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REVISED ANALYSIS OF THE TRANSITION JOINT LIFE TEST* 

W. K. Sartory 

ABSTRACT 

The Transition Joint Life Test was performed by General 
Electric and the Energy Technology Engineering Center and was 
analyzed earlier by General Electric. Because of later de- 
velopments in analysis techniques and in our understanding of 
the stress behavior near a dissimilar metal weldment, agreement 
was reached between General Electric and Oak. Ridge National 
Laboratory's High-Temperature Structural Design program that 
a more up-to-date analysis was needed. This report presents 
results of a new analysis incorporating modified mechanical 
properties, revised constitutive equations, and a more refined 
finite element grid. The structural life prediction of the 
present report is quite conservative (-3 cycles of predicted 
life compared to 12 to 25 cycles of measured life), whereas the 
earlier General Electric analysis was underconservative by a 
similar factor. 

Keywords: transition joint, dissimilar metal weldment, 
structural failure, thermal transients, ratchetting, creep- 
fatigue damage, inelastic analysis, piping 

1. INTRODUCTION 

Electrical power plants sometimes include both austenitic stainless 
steel and ferritic steel piping. The transition joints that couple the 

dissimilar metals have posed a reliability problem for fossil-fueled power 
plants and pose a potential reliability problem for liquid-metal-cooled 

fast breeder reactor (LMFBR) plants. In 1974, General Electric (GE) 
undertook a program involving both testing and analysis to improve the 

joints. The most detailed analysis was performed by Yang and Palmer1 

before any testing was carried out and was eventually found to be noncon- 

servative by a factor of about 5. Following the Yang and Palmer analysis, 

additional information on the mechanical properties of transition joint 

*Work performed under DOE/BTP AF 15 40 10 3,  Task No. OR-1.1, High-' 
Temperature Structural Design Technology. 
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l i f e  test (TJLT) materials was  ob ta ined ,  changes were 

mended c o n s t i t u t i v e  equat ions ,  improved creep-rupture  

oped, and a stiidy w a s  performed on t h e  e f f e c t  of g r i d  

made i n  t h e  recom- 

c r i t e r i a  were devel- 

ref inement  near a 

d i s s i m i l a r  metal weldment. As a r e s u l t ,  t h e r e  has  been some i n t e r e s t  i n  

t h e  e f f e c t  of t h e s e  changes on the  TJLT l i f e  p r e d i c t i o n .  

The Weldment Design Methodology subtask  of t h e  ORNL High-Temperature 

S t r u c t u r a l  Design program inc ludes  a n a l y t i c a l l y  a s s e s s i n g  t h e  deformation 

and f a i l u r e  behavior  of s t r u c t u r a l  welrlments. The p r e s e n t  r e v i s e d  analy-  

sis of t h e  TJLT w a s  performed under t h a t  subtask  t o  c o n t r i b u t e  t o  our 

understanding of t h e  adequacy of c u r r e n t  des ign  methodology as a p p l i e d  t o  

t r a n s i t i o n  j o i n t s .  
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2. SPECIMEN WELDMENT DESCRIPTION AND FINITE ELEMENT GRID 

Each TJLT specimen2 was a 0.457-m-OD (18-in.) p ipe  with a 25.4-mm 

(1.00-in.) w a l l  i n c o r p o r a t i n g  t h r e e  d i f f e r e n t  base metals, two d i f f e r e n t  

weldment f i l l e r  metals, and f i v e  d i f f e r e n t  d i s s i m i l a r  metal circumferen- 

t i a l  weldments spaced f a r  enough a p a r t  t o  avoid s t r u c t u r a l  i n t e r a c t i o n s  

(Fig. 1). Only one weldrnent involv ing  2 1/4 C r - 1  Mo steel and Alloy 800H 

base metals and ERNiCr-3 weld metal (Fig. 2) i s  analyzed i n  t h i s  r e p o r t .  

The f i n i t e  element g r i d  is shown i n  F igs .  3 and 4. 

Although t h e  p o r t i o n  of the  s t r u c t u r e  analyzed comprised only t h r e e  

d i f f e r e n t  a l l o y s ,  t he  a n a l y s i s  a l s o  incorpora ted  a f o u r t h  material - t h e  

hea t - a f f ec t ed  zone (HAZ) of the  2 1/4 Cr-1 Mo s t e e l ,  which was  taken t o  

have d i € f e r e n t  mechanical p r o p e r t i e s  from t h e  2 1/4 Cr-1 Mo s teel  base 

metal. Rased on a recommendation of McAfee et t h e  HAZ was assumed 

t o  have a th i ckness  of 1 mm (0.040 in . ) .  The g r i d  extended f a r  enough on 

both s i d e s  of t h e  weldment t o  minimize s t r u c t u r a l  end e f f e c t s .  The end 

boundary cond i t ions  app l i ed  an a x i a l  load and permi t ted  a x i a l  d e f l e c t i o n  

but  prevented r o t a t i o n .  

It is ev ident  from Fig. 3 t h a t  t he  f i n i t e  element g r i d  is more h igh ly  

r e f i n e d  i n  the  neighborhood of t he  i n t e r s e c t i o n  between the  ERNiCr-3/HAZ 

ORNL-DWG 84-5637 ETD 

0 0  
ERNiCr-3 E R 16-8-2 E R NiCr-3 ERNiCr-3 ER 16-8-2 

2.54 crn 
I 

c r n j c - 5 0 . 8  crn+30.5 crn+30.5 c r n d  15.2 f- 

200.7 crn , 
Fig. 1. TJLT Spool Assemb'ly. Only weldment 4 is analyzed i n  t h i s  

r e p o r t .  1 i n .  = 2.54 cm. 



ORNL-DWG 84-5638 ETD 

Fig .  2. Dissimilar metal weldment geometry and material zones. 
Coolant flow d i r e c t i o n  is from l e f t  t o  r i g h t .  



ORNL-DWG 84-5639 ET0  

_ -  
ALLOY 800H BASE METAL 2% Cr-1 Mo STEEL BASE METAL 

Fig. 3. S t r u c t u r a l  f i n i t e  element g r i d .  (a> Complete g r i d  of 1298 
elements showing end cond i t ions .  
roaterial zones. 

( b )  Expanded view of weldment showing 
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ORNL-DWG 84-5640 ETD 

A 

7.62 rnrn 
(0.3 in.) 

Fig. 4 .  Expanded v i e w  of t he  f i n i t e  element g r i d  refinement region. 
There are 328 elements i n  t h i s  reg ion .  

boundary and the  o u t e r  s u r f a c e  of the  pipe.  

t h i s  refinement:  (1) it is known from p r a c t i c a l  exper ience  wi th  t r a n s i -  

t i o n  j o i n t s  as w e l l  as from t h e  TJLT tests t h a t  i n i t t a l  f a i l u r e  occurs 

near the  i n t e r s e c t i o n ,  and (2 )  ear l ier  a n a l y t i c a l  s t u d i e s 4  sugges t  a 

stress s i n g u l a r i t y  a t  t he  i n t e r s e c t i o n .  

There are two reasons  f o r  
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3. LOAD CONDITIONS 

One of t h e  d i f f i c u l t i e s  i n  ana lyz ing  a weldment i s  determining s u i t -  

a b l e  i n i t i a l  cond i t ions .  The p resen t  specimen was sub jec t ed  t o  a postweld 

hea t  t rea tment  f o r  1 h a t  727°C (1340°F). For the  a n a l y s i s ,  t he  postweld 

hea t  t rea tment  w a s  assumed t o  leave  the  specimen i n  a s t r e s s - f r e e  s ta te  

a t  727°C (1340°F). A l l  stresses and s t r a i n s  were assumed t o  be ze ro ,  

and the  geometry was assumed t o  be a p e r f e c t  c y l i n d e r  wi th  the  specimen 

depres su r i zed  a t  727°C (1340°F). 

Before t h e  f i r s t  thermal downshock was performed i n  the  t es t ,  a se- 

ries of thermal and mechanical load cyc le s  was c a r r i e d  out t o  cond i t ion  

t h e  s t r a i n  gages. These cyc les  involved (1) cool ing  the  specimen from 

727°C (1340°F) t o  room temperature (RT), (2 )  slow thermal cyc l ing  between 

RT and 593°C (llOO°F), and ( 3 )  a x i a l  load cyc l ing  between 0 and 1.779 MN 

(400 k i p s )  and between 0 and 3.114 MN (700 k i p s )  a t  both RT and 593°C 

(1100OF). I n  t h e  a n a l y s i s ,  a l though no a t tempt  was  made t o  fo l low t h e  

exac t  number and sequence of t he  p r e t e s t  c y c l e s ,  one cyc le  of each type 

w a s  performed t o  p l ace  the  specimen i n  t h e  proper i n i t i a l  e l a s t i c - p l a s t i c  

s ta te .  Then t h e  specimen was slowly heated from RT t o  593°C (llOO°F), 

an  axial load of 1.779 MN (400 k i p s )  w a s  app l i ed ,  and t h e  f i r s t  thermal 

downshock w a s  begun. 

Two types  of thermal downshock were app l i ed  i n  the  TJLT experiments. 

The downramp rate was nominally 5.6OC/s (lO°F/s) f o r  t h e  mild downramp and 

11.2"C/s (20°F/s )  f o r  t he  seve re  downramp. The previous  a n a l y s i s  of Yang 

and Palmer1  used the  mild downramp but t he  p re sen t  ana lyses  used t h e  se- 

ve re  downramp t h a t  w a s  appl ied  throughout t h e  tes t  of specimen No. 1 and 

dur ing  the  i n i t i a l  t e s t i n g  phase of specimen No. 2. 

I n  t h e  tests and i n  the  p re sen t  a n a l y s i s ,  a f t e r  the  thermal downramp 

w a s  completed, t he  specimen was rehea ted  slowly t o  593°C (1100°F) and he ld  

a t  t h a t  temperature f o r  66 h a t  f u l l  1.779-MN (400-kips) axial  load while 

c reep  occurred. Then the  next downramp was app l i ed .  

I n  the  t es t ,  t he  a x i a l  load was removed o c c a s i o n a l l y  and the  specimen 

was slowly cooled t o  RT f o r  i n spec t ion .  In  the  p re sen t  a n a l y s i s ,  the  load 

was never removed, and the  specimen was never cooled t o  RT a f t e r  the  f i r s t  

downramp. The a n a l y t i c a l  load h i s t o r y  is shown in Fig. 5. 
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b 

THERMAL NORMAL HOLD TIME 
66 h 

THERMAL 
TRANSIENT 

22 min 

*4 b 

Fig. 5. Diagram of TJLT cond i t ions  showing nominal thermal downramp. 
The a c t u a l  metal i n n e r  s u r f a c e  temperature is  more complicated than  t h e  
s i m p l e  piecewise l i n e a r  form shown on t h i s  schematic diagram. 1°C = 
1.8"F; 1 MN = 225 k i p s .  
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4. MATERIAL PROPERTIES 

> 4.1 Thermal and Elastic P r o p e r t i e s  

The thermal and e las t ic  p r o p e r t i e s  of 2 1/4 Cr-1 Mo steel, Alloy 

800H, ERNiCr-3 weld metal, carbon steel (used f o r  t he  centerbody) ,  and 

n i t r o g e n  ( t h e  c o o l a n t )  were obta ined  from va r ious  sources  and f i t t e d  t o  

l ea s t - squa res  polynomials i n  tempera ture  as presented  i n  Table 1. 

4.2 Creep Equation 

h parameter 

led t h  t h e  

McAfee et al.3 performed a f e w  a d d i t i o n a l  creep tests of samples  from 

a TJLT weldment r i n g  and, based on t h e  r e s u l t s ,  recommended c reep  equa- 

t i o n s  t o  be used i n  t h e  p re sen t  a n a l y s i s .  

4.2.1 2 1 /4  Cr-1  Mo s tee l  base metal c reep  equa t ion  

For t h e  2 1/4 C r - 1  Mo s tee l  base metal, t h e  Nuclear Systems Mate-f.ials 
Yandbook5 equa t ion  was used wi th  an u l t i m a t e  t e n s i l e  s t r e n g  

of 305.5 MPa (44.3 k s i )  as recommended by McAfee e t  a l .  

4.2.2 2 1/4 Cr-1  MO s teel  HAZ creep equat ion  

For t h e  2 1/4 Cr-1  Mo steel  HAZ, McAfee et a1.3 recomm 

equa t ions  and d a t a  be re-examined. 

sured  wi th  normalized and tempered material a t  593°C (1100°F) and 100 and 

155 MFa (14.5 and 22.5 k s i ) ,  r e s p e c t i v e l y ,  a new equa t ion  was f i t  by least 

squa res  t o  o b t a i n :  

Based on only two c reep  curves  mea- 

EC = Cpt + k t , 
1 + p t  m 

where 

(-2.06653 + 0.764960 l o g l o a ) ;  

(-8.94363 + 3.79156 IOglOU); 
c = 10 

p = 10 
(-13.7233 + 5.24422 1ogloU); Em = 10 

C 
E = c reep  s t r a i n ,  %; 

t = t i m e ,  h; 

u = stress, MPa (1 MPa = 0.145 k s i ) .  
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T a b l e  1. Thermal and e l a s t i c  p r o p e r t i e s a  of TJLT materials 

\ 
1 

I 

I C o e f f i c i e n t  o f  power o f  T 
P r o p e r t y  Symbol Material Source  

TO T1 T2 T 3  T 4  T5  

b Thermal e x p a n s i o n  

Young's modulus 

P o i s s o n ' s  r a t i o  

Thermal c o n d u c t i v i t y  

Vo lumet r i c  h e a t  c a p a c i t y  

Thermal  e x p a n s i o n  

Young's modulus 

P o i s s o n ' s  r a t i o  

Thermal c o n d u c t i v i t y  

V o l u m e t r i c  h e a t  c a p a c i t y  

Thermal expans  i o n  

Young's modulus 

P o i s s o n ' s  r a t i o  

Thermal c o n d u c t i v i t y  

Vo lumet r i c  h e a t  c a p a c i t y  

Thermal c o n d u c t i v i t y  

V o l u m e t r i c  h e a t  c a p a c i t y  

Thermal c o n d u c t i v i t y  

V i s c o s i t y  

S p e c i f i c  h e a t  c a p a c i t y  

2 114 !Cr-1 Mo 

2 114 Cr-1 MO 

2 114 'pr-1 Mo 

2 114 [Cr-1 No 

2 114 ICr-1 MO 

A l l o y  800H 

A l l o y  1800H 

A l l o y  /800H 

A l l o y  '80011 

A l l o y  800H 

ERNiCr-3  

ERNiCs-3 

ERNiCr-3 

E R N i C  r - 3 

E R N i  C r  -3 

Carbon s t ee l  

Carbon s t e e l  

N i t r o g e n  

N i t r o g e n  

N i t r o g e n  

1 

0. 

0.309720 x l o8  

0.254 

0.170369 x 10'  

0.297074 x 10-1 

0. 

0.286182 x lo8  

0.332072 x l o o  

0.531560 

0.348923 x lo-' 

0. 

0.285893 x l o8  

0.262018 

0.688350 

0.311515 x 10-1 

0.251019 x 10' 

0.274585 x lo-' 

0.109024 x 

0.317249 x 

0.24907 2 

0.614909 x loq5 

-0.591580 x l o4  

0.154 x 

0.646639 x 

0.807612 x 

0.709001 x 

-0.316966 x l o 4  

0.721963 x lo-'+ 

0.440375 x 

-0.133352 x 

0.675113 x lo-' 

-0.191035 x l o4  

0.565259 x 

0.361509 x 

0.120726 x 

-0.221639 x 

0.344540 x 

0.198991 x 

0.553169 x 

-0 .913119  x 

0.217533 x 

0.225475 x 10' 

-0.126 x 

-0.136303 x 

0.246302 x 

0.550265 x 

-0.115501 x 10' 

-0.691618 x 

0.249120 x 

0.308443 x 

-0 .289616 x 10' 

0.490290 x 

4 . 1 0 1 5 4 7  x 

-0.831207 x 

-0 .415233 x 

-0.602150 x 

-0.241541 x 

0.444823 x 

4 . 6 2 3 7 8 0  x 

-0.268175 x 

0.908054 x 

-0.399890 x 

-0.78128 x lo-" 

0.333395 x 

-0 .261170 x lo-" 

0.572581 x lo-" 

0.301386 x 

0.264235 x 

0.151105 x 

0.112726 x 10- l '  

-0.155560 x 

ASME 

AS ME^ 
NSMH5 

-0.356050 x 0.611225 x NSMH5 

NSMH' 0.234064 x 

0.556507 x -0 .135210 x ASME6 

AS ME^ 
Yang and Pa lmer '  

Yang and Palmer1 

Yang and Palmer'  

Yang and Palmer1 

G.E. MARC o u t p u t 7  

Yang and  Palmer' 

C.  Yang8 

Yang and Palmer'  

NSMH6 

0,108939 x 

N S M H ~  

NSMH6 

-4.254540 x NSMH6 

NSMH6 

'The e q u a t i o n s  o f  t h i s  t a b l e  are i n  E n g l i s h  e n g i n e e r i n g  u n i t s .  In p a r t i c u l a r ,  

T i s  i n  OF; T(OC) = IT(OF) - 32111.8 
ko i s  t h e  l e n g t h  o f  a spec imen  a t  -17.8°C'(00F) 

E i s  i n  p s i ;  1 p s i  = 6.894757 x MPa 
u i s  d i m e n s i o n l e s s  
k i s  i n  B tu /h  i n .  O F ;  1 Btu/h i n .  OF = 20.75 W/m K 
pCp i s  i n  B t ~ / i n . ~  OF; 1 B t ~ / i n . ~  O F  = 115.8 Win3 K 
IJ i s  i n  l b m l i n .  h; 1 lbml in .  h = 4.961 x Pa s 
Cp i s  i n  B tu l lbm OF; 1 Btu l lbm O F  = 4184 J/kg K 

any consistent units 
9. i s  t h e  l e n g t h  o f  a spec imen  a t  t e m p e r a t u r e  T t 

bThe u s u a l  i n s t a n t a n e o u s  t h e r m a l  e x p a n s i o n  c o e f f i c i e n t  i s  r e l a t e d  t o  the  q u a n t i t y  I n  (klk,) g i v e n  in t h i s  t a b l e  by a = d [ l n  (R/Ro)]/dT. 
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4.2.3 ERNiCr-3 weld metal c reep  equat ion  

For t h e  ERNiCr-3 weld metal, €allowing the recommendation of McAfee 

e t  a l . ,  t he  Yang and Palmer equat ion  was used: 

C m n -KQ/(RT) 
8 = A t u e  9 

where 

A = 0.00216%, 

m = 0.25, 

n = 4.0, 

Q = 256.5 MJ/mol (61,300 kcal/mol),  

R = 8314.4 J/mol K (1.987 kcal/mol K), 

K = 0.3, 

u = stress ( k s i )  (1 k s i  = 6.894757 MPa), 

T = temperature (K) (1  K = 1.8"R). 

4.2.4 Alloy 800H creep  equa t ion  

For Alloy 800H, McAfee e t  a l .  recommended t h e -  Yang and Pa lmer9  

equa t ion  : 

E =  Cpt + E t ,  1 + . p t  m 

where 
(28.8341 - 4 6 , 0 8 3 . 2 / T  : 7 , 6 1 0 . 1 2  

im = 10 T l0g lOu) ;  

p = 1 9 / t 1 ;  

(-35. 51 + 45,276.  9/T + 8. 707  1oglOU - 1 2 * 9 7 6 * 7  l o g l o a ) ;  
T t l  = 10 

c = E 2  - 6 t 2 ;  m 
(7 .2384 - 11 ,298 .8 /T  + 2,15308 - log100);  

T E 2  = 10 

t2 = 0.00135 exp (5,483.2/T)tr0og4O, T > 866 K; - 
6 431  06 (-18.452 + 34 ,025 .  B/T - -, 1oglOU); 

T tr = 10 

cC = creep  s t r a i n ,  %; 

T = t empera ture ,  K ( 1  K = 1.8"R); 

u = e f f e c t i v e  stress, MPa (1 MPa = 0.145 k s i ) .  
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I n  e x e r c i s i n g  t h e  Alloy 800H equat ion ,  i t  was found t o  p r e d i c t  nega- 

t i v e  creep s t r a i n  f o r  some stresses at  593OC (1100'F). The n e g a t i v e  pre- 

d i c t i o n  was prevented by rep lac ing  t h e  equat ion  €o r  C g iven  above by 

4.3 Creep-Rupture P r o p e r t i e s  

For t h e  c reep  r u p t u r e  of 2 1/4 Cr-1 Mo s t ee l  base metal, 2 1/4 Cr-1 

Mo s tee l  HAZ and ERiViCr-3 weld metal i n  a u n i a x i a l  stress s ta te  a t  593°C 

(llOO°F), t h e  fo l lowing  d a t a  were taken from Yang and Palmer' (Table 2) .  

I n  applying t h e  d a t a ,  l i n e a r  i n t e r p o l a t i o n  o r  l i n e a r  e x t r a p o l a t i o n  on a 

log-log scale w a s  used. 

Table 2. Creep-rupture d a t a  at 593°C (llOO°F) 

S t r e s s  - t o -rup t u r e  (ks i la Time  

( h )  2 1/4 Cr-1  Mo base 2 1/4 Cr-1  Mo HAZ ERNiCr-3  

102 17.5 

104 8.74 
103 

105 

22.29 54.5 
14.76 
9.29 
5.36 40.65 

al  k s i  = 6.894757 MPa. 

For  creep r u p t u r e  of Alloy 800H, Table I-14.6C of ASME Code Case6 

N-47-21 w a s  used. Unlike t h e  data of Table  2, t h e  ASiJIE creep r u p t u r e  

r e p r e s e n t s  a minimum s t r e s s - t o - r u p t u r e  and i n c o r p o r a t e s  some conservat ism.  

4.4 Yield S t r e s s  

Based on the  d a t a  of McAfee et al.3 and of Yang and Palmer, l  l i n e a r  

equat ions  f o r  y i e l d  stress as a f u n c t i o n  of temperature  were developed: 

2 1/4 C r - 1  E l 0  s t ee l  base netal:  u = 28,000 - 8.70 T,  

2 1/4 Cr-1  Mo s tee l  HAZ: u = 59,500 - 27.7 T,  

Al loy 800H: u = 26,200 - 4.341 T ,  

EEWiCr-3: u = 47,800 - 8.182 T, 

Y 

Y 

Y 
Y 
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where u is the yield stress in psi (1 psi = 6.894757 X MPa), and 

T is the temperature in OF {T(OC) = [T(OF) - 32]/1.8} 
Y 

4.5 Plastic Yodulus 

Plasticity in the TJLT analysis is mainly thermal plasticity. The 

analysis of thermal plasticity has recently been studied by Clinard.l0 

Based on the recommendation of Clinard, the plastic modulus in the present 

work was taken to be 

du 
a dT 

EP = - - -- for the 2 1/4 Cr-1 Mo steel HAZ 

and 

do 
- for the other three metals . 

0.75 a dT 
1 Ep = - 

In the present work (unlike that of Clinardl O), a temperature-dependent 

thermal expansion coefficient, a, is used, whereas do /dT is constant. 

The use of a temperature-dependent Ep was not considered justified, there- 

fore, in evaluating the equations for Ep, a constant value of a was cal- 
culated at 316°C (600°F), with the results as given in Table 3. 

Y 

Table 3. Plastic modulus 

Materlal EP 

2 1/4 Cr-1 Mo HAZ 
2 1/4 Cr-1 Mo base metal 9.86 GPa (1.43 x lo6 psi) 
Alloy 800H 4.34 GPa (0.629 x lo6 psi) 
E RNi C r- 3 8.86 GPa (1.28 x lo6 psi) 

23.6 GPa (3.42 x lo6 psi) 
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5. THERMAL ANALYSIS PROCEDURES AND RESULTS 

Thermal ana lyses  f o r  the  p re sen t  work were performed us ing  the  f i n i t e  

element program CREEP-PLAST-HEAT. The thermal f i n i t e  element g r i d  was 

i d e n t i c a l  t o  the  s t r u c t u r a l  g r i d  shown i n  Fig. 3 except t h a t  t h e  cen te r -  

body [a c o n c e n t r i c  380-m-OD (14.95-in.) carbon s teel  s h e l l  w i th  a 4.76-mm 

w a l l  (0.1875-in.)] w a s  included i n  the  thermal a n a l y s i s .  The n i t r o g e n  

coolan t  stream t h a t  flowed between t h e  specimen and the  centerbody w a s  

modeled wi th  f i n i t e  d i f f e r e n c e s  t o  c a l c u l a t e  t he  axial  tempera ture  d i s t r i -  

bu t ion .  Heat t r a n s f e r  be tween the  coolan t  and t h e  metal s u r f a c e s  was rep- 

r e sen ted  by t h e  equa t ion  recommended by McAdarns.l2 

tempera ture  and mass flow h i s t o r i e s  were obta ined  from Table 4. The o u t e r  

s u r f a c e  of t he  specimen and the  inne r  s u r f a c e  of t h e  centerbody were as- 

sumed t o  be i n s u l a t e d .  

The coolan t  i n l e t  

The most important r e s u l t  of t he  thermal a n a l y s i s  ( s o  f a r  as the  

s t r u c t u r a l  e f f e c t  is concerned) is t h e  tempera ture  d i f f e r e n t i a l  ac ross  t h e  

specimen w a l l .  Ring et a1.2 r e p o r t  temperature d i f f e r e n t i a l  h i s t o r i e s  f o r  

t h r e e  measured seve re  downramps i n  t h e  2 1/4 C r - 1  Mo s teel  base metal near 

t h e  weldment t h a t  is analyzed i n  t h e  p re sen t  work. The i n i t i a l  thermal 

a n a l y s i s  p r e d i c t e d  a temperature d i f f e r e n t i a l  s i g n i f i c a n t l y  smaller than  

r epor t ed  by Ring et a l e 2  

the  s t anda rd  c o r r e l a t i o n  w a s  then m u l t i p l i e d  by 1.25, and t h e  a n a l y s i s  

w a s  repea ted  to o b t a i n  the  comparison i l l u s t r a t e d  i n  Fig. 6. This com- 

pa r i son  w a s  cons idered  s a t i s f a c t o r y  so t h e  thermal r e s u l t s  wi th  the  1.25 

f a c t o r  were used i n  t h e  s t r u c t u r a l  a n a l y s i s .  

The hea t  t r a n s f e r  c o e f f i c i e n t  c a l c u l a t e d  from 
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Table 4. Coolant mass f low and i n l e t  
temperature h i s t o r y  used 

in the  a n a l y s i s  

Coolant i n 1  t 

(OF) 

Time Mass flow ratea temperature E 
( h )  ( l b / h )  

0.0 
0.0002 778 
0.0005556 
0.0008333 
0.001 11 11 
0.00 13889 
0.0016667 
0.0019444 
0.0022222 
0.0025 
0.0027778 
0.0030556 
0.0033333 
0.00361 11 
0.0038889 
0.004 1667 
0.0044444 
0.0047222 
0.005 
0.0052778 
0.0055556 
0.0058333 
0.0061 11 1 
0.0063889 
0.0066667 
0.0069444 
0.0072222 
0.0075 
0.00777 78 
0.0080556 
0.0083333 
0.00861 11 
0.0088889 
0.0091 667 
0.0094444 
0.009 7222 
0.0111 1 
0.0125 
0.01389 
0.01 528 
0.01667 
0.0 1806 
0.01944 
0.02083 
0.02222 
0.02361 
0.025 
0.02639 
0.02778 
0.03056 
0.03333 
0.0361 1 
0.03889 
0.04167 
0.04444 
0.04722 
0.05 
0.05278 
0.05556 

0 
5,400 

10,800 
16,200 
21,600 
27,000 
32,400 
37,800 

48,600 
54,000 
59,400 
64,800 
70,200 
75,600 
81,000 
86,400 
91,800 
97,200 

102,600 

113,400 
1 18,800 
124,200 
129,600 
135,000 
134,892 
134,802 
134,712 
134,622 
134,532 
134,442 
134,351 
134,262 
134,172 
134,082 
133,632 
133,182 
132,732 
132,282 
131,832 
131,382 
130,932 
130,482 
130,032 
129,582 
113,400 
97,200 
81,000 
69,468 
59,185 
50,189 
42,479 
36,054 
30,915 
27,063 
24,496 
23,215 
23,220 

43,200 

108,000 

140 
138.6 
137.6 
136.4 
135.3 
134.4 
133.5 
132.6 
131.5 
130.8 
129.9 
129.1 
128.3 
127.7 
126.8 
126.2 
125.5 
124.8 
124.2 
123.6 
122.9 
122.3 
121.7 
121.0 
120.5 
119.9 
119.2 
118.7 
118.1 
117.3 
117.0 
116.2 
114.8 
112.5 
109.0 
104.5 

86.3 
74.0 
67.7 
62.2 
58.7 
55.8 
53.8 
51.5 
49.5 
48 
47 
46 
45 
42 
40 
39 
38 
37 
36 
35 
35 
35 
35 

a l  l b  = 0.454 kg. 

'T('C) = [T(OF) - 32]/1.8. 
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Fig.  6 .  Through-the-wall temperature  d i f f e r e n t i a l  dur ing  a thermal 
downramp. S o l i d  curves  - t h r e e  s e l e c t e d  exper imenta l  downramps. Dashed 
curve - c a l c u l a t e d  downramp. 
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6.  INELASTIC STRUCTURAL ANALYSIS PROCEDURES 

S t r u c t u r a l  ana lyses  were performed us ing  t h e  f i n i t e  element program 

PLACRE.l3 The c o n s t i t u t i v e  equat ions  used ( fo l lowing  ClinardlO) were: 

t h e  y i e l d  condi t ion :  

t h e  flow l a w :  

wi th  C = 4 Z p  ; 

t h e  growth l a w  f o r  a : 
i j 

t h e  growth l a w  f o r  o : 
Y 

do = NdP + MdT . 
Y 

The v a r i a b l e s  are i d e n t i f i e d  i n  t h e  usua l  manner: o = 6 is t h e  bi- 

linear uniaxial  y i e ld  s t r e s s ;  P = I ,/- i s  the path length of 

p l a s t i c  s t r a i n ;  T i s  t h e  temperature;  C i s  t h e  b i l i n e a r  p l a s t i c  hardening 

c o e f f i c i e n t ;  a is  t h e  c e n t e r  of t h e  y i e l d  s u r f a c e ;  E p  i s  t h e  p l a s t i c  

s t r a i n ;  o and S are t h e  stress and stress d e v i a t o r ,  r e s p e c t i v e l y ;  

N and M are f u n c t i o n s  t h a t  s p e c i f y  t h e  change of o with change of path 

l e n g t h  and temperature ,  r e s p e c t i v e l y .  

Y 

f j  i j  

i j  i j 

Y 

I n  t h e  present  work, i t  was f e l t  t h a t  t he  amount of  d a t a  a v a i l a b l e  

did not j u s t i f y  t h e  development of a l a w  g i v i n g  t h e  e f f e c t  of p l a s t i c  

s t r a i n  dP on o . Thus, N w a s  set t o  zero;  a f u l l y  hardened y i e l d  stress 

was used; and 
Y 

do = MdT , 
Y 
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where M w a s  obtained by d i f f e r e n t i a t i n g  t h e  equat ions  f o r  t h e  material 

y i e l d  stress given ear l ie r .  

The maximum a-reset procedure14 was  followed. That is, whenever 

e las t ic  unloading occurred i n  an element,  t h e  value of a w a s  s h i f t e d  

toward t h e  o r i g i n  as f a r  as p o s s i b l e  ( u n t i l  a = 0)  c o n s i s t e n t  wi th  the  

requirement t h a t  t h e  c u r r e n t  stress p o i n t  must not f a l l  o u t s i d e  of t h e  

y i e l d  s u r f  ace. 

i j  

Creep behavior  w a s  descr ibed  i n  PLACRE by an equat ion-of-s ta te  formu- 

l a t i o n  us ing  s t r a i n  hardening. The creep s t r a i n  increment was given by 

k where E i s  t h e  e f f e c t i v e  creep s t r a i n  rate obtained from u n i a x i a l  d a t a ,  

u i s  t h e  e f f e c t i v e  stress, 
- 

2’ i s  a modified e f f e c t i v e  t o t a l *  creep s t r a i n ,  and d t  is t h e  time incre-  

ment. I n  t h e  case of monotonic c reep ,  E i s  t h e  e f f e c t i v e  t o t a l  c reep  

s t r a i n ,  

-H 

q-. 3 ij 

In t h e  case of creep under c y c l i c  loading ,  s p e c i a l  r u l e s  have been 

e s t a b l i s h e d  f o r  determining E , based on t h e  loading h is tory .14  

c y c l i c  creep r u l e s  of Ref. 14 were used i n  t h e  present  work. 

4 The 

The procedure t h a t  b r ings  i n  an i n f l u e n c e  of r e v e r s e  p l a s t i c  s t r a i n s  

on subsequent c reep  response p r e d i c t i o n s 1 4  was used. 

*Total  creep s t r a i n  means t h e  sum of t h e  primary and secondary creep 
s t r a i n s .  (Some s t ra in-hardening  procedures  use only t h e  primary creep 
s t r a i n  f o r  hardening. ) 
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Creep-rupture damage w a s  eva lua ted  in t h e  usua l  way by c a l c u l a t i n g  

t h e  i n t e g r a l  

where t i s  t i m e ,  and Td i s  the  c reep- rupture  t i m e  a t  the  a c t u a l  c a l c u l a t e d  

H u d d l e s t ~ n ~ ~  equ iva len t  stress l e v e l .  

Note t h a t ,  €or  des ign  purposes,  t he  c a l c u l a t e d  stress is  u s u a l l y  

d iv ided  by a cons t an t  K' < 1.0 be fo re  eva lua t ing  the  c reep- rupture  t i m e  

Td in orde r  t o  ensure  conservatism. Conservatism w a s  not incorpora ted  

i n t o  t h i s  a n a l y s i s .  The damage i n t e g r a l  was taken over t he  creep-hold 

pe r iods  only.  

The Huddleston equ iva len t  stress15 i s  given by 

where 

' J1 = + a2 + ~ 3 ,  

s1 = amax - J1/3, 

a = G a212 4- (a2 - a312 + (a3 - a1>2/2 ,  

s S  =e+ a; + a;, 
--- 

a1 , '52, a3 a r e  t h e  p r i n c i p a l  s t r e s s e s ,  

0 = max (01, 02, 0 3 ) .  max 



7. ANALYTICAL RESULTS AND COMPARISON WITH EXPERIMENT 

The p r i n c i p a l  r e s u l t  of t h e  p re sen t  work is  t h e  p r e d i c t i o n  of t i m e -  

t o - f a i l u r e .  The c a l c u l a t e d  fatigue-damage f r a c t i o n  i s  less than  about 

0.1% of the  creep damage and, fo l lowing  Yang and Palmer , '  is not  inc luded  

i n  t h e  l i f e  assessment.  A n a l y t i c a l  € a i l u r e  is taken  t o  mean u n i t  calcu- 

l a t e d  creep damage and w a s  reached dur ing  t h e  th i rd -cyc le  creep-hold pe- 

r i o d .  Exper imenta l ly ,  f a i l u r e  i s  taken t o  mean the  occurrence of t h e  

f i r s t  observable  crack and w a s  reached some time between c y c l e s  12 and 40 

(out  of 53 c y c l e s  performed) i n  TJLT specimen No. 1 and some t i m e  before  

cyc le  25 (out  of 25 seve re  cyc le s  performed) i n  specimen No. 2. I n  t h e  

Yang and Palmer a n a l y s i s 1  (which app l i ed  t o  a somewhat milder cyc le  than 

analyzed h e r e i n ) ,  p r e d i c t e d  f a i l u r e  occurred i n  158 cyc le s .  Thus, t h e  

p re sen t  a n a l y s i s  is s i g n i f i c a n t l y  ove rconse rva t ive  i n  p r e d i c t i n g  the  

a l lowable  s t r u c t u r e  l i f e  whereas the  Yang and Palmer a n a l y s i s  i s  under- 

conse rva t ive .  

One way t o  i l l u s t r a t e  t h e  s i g n i f i c a n c e  of t h e  d iscrepancy  between 

c a l c u l a t e d  and measured f a i l u r e  time is t o  p l o t  t h e  p r o b a b i l i t y  d e n s i t y  of 

t h e  p red ic t ed  f a i l u r e .  Creep-rupture tests, even t h e  s imples t  cons tan t -  

load i so the rma l  u n i a x i a l  tests performed i n  t h e  m e t a l l u r g i c a l  l a b o r a t o r y ,  

always show s i g n i f i c a n t  scat ter ;  i t  is t h e r e f o r e  reasonable  t o  treat  

p red ic t ed  f a i l u r e  i n  a s t a t i s t i c a l  sense  as w a s  done earlier f o r  test 

TT6.I6 

adopted by Ring et  a1.2 s h i € t e d  t o  agree  with t h e  p re sen t  p r e d i c t i o n  of 

f a i l u r e  a t  t h e  t h i r d  cycle (Fig.  7) .  Also shown on the  f i g u r e  i s  the  ex- 

per imenta l  f a i l u r e  range taken  f o r  t he  purposes of i l l u s t r a t i o n  t o  be 12 

t o  25 cyc le s .  ( F a i l u r e  w a s  observed t o  occur some t i m e  between cyc le s  12 

and 40 i n  specimen No. 1 and between cyc le s  1 and 25 i n  specimen No. 2.  

I f  we assume t h a t  f a i l u r e  occurred i n  t h e  same cyc le  i n  t h e  two d u p l i c a t e  

tests,  i t  must have occurred between cyc le s  12  and 25. I f  we do not make 

such an assumption, we can only say t h a t  both f a i l u r e s  occurred between 

cyc le s  1 and 40, an i n t e r v a l  t h a t  i nc ludes  e s s e n t i a l l y  the  e n t i r e  p l o t  of 

Fig. 7.) 

For the presen t  a n a l y s i s ,  we use the  p r o b a b i l i t y  d e n s i t y  curve 

F igu re  8 shows t h e  c a l c u l a t e d  c reep  damage contours  i n  and near t he  

HAZ near the  o u t e r  p i p e  r a d i u s  a t  t he  end of t h e  t h i r d  cyc le .  The reg ion  
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, 
3 10 

CYCLES TO RUPTURE 

CYCLES FOR 
OCCURRENCE 

OF FIRST 
CRACK c 

- 
Fig. 7. Ca lcu la t ed  p r o b a b i l i t y  d e n s i t y  of p red ic t ed  cycles-to- 

rup tu re  compared t o  exper imenta l  range f o r  crack i n i t i a t i o n .  

of u n i t  creep damage ex tends  about 220 v m  (9  mils) deep from t h e  o u t e r  

s u r f a c e  i n t o  t h e  HAZ. The creep damage f r a c t i o n  i n  t h e  2 1/4 C r - 1  Mo 

s tee l  base metal exceeds 0.1 but does not reach 0.2. By c o n t r a s t ,  Yang 

and Palmer1  c a l c u l a t e d  h igher  creep damage i n  the  2 1 /4  Cr-1  Mo s t e e l  base 

metal  than i n  the  HAZ. The creep damage f r a c t i o n  is much less i n  t h e  

ERNiCr-3 weld metal and i n  the  Alloy 800H (not  shown) than i n  the  2 1 / 4  

Cr-1 Mo s teel .  The c a l c u l a t e d  f a t i g u e  damage f r a c t i o n  is less than about 

0.1% of t h e  creep damage and, fo l lowing  Yang and Palmer, i s  not included 

i n  t h e  p re sen t  l i f e  assessment.  

F igu re  9 shows t h e  Mises e f f e c t i v e  stress contours  near t he  weldment 

a t  t he  beginning of t h e  t h i r d  creep-hold per iod .  The h ighes t  e f f e c t i v e  

stress occurs near t h e  i n n e r  s u r f a c e  i n  t h e  ERNiCr-3 weld metal. The 
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OUTER RADIUS 

Fig.  8. Calcu la ted  creep damage f r a c t i o n  contours  at  end of t h i r d  
cycle .  

highest: stress i n  t h e  HAZ a l s o  occurs  near t h e  i n n e r  s u r f a c e  of t h e  p i p e ,  

but t h e  i n n e r  s u r f a c e  HAZ stress decreases  r a p i d l y  during t h e  creep-hold 

per iod.  

t h e  w a l l  and then i n c r e a s e s  aga in  near t h e  o u t e r  sur face .  The e f f e c t i v e  

The e f f e c t i v e  stress i n  the  HAZ diminishes  toward t h e  i n t e r i o r  of 
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stress near t h e  o u t e r  s u r f a c e  of t he  HAZ pers i s t s  longer  dur ing  t h e  creep- 

hold per iods  and thus  causes the  greatest c reep  damage. (The creep damage 

r epor t ed  h e r e i n  w a s  based on the  Huddleston equ iva len t  stress r a t h e r  than  

t h e  Mises e f f e c t i v e  stress, but t h e  d i f f e r e n c e  is minor f o r  t h e  cond i t ions  

of t h e  a n a l y s i s .  ) 

Figure  10 shows contours  of t he  c a l c u l a t e d  e f f e c t i v e  c reep  s t r a i n  a t  

t he  end of t he  t h i r d  cyc le .  The maximum e f f e c t i v e  c reep  s t r a i n  occurs  i n  

the  2 1/4 C r - l  Mo s tee l  base metal near  t h e  o u t e r  s u r f a c e  of t he  p i p e  near 

the  HAZ. The e f f e c t i v e  creep s t r a i n  i n  t h e  HAZ exceeds 0.0075 m/m nea r  

t h e  o u t e r  s u r f a c e  of t h e  p ipe ,  but t h e  contours  i n  t h e  HAZ are not c l e a r l y  

d i s t i n g u i s h a b l e  on t h e  scale of t h e  f i g u r e .  

F igure  11 shows contours  of t h e  c a l c u l a t e d  e f f e c t i v e  p l a s t i c  s t r a i n  

a t  t h e  end of t h e  t h i r d  cyc le .  The peak e f f e c t i v e  p l a s t i c  s t r a i n  occurs  

a t  t h e  inne r  s u r f a c e  i n  a l l  fou r  metals, reaching  0.006 m/m i n  t h e  2 1/4 

Cr-1  Mo s teel  base metal, 0.005 m/m i n  t h e  HAZ, 0.003 m/m i n  t h e  ERNiCr-3, 

and 0.003 m/m i n  the  Alloy 800H. The p l a s t i c  s t r a i n  a l s o  i n c r e a s e s  near 

the  o u t e r  s u r f a c e  near the  HAZ but does not reach t h e  i n n e r  s u r f a c e  va lue .  

Comparison of t he  s t r a i n s  p r e d i c t e d  i n  t h e  p re sen t  a n a l y s i s  with t h e  

Ring e t  a1.2 do s t r a i n  measured and p red ic t ed  by GE is  a l s o  of i n t e r e s t .  

no t  p re sen t  o v e r a l l  r a t c h e t t i n g  s t r a i n s ,  but they  do p resen t  incrementa l  

s t r a i n s  dur ing  the  creep-hold per iod  of t h e  second cyc le .  The most i n -  

t e r e s t i n g  of t h e  creep s t r a i n  r e s u l t s  are those  obta ined  by t h e  axial  

gages des igna ted  C10 and C11 as presented  i n  Table 5. 

Table 5. Comparison of incrementa l  s t r a i n s a  
diir€ng the  second creep per iod  

E xp e r i men t a1 
s p e c i men 

No. 1 No. 2 

Gage M a t e r i a l  GE a n a l y s i s  ORNL a n a l y s i s  

C10 2 1/4 C r - 1  Mo 115 736 520 560 
C11 2 1/4 Cr-1 Mo 130 88 1 3 70 270 

a~~~ s t r a i n s  are i n  pm/m. 
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The s t r a i n s  p red ic t ed  by GE are s i g n i f i c a n t l y  less than those  of t he  

present  ana lyses ,  probably because of the  milder  thermal downramp app l i ed  

and t h e  d i f f e r e n c e  i n  material p r o p e r t i e s  used. The experimental  r e s u l t s  

l i e  between t h e  two c a l c u l a t i o n s .  Also no tab le  is the  r e s u l t  t h a t ,  i n  

both ana lyses ,  t he  s t r a i n  i s  g r e a t e r  a t  gage C 1 1  [-150 mm ( 6  i n . )  from t h e  

weldment] than i n  gage C 1 0  [-75 mm (3 i n . )  from the  weldment], whereas the  

measurements show the  oppos i te  t rend .  
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8. DISCUSSION OF RESULTS 

I n  t h i s  s e c t i o n ,  t h e  d i s c r e p a n c i e s  between t h e  p re sen t  work and t h e  

TJLT experiments2 and between the  p re sen t  work and t h e  ana lyses  of Yang 

and Palmer1 are d i scussed .  

F i r s t ,  no te  t h a t  t he  magnitude of t h e  d i f f e r e n c e  between the  p re sen t  

p r e d i c t i o n  of t ime- to- fa i lure  and t h e  observed crack  i n t t i a t i o n  i n  t h e  

TJLT experiments is comparable t o  t h e  magnitude of t h e  d i f f e r e n c e  found 

i n  t h e  earlier TT6 experiment,16 so such a d iscrepancy  is not s u r p r i s i n g .  

The a n a l y t i c a l / e x p e r i m e n t a l  d i screpancy  i n  t h e  r a t c h e t t i n g  creep s t r a i n  

i s  a l s o  not out of l i n e  with earlier work. 

On t h e  o t h e r  hand, specimen Nos. 1 and 2 provide  two independent 

experiments t h a t  seem t o  g ive  d i s c r e p a n c i e s  r e l a t i v e  t o  the  a n a l y s i s  t h a t  

are i n  the  same d i r e c t i o n  and roughly of the  same magnitude.* This con- 

s i s t e n c y  of t he  exper imenta l  r e s u l t s  g r e a t l y  reduces the  p l a u s i b i l i t y  of 

a t t r i b u t i n g  t h e  a n a l y t i c a l / e x p e r i m e n t a l  d i screpancy  t o  t h e  usua l  random 

scatter of c reep- rupture  experiments and is s t r o n g  evidence t h a t  t he  d i s -  

crepancy is due t o  u n c e r t a i n t i e s  of assumptions and inpu t  f o r  t h e  a n a l y t i -  

cal p r e d i c t i o n  procedure. 

Although a few a d d i t i o n a l  mechanical p rope r ty  measurements were made 

i n  p r e p a r a t i o n  f o r  t h e  p re sen t  a n a l y s e s , 3  the  o v e r a l l  amount of hea t -  

s p e c i f i c  d a t a  a v a i l a b l e  is less than i n  the  ear l ier  TTT tes t  series.17-19 

Prope r ty  u n c e r t a i n t y ,  theref o re ,  remains a s i g n i f i c a n t  source of error 

i n  t h e  ana lyses .  

The HAZ modeling problem a l s o  p r e s e n t s  unusual d i f  f i c u l t l e s .  A l -  

though a s i n g l e  HAZ with a l .02-mm (0.040-in.) t h i ckness  w a s  adopted f o r  

t h e  p re sen t  a n a l y s i s ,  it is  poss ib l e  t h a t  a multtzone mode120 o r  even a 

cont inuous-proper ty-var ia t ion  model is needed €or a s a t i s f a c t o r y  a n a l y s i s .  

The f u s i o n  boundary s i n g u l a r i t y  problem a l s o  r e q u i r e s  d i scuss ion .  

The f u s i o n  boundary between the  f e r r i t i c  2 1 / 4  Cr-1 Mo s teel  and the  aus- 

t e n i t i c  ERNiCr-3 weld metal i s  expected t o  be q u i t e  sharp.  I n  the  reg ion  

*Since specimen No. 2 was a l r e a d y  cracked a t  the  Eirst i n s p e c t i o n ,  
i t  cannot d e f i n i t e l y  be proven t h a t  i t  did not f a i l  much e a r l i e r ,  but t h e  
small, measured c rack  depth ,at  25 cyc le s  s t r o n g l y  sugges ts  t h a t  i t  f a i l e d  
long a f t e r  t he  3-cycle p r e d i c t i o n  of t he  p re sen t  a n a l y s i s .  
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where t h e  f u s i o n  boundary i n t e r s e c t s  t he  s u r f a c e  of t h e  p ipe ,  a stress 

s i n g u l a r i t y  occurs4  t h a t  can g ive  rise t o  i n f i n i t e  p r e d i c t e d  stresses. 

The a p p r o p r i a t e  method of handling an i n f i n i t e  p r e d i c t e d  stress i n  t h e  

c u r r e n t  l i f e  p r e d i c t i o n  methodology is not clear. I n  the  p re sen t  work 

unbounded p red ic t ed  stresses were avoided by d e l i b e r a t e l y  l i m i t i n g  t h e  

smallest f i n i t e  element t o  0.13 mm ( 5  m i l s ) .  This was done on the  grounds 

t h a t ,  a l though much smaller elements were l i k e l y  t o  lead  t o  p r e d i c t i o n  of 

even h ighe r  stresses, a high stress t h a t  w a s  l i m i t e d  t o  a reg ion  smaller 

than  0.13 mm (5 mils) would not cause an observable  crack. The adequacy 

of t h e  0.13-mm (5-mil) element s i z e  and even the  appropr i a t eness  of 

r e s o l v i n g  t h e  stress s i n g u l a r i t y  problem i n  t h i s  way are s t i l l  open t o  

ques t ion ,  however. 

We now t u r n  t o  d i s c u s s i o n  of t h e  d iscrepancy  between the  p re sen t  work 

and the  Yang and Palmer ana1ys is . l  

be more d i s t u r b i n g  than the  a n a l y t i c a l / e x p e r i m e n t a l  d i f f e r e n c e  because it 

is much l a r g e r  and because, i f  var ious  a n a l y s t s  cannot make c o n s i s t e n t  

p r e d i c t i o n s ,  then t h e r e  is  no hope of p r e d i c t i n g  exper imenta l  behavior. 

To e l u c i d a t e  t h e  c reep  damage e v a l u a t i o n s ,  we r e p o r t  some r e l e v a n t  

I n  some ways, t h i s  d i screpancy  could 

c a l c u l a t e d  Mises e f f e c t i v e  stresses* i n  Table 6. 

As a b a s i s  of comparison, l i n e  (1 )  of Table 6 g ives  the  primary a x i a l  

stress, which is t h e  same i n  both ana lyses  throughout t he  test. 

( a l s o  included f o r  r e fe rence  -purposes) i n d i c a t e s  t h a t  at  t h e  ou te r  s u r f a c e  

dur ing  t h e  t h i r d  cyc le  of the  p re sen t  ana lyses  i n  t h e  reg ion  of the  2 1 /4  

C r - 1  Mo s teel  base metal, f a r  from the  weldment, t h e  stress decays from 

110 MPa (16 k s i )  at  t h e  s ta r t  of t he  creep-hold per iod  t o  55 MPa (7.9 k s i )  

a t  the  end of t he  creep-hold period ( i . e . ,  t h e  e f f e c t i v e  stress decays 

almost t o  t h e  primary stress l e v e l ) .  Line ( 3 )  shows the  peak stress i n  

t h e  HAZ dur ing  t h e  f i r s t  cyc le  of t he  p re sen t  ana lyses ,  and l i n e  ( 4 )  g i v e s  

t h e  same r e s u l t  f o r  t he  Yang and Palmer  ana lys i s .  A t  t h e  start of the  

Eirst creep-hold pe r iod ,  t he  c a l c u l a t e d  stresses are not too  d i f f e r e n t ,  

but t he  stress a t  t h e  end of t h e  f i r s t  creep-hold per iod  provides the  

Line (2)  

*Creep damage i n  t h e  p re sen t  work is based on the  Huddleston equiva- 
l e n t  stress r a t h e r  than the  Mises e f f e c t i v e  stress. Examination of t h e  
c a l c u l a t e d  stress t e n s o r s  i n d i c a t e  t h a t  the  d i f f e r e n c e  is only about 10% 
of the  e f f e c t i v e  stress. The c a l c u l a t e d  stress d i f f e r e n c e s  i n  Table 6 are 
much l a r g e r .  
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Table 6. Comparison of c a l c u l a t e d  e f f e c t i v e  stresses of t h e  
p re sen t  ana lyses  with those  of Yang and Palmer 

S t a r t  of End of ho ld  

[MPa ( k s i ) ]  [MPa ( k s i ) ]  
Quant i ty  hold per iod  pe r iod  

1. Primary axial stress 52 (7.5) 52 (7.5) 

2. Outer s u r f a c e  e f f e c t i v e  stress at  t h i r d  110 (16) 55 (7.9) 
c y c l e  f a r  from weldment (p re sen t  work) 

c y c l e  (p re sen t  work) 

cyc le  (Yang and Pa lmer )  

cyc le  ( p r e s e n t  work) 

cyc le  (Yang and Palmer) 

3. Peak HAZ e f f e c t i v e  stress in f i r s t  159 (23) 104 (15.1) 

4. Peak HAZ e f f e c t i v e  stress in f i r s t  148 (21.5) 43 (6.3) 

5. Peak HAZ e f f e c t i v e  stress in t h i r d  141 (20.5) 128 (18.6) 

6. Peak HAZa e f f e c t i v e  stress in f o u r t h  37 (5.4) 34 (4.9) 

d iang  and Palmer r e p o r t  h ighe r  .stresses and more c reep  damage 
in t h e  2 1 /4  Cr-1 Mo s teel  base metal near  t h e  HAZ than  i n  t h e  HAZ 
i t s e l f  . 
f i r s t  major discrepancy .  The stress c a l c u l a t e d  i n  the  p re sen t  work decays 

less i n  t he  HAZ than i n  t h e  reg ion  f a r  From the  weldment r epor t ed  i n  l i n e  

(2), whereas the  stress c a l c u l a t e d  by Yang and Palmer decays even below 

the  primary stress. Two p o s s i b l e  reasons  are suggested f o r  t h i s  d i f F e r -  

ence: (1) t h e  HAZ creep equat ion  used i n  t h e  p re sen t  work (and the  ex- 

per imenta l  creep curves on which i t  w a s  based) i n d i c a t e s  a smaller, creep 

rate than the  equa t ion  used i n  t he  Yang and Palmer a n a l y s i s ;  and ( 2 )  i t  

is  be l ieved  t h a t  with the  more h igh ly  r e f i n e d  g r i d  used i n  t h e  p r e s e n t  

a n a l y s e s ,  a s i g n i f i c a n t  amount of e las t ic  follow-up occurs near t he  stress 

s i n g u l a r i t y .  That i s ,  as creep r e d i s t r i b u t i o n  of stress occur s ,  e las t ic  

energy Flows toward the  s i n g u l a r i t y  from the  surrounding s t r e s s e d  material 

and r e t a r d s  the rate of stress decay. 

Lines  (5) and (6)  of Table 6 presen t  c a l c u l a t e d  stresses dur ing  the  

t h i r d  and f o u r t h  cyc les*  and i n d i c a t e  'an even more remarkable d iF fe rence  

*Di f fe ren t  cyc le s  are compared here  because of t he  a v a i l a b i l i t y  of 
r e s u l t s .  
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between the  analyses .  The stress c a l c u l a t e d  i n  t h e  present  work is s ig-  

n i f i c a n t l y  (but  not t o t a l l y )  re juvenated with each new downramp and decays 

less dur ing  the  t h i r d  cyc le  than during the f i r s t  cyc le  (presumably due t o  

creep hardening) .  The Yang and Palmer a n a l y s i s ,  on t h e  o t h e r  hand, begins  

t h e  f o u r t h  creep-hold per iod with a stress even lower than t h e  primary 

stress and p r e d i c t s  t h a t  t h e  stress decays even f u r t h e r  dur ing  t h e  r e d i s -  

t r i b u t i o n  of t h e  creep-hold per iod.  Two reasons are suggested f o r  t he  

d i f f e r e n c e  i n  t h e  degree OE stress r e j u v e n a t i o n  dur ing  each downramp: 

( 1 )  t h e  a-reset procedure used i n  t h e  present  work but not by Yang and 

Palmer is expected t o  promote stress re juvenat ion;  and (2 )  t h e  d i f f e r e n c e  

i n  t h e  magnitude of t h e  thermal downshook rate could a l s o  be important .  

F i n a l l y ,  n o t e  t h a t  t h e r e  are many d i f f e r e n c e s  i n  t h e  a n a l y s e s ,  and 

t h e  d i f f e r e n c e s  i n  inpu t  most l i k e l y  t o  be r e s p o n s i b l e  f o r  t h e  discrepan-  

cies i n  r e s u l t s  have been c i t e d  here .  Only a d e t a i l e d  s e n s i t i v i t y  s tudy  

i n  which t h e  d i f f e r e n c e s  i n  inpu t  between t h e  two ana lyses  are removed, 

one-by-one, could e s t a b l i s h  d e f i n i t e l y  which are most important.  ’ 
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9. SUMMARY 

An Alloy 800H+RNiCr-3-2 1 / 4  C r - 1  Mo steel d i s s i m i l a r  metal weldment 

t h a t  was a p a r t  of t h e  TJLT specimens is re-analyzed us ing  modified me- 

chan ica l  p r o p e r t i e s ,  more up-to-date c o n s t i t u t i v e  equa t ions ,  and a f i n i t e  

element g r i d  t h a t  is h igh ly  r e f i n e d  i n  the  reg ion  where f a i l u r e  is ex- 

pected. The p r e d i c t e d  t ime- to- fa i lure  is less than  3 c y c l e s  compared t o  

a measured l i f e  of 12 t o  40 c y c l e s  f o r  TJLT specimen No. 1 and less than 

25 cyc le s  f o r  specimen No. 2. In  the  p re sen t  r e p o r t ,  p r e d i c t e d  s t r u c t u r a l  

f a i l u r e  i s  i d e n t i f i e d  wi th  t h e  c a l c u l a t i o n  of u n i t  c reep  damage i n  some 

f i n i t e  element and is d i r e c t l y  compared t o  t h e  appearance of t he  f i r s t  

observable  c racking  i n  t h e  experiment. Ac tua l ly ,  t he  p r e c i s e  exper imenta l  

s i g n i f i c a n c e  t o  be a t t ached  t o  a u n i t  c a l c u l a t e d  damage f r a c t i o n  i n  a com- 

p l i c a t e d  s t r u c t u r e  with stress g r a d i e n t s  is not d e f i n i t e l y  e s t a b l i s h e d .  

The occurrence  of a s i g n i f i c a n t  f a c t o r  of conserva t i sm between u n i t  damage 

and t h e  f i r s t  observed cracking  might be regarded as r eas su r ing .  The cal- 

c u l a t e d  incrementa l  a x i a l  s t r a i n  occur r ing  dur ing  t h e  second creep-hold 

per iod  is compared t o  experiment and is a l s o  found t o  be conse rva t ive .  

P o s s i b l e  reasons f o r  t he  d iscrepancy  between the  p re sen t  work and t h e  TJLT 

experiment and between the  p re sen t  work and the  prev ious  ana lyses  of Yang 

and Palmer are d iscussed .  
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