion-Line Specimens 
at: 5 9 3 O C  (1100OF). 

DISCUSSION 

A s  mentioned i n  t h e  I n t r o d u c t i o n ,  t h e  d a t a  r e p o r t e d  h e r e  were 

ga thered  t o  c h a r a c t e r i z e  a material being t e s t e d  i n  t h e  Westinghouse 

Advanced Reac tor  D iv i s ion  (WARD) V a l i d a t i o n  Program. A s  p a r t  of t h i s  

e f f o r t ,  M. J. Manjoine i s  c r e e p  t e s t i n g  type  304 s t a i n l e s s  s teel  p l a t e  

specimens wi th  l o n g i t u d i n a l  and t r a n s v e r s e  welds. Both deformat ion  and 

r u p t u r e  behavior  i s  of i n t e r e s t .  It i s  not  obvious t h a t  d a t a  f o r  t h e  

small specimens t h a t  w e  examined can  be d i r e c t l y  a p p l i e d  t o  t h e  a n a l y s i s  
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of weldment behavior .  Neve r the l e s s ,  i t  does seem l i k e l y  t h a t  i f  we can 

unders tand  t h e  behavior of specimens machined from t h e  composite,  we w i l l  

have a b e t t e r  chance of unders tanding  how the  composite weldment w i l l  

behave. 

L e t  us f i r s t  cons ider  t h e  r e l a t i v e  behavior of t h e  l o n g i t u d i n a l  and 

t r a n s v e r s e  weld specimen. The p l a s t i c  f low stress of t r a n s v e r s e  weld 

specimens i s  h igher  than  t h e  flow stress of l o n g i t u d i n a l  specimens 

(F igs .  8 and 9). Furthermore,  t h e  t r a n s v e r s e  weld specimens have g r e a t e r  

c r eep  s t r e n g t h  dur ing  t h e  e a r l y  s t a g e s  of creep (F igs .  12 ve r sus  16) .  The 

l o n g i t u d i n a l  weld o r i e n t a t i o n  has a g r e a t e r  uniform s t r a i n  under t e n s i l e  

s t r a i n i n g  (Fig.  8)  and a g r e a t e r  " t r u e  u l t i m a t e  s t r e n g t h "  ( s e e  Table  2) .  

Under c reep- rupture  t h e  l o n g i t u d i n a l  weld specimens e x h i b i t  lower secon- 

dary  c reep  r a t e s ,  much g r e a t e r  d u c t i l i t i e s ,  and b e t t e r  r u p t u r e  s t r e n g t h s  

than  the  t r a n s v e r s e  o r i e n t a t i o n  specimens (F igs .  11 and 12) .  Why does 

t h i s  happen? We can e x p l a i n  t h e  s h o r t e r  r u p t u r e  l i f e  and lower d u c t i l i t y  

of t h e  t r a n s v e r s e  weld material on t h e  b a s i s  t h a t  t h e  t r a n s v e r s e  weld spe- 

cimens r u p t u r e  i n  t h e  "weaker" base metal. However, most of t h e  material 

i n  the  t r a n s v e r s e  weld specimens i s  weld metal, and we might expect  t h a t  

t h e  deformation behavior  of t r a n s v e r s e  weld specimens would be c o n t r o l l e d  

by t h e  weld metal deformation p r o p e r t i e s .  

welds r e p o r t  t he  same dependence of c reep  behavior on specimen o r i e n t a t i o n  

as seen i n  t h e  WARD weldments. Y e t  they  a l s o  show t h a t  t h e  e l a s t i c  pro- 

per t ies  of weldments are i s o t r o p i c  i n  t h e  plane of t h e  p l a t e  and vary  as 

t h e  o r i e n t a t i o n  changes from t h e  plane of t h e  p l a t e  t o  t h e  axis perpen- 

d i c u l a r  t o  t h e  p l a t e . 9  This  obse rva t ion  makes sense  because t h e  columnar 

g r a i n s  have t h e i r  [ l o o ]  a x i s  perpendicular  (90")  t o  t h e  p l a t e  s u r f a c e  but 

are randomly o r i e n t e d  about t he  axis normal t o  the  p l a t e  su r f ace .  I n  the  

WARD t r a n s v e r s e  weld specimens the  columnar g r a i n s  start  out  i n c l i n e d  a t  

a n  ang le  68" t o  t h e  p l a t e  s u r f a c e  but " r o t a t e "  t o  90" i n  a s h o r t  d i s t ance .  

Hence, it seems l i k e l y  t h a t  t h e  behav io ra l  d i f f e r e n c e  i n  t h e  t r a n s v e r s e  

and l o n g i t u d i n a l  o r i e n t e d  specimens is not  e n t i r e l y  a f f e c t e d  by 

c r y s t a l l o g r a p h i c  or g r a i n  shape but i s  r a t h e r  p a r t l y  in f luenced  by t h e  

d i r e c t i o n a l  s t r a i n s  in t roduced  dur ing  welding. The s t r a i n s  in t roduced  i n  

welding must be very l a r g e .  

s i t y  of 1010/cm2 f o r  material near  t h e  s u r f a c e  of t h e  FFTF welds. 

King e t  a l .4  working on FFTF 

King e t  al .4 r e p o r t  a d i s l o c a t i o n  l i n e  den- 

This  
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d e n s i t y  i s  an  order  of magnitude g r e a t e r  than  the  d e n s i t y  observed i n  

annea led  material and cor responds  t o  t h e  d e n s i t y  produced by monotonic 

s t r a i n s  i n  t h e  range 5 t o  10%. Although we can expec t  t h a t  such s t r a i n s  

would harden i s o t r o p i c a l l y ,  t h e r e  could be some k inemat ic  o r  d i r ec -  

t i o n a l i t y  e f f e c t s .  P o s s i b l y ,  t h i s  d i r e c t i o n a l i t y  i s  what produces t h e  

o r i e n t a t i o n  dependence of weldment behavior .  This  e x p l a n a t i o n  could be 

checked by s t r e s s - r e l i e v i n g  t h e  welds and r e e v a l u a t i n g  t h e  p r o p e r t i e s  i n  

t h e  t r a n s v e r s e  and l o n g i t u d i n a l  d i r e c t i o n s .  

The d i f f e r e n c e  i n  creep response  i s  somewhat puzz l ing .  The l a r g e r  

p l a s t i c  l oad ing  s t r a i n s ,  which should occur i n  t h e  l o n g i t u d i n a l  weld spe- 

cimens a t  t h e  s t a r t  of t h e  creep tes t  (F ig .  9 > ,  should a l s o  harden t h e  

material t o  a l e v e l  comparable t o  t h e  t r a n s v e r s e  weld specimens. 

The re fo re ,  we are a t  a l o s s  t o  e x p l a i n  why t h e  i n i t i a l  c r eep  rate f o r  

1-ongi tudina l  specimens i s  a f a c t o r  of 5 g r e a t e r  t han  t h e  r a t e  f o r  t r a n s -  

v e r s e  weld specimens. S ince  t h e  tests a t  138 MPa (20  k s i )  p l o t t e d  i n  

Fig.  16 do no t  show t h i s  f a c t o r  of 5 d i f f e r e n c e  a t  s h o r t  times, w e  might 

r e s o r t  t o  t h e  e x p l a n a t i o n  t h a t  expe r imen ta l ly  "creep" and " p l a s t i c "  

s t r a i n s  are d i f f i c u l t  t o  s e p a r a t e  a t  t h e  s t a r t  of a c reep  tes t .  Thus, t h e  

d i f f e r e n c e  i n  t h e  i n i t i a l  creep rates of l o n g i t u d i n a l  and t r a n s v e r s e  spe- 

cimens may no t  be real. The much lower secondary c reep  rates i n  t h e  

l o n g i t u d i n a l  weld specimens (Fig.  11) could be expla ined  by t h e  

i n c r e a s i n g l y  g r e a t e r  e f f e c t s  of t h e  base metal  on t h e  t r a n s v e r s e  weld spe- 

cimens as t h e  creep tes t  p rogres ses .  For example, t h e  r a t i o  of t h e  i n i -  

t i a l  c reep  ra te  t o  "secondary" c reep  ra te  i n  l o n g i t u d i n a l  welds i s  of t h e  

o r d e r  of a t  least  1000 a t  lower stresses. A similar r a t i o  could apply  t o  

t r a n s v e r s e  weld material. The base metal i n  t h e  t r a n s v e r s e  weld specimen 

could  e x h i b i t  less hardening.  Hence, as t h e  c reep  tes t  con t inues  t h e  base 

metal c o n t r i b u t i o n  t o  t h e  c reep  of t h e  t r a n s v e r s e  specimen becomes 

g r e a t e r .  Grain boundary s l i d i n g  and wedge c rack ing  i n  t h e  base metal 

could  a l s o  c o n t r i b u t e  t o  what appears  t o  be a h igher  secondary c reep  ra te  

i n  t r a n s v e r s e  weld metal specimens. 

It i s  f a i r l y  clear t h a t  a key t o  unders tanding  t h e  behavior  of t h e  

t r a n s v e r s e  weld specimens would be t o  s tudy  t h e  i n f l u e n c e  of p r i o r  s t r a i n  

oln subsequent  c reep  and r u p t u r e  behavior .  E f f o r t s  should  be made t o  

i n t r o d u c e  d e f e c t  s t r u c t u r e s  t y p i c a l  of t h e  base metal near  t h e  weld. We 
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should then  s tudy  t h e  c reep  and d u c t i l i t y  r e l a t i v e  t o  a l l -weld  metal  

specimens . 
I n  t h i s  d i s c u s s i o n  we have n o t  examined t h e  i n f l u e n c e  of & - f e r r i t e ,  

sigma format ion ,  o r  t h e  in f luence  of c a r b i d e  p r e c i p i t a t i o n  phenomena on 

c r e e p  and rup tu re .  These are a l l  important  m e t a l l u r g i c a l  c o n s i d e r a t i o n s  

t h a t  have been d i scussed  by King and c o - ~ o r k e r s ~ , ~ ~  f o r  t h e  FFTF welds. 

CONCLUSIONS 

1. The type 308 CRE s t a i n l e s s  s tee l  welds produced f o r  WARD are  

weaker than  the  l e v e l  1 FFTF material under t e n s i l e  t e s t i n g  a t  593°C 

(1 100°F). 

2. Long i tud ina l  weld specimens are weaker than  t r a n s v e r s e  weld spe- 

cimens f o r  t e n s i l e  s t r a i n s  i n  t h e  range 1 t o  15%. Longi tudina l  weld spe- 

cimens e x h i b i t  h ighe r  uniform s t r a i n s .  

3. The l o n g i t u d i n a l  weld specimens e x h i b i t  r u p t u r e  l i v e s  equ iva len t  

t o  t h e  l e v e l  1 FFTF material. Creep d u c t i l i t i e s  are high. 

4. The t r a n s v e r s e  weld specimens e x h i b i t  r u p t u r e  l i v e s  t h a t  are much 

less than  t h e  l o n g i t u d i n a l  weld specimens. 

t h e  weak base metal h e a t  (9T2796). Creep r u p t u r e  occurs  i n  t h e  base 

me ta l ,  and t h e  t o t a l  e l o n g a t i o n s  are low. 

h e  s t r e n g t h  is  comparable t o  

5. The c r e e p  behavior  of t h e  l o n g i t u d i n a l  weld metal specimens can 

be modeled by a modif ied exponen t i a l  c r e e p  equat ion .  

6 .  E f f o r t s  should  be made t o  s tudy  t h e  e f f e c t  of t h e  s t r a i n s  pro- 

duced du r ing  welding on t h e  c reep- rupture  behavior  of base metal near  t h e  

weld. 
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