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T. J. Delph 

ABSTRACT 

This  r e p o r t  c o n t a i n s  t h e  r e s u l t s  o f  a l i t e r a t u r e  s u r v e y  
on t h e  e f f e c t  of n o t c h e s  on t h e  time-dependent f a i l u r e  of 
u n i a x i a l  t e n s i o n  specimens a t  e l e v a t e d  t e m p e r a t u r e s .  P a r t i c -  
u l a r  a t t e n t i o n  i s  p a i d  t o  t h e  f a i l u r e  of no tched  specimens 
c o n t a i n i n g  weldments. 

Keywords: f a i l u r e s ,  h igh- temperature  p l a s t i c i t y ,  c r e e p ,  
time dependency, n o t c h e s ,  weldments, c reep- rup ture .  

1. INTRODUCTION 

The problem of p r e d i c t i n g  t h e  e l e v a t e d - t e m p e r a t u r e  f a i l u r e  of com- 

ponents  w i t h  l a r g e  g e o m e t r i c a l l y  induced s t r e s s  c o n c e n t r a t i o n s  h a s  l o n g  

been of concern t o  d e s i g n e r s  of g a s  t u r b i n e s ,  n u c l e a r  r e a c t o r  components, 

and o t h e r  machinery i n t e n d e d  f o r  o p e r a t i o n  a t  h i g h  t e m p e r a t u r e s .  One o f  

t h e  most wide ly  used methods f o r  a s s e s s i n g  t h e  f a i l u r e  s e n s i t i v i t y  of a 

p a r t i c u l a r  m a t e r i a l  t o  geomet r ic  s t r e s s  c o n c e n t r a t i o n s ' i s  t h e  s o - c a l l e d  

notched-bar test.  Here a n o t c h  i s  machined i n t o  a t e n s i l e  specimen t h a t  

i s  e i t h e r  round o r  f l a t ,  and t h e  specimen i s  s u b j e c t e d  t o  a c o n s t a n t ,  

u n i a x i a l  l o a d  u n t i l  f a i l u r e  o c c u r s .  A comparison i s  t h e n  made t o  t h e  

f a i l u r e  behav ior  of an  unnotched specimen of e q u a l  c r o s s - s e c t i o n a l  a r e a ,  

and i .n fe rences  a r e  drawn a s  t o  t h e  s e n s i t i v i t y  o f  t h e  m a t e r i a l  t o  stress 

c o n c e n t r a t i o n s .  Such tests were o r i g i n a l l y  performed i n  Germany i n  t h e  

1930s i n  c o n n e c t i o n  w i t h  f a i l u r e  problems i n  s t eam g e n e r a t i n g  and chemi- 

c a l  p r o c e s s i n g  equipment. P r e s e n t l y ,  notched-bar  t e s t s  a r e  o f t e n  re-  

q u i r e d  as p a r t  o f  t h e  p r o o f - t e s t i n g  p rocedure  f o r  h e a t s  of a l l o y s  i n t e n d e d  

f o r  h igh- temperature  a p p l i c a t i o n s ,  and g u i d e i i n e s  f o r  conduc t ing  such 

tests  have heen set f o r t h  by t h e  American S o c i e t y  f o r  T e s t i n g  and M a t e r i a l s  

(ASTM) . ' 
A t  a n  e a r l y  s t a g e ,  workers  i n  t h i s  a r e a  observed  t h e  a p p a r e n t l y  pa ra -  

. d o x i c a l  r e s u l t  t h a t ,  under c e r t a i n  c o n d i t i o n s ,  a notched specimen of a 

* 
Work performed under DOE/RRT 189a OH048, High-Temperature S t r u c t u r a l  

Design.  



g iven  m a t e r i a l  could e x h i b i t  a  l a r g e r  t ime- to- fa i lu re  than an unnotched 

specimen having t h e  same nominal u n i a x i a l  s t r e s s ,  d e s p i t e  t h e  l a r g e  

stress concen t r a t i on  known t o  be p re sen t  i n  t h e  notched specimen. The 

nominal u n i a x i a l  stress i n  t h e  notched specimen i s  taken t o  be  t h e  

specimen load  d iv ided  by t h e  minimum specimen c ros s - sec t iona l  a r e a .  This  

phenomenon was termed notch s t r eng then ing ,  whi le  t h e  converse behavior  

was known a s  notch weakening. The reasons  f o r  notch s t r eng then ing  o r  

weakening have been t h e  s u b j e c t  of much specu la t i on  by r e s e a r c h e r s  

( p r i n c i p a l l y  m e t a l l u r g i s t s ) ,  b u t  l i t t l e  i n  t h e  way of q u a n t i t a t i v e  ex- 

p l a n a t i o n  has  been o f f e r e d .  It is  t h e  purpose of t h i s  r e p o r t  Lo r e v i e w  

b r i e f l y  what is  known i n  t h i s  a r e a ,  p a r t i c u l a r l y  wi th  regard  t o  t h e  

e f f e c t  of no tches  i n  weldments, and t o  g ive  a  l i s t  of r e f e r e n c e s  where 

t h e  r e a d e r  may f i n d  more d e t a i l s .  

A s  no ted  p rev ious ly ,  t h e  f a i l u r e  behavior  of notched specimens has  

been of cons ide rab l e  i n t e r e s t ,  s o  much s o  t h a t  i t  has  been t h e  s u b j e c t  

of s e v e r a l  s p e c i a l   publication^,^^^ t h e  g r e a t e r  p a r t  of an i s s u e  of t h e  

ASME Journal of Bas i c  Engineer ing,4 and numerous papers .  Most of t h e  

r e p o r t e d  exper imenta l  r e s u l t s  appa ren t ly  were ob ta ined  wi th  axisymrnetric 

notched specimens of c i r c u l a r  c ros s  s e c t i o n ,  a l though a  number of t e s t s  

of f l a t  specimens have a l s o  been r epo r t ed .  There is  a l s o  some v a r i a b i l i t y  

i n  t h e  t ypes  of no tch  geometr ies  cons idered ,  bu t  t h e  most common i s  a  

V-groove c o n f i g u r a t i o n  wi th  t h e  apex of t h e  notch rounded i n t o  a  c i r c u l a r  

a r c  of some s p e c i f i e d  r a d i u s  (Fig.  1 ) .  

Ear ly  German i n v e s t i g a t o r s  i n  t h e  f i e l d  f e l t  t h a t  notch s t r eng then ing  

o r  weakening could be c o r r e l a t e d  w i t h  smooth-bar (unnotched) d u c t i l i t y 5  

s o  t h a t  no tch  weakening might be expected t o  occur  when t h e  smooth-bar 

d u c t i l i t y  of a  m a t e r i a l  f e l l  below a  c e r t a i n  va lue ;  t hus ,  notch s t r eng th -  

en ing  would occur when t h e  d u c t i l i t y  exceeded t h i s  va lue .  This  p o i n t  of 

view was a l s o  i n i t i a l l y  adopted by U.S. r e sea rch  workers.  La t e r  i n v e s t i -  

g a t i o n s ,  however, have c a s t  i n c r e a s i n g  doubt on t h i s  conc lus ion ,  r e s u l t i n g  

i n  t h e  p r e s e n t  accepted  theory  t h a t  no s imple r e l a t i o n s h i p  e x i s t s  between 

smooth-bar d u c t i l i t y  and notched-bar f a i l u r e  behavior .  6 
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Fig .  1. V-groove notched specimen geometry.  

One of t h e  f i r s t ' i n d i c a t i o n s  t h a t  smooth-bar d u c t i l i t y  was n o t  a  

r e l i a b l e  i n d e x  of no tch  s e n s i t i v i t y  i s  found i n  t h e  work of Davis and 

M a n j ~ i n e . ~  These a u t h o r s  s t u d i e d  t h e  e f f e c t s  of v a r y i n g  t h e  n o t c h  geom- 

e t r y  on notched-bar specimens of a  number of d i f f e r e n t  h igh- tempera tu re  

a l l o y s .  A s  e x p e c t e d ,  t h e y  d i s c o v e r e d  t h a t  t h e  n o t c h  geometry h a s  a  pro- 

found e f f e c t  on t h e  f a i l u r e  b e h a v i o r  of t h e  specimen. The g e o m e t r i c a l  

pa ramete rs  v a r i e d  by t h e  i n v e s t i g a t o r s  were t h e  r a t i o  o f  t h e  d iamete r  of 

t h e  notched s e c t i o n  t o  t h e  unnotched s e c t i o n ,  d/D ( s e e  F i g .  l ) ,  and t h e  

no tch  s h a r p n e s s  r / d .  The no tch  a n g l e  @ was h e l d  c o n s t a n t  a t  60'. Fig- -. 

u r e  2 ,  e x t r a c t e d  from t h i s  s t u d y ,  shows t h e  e f f e c t  of v a r y i n g  t h e  no tch  

s h a r p n e s s  r / d  on t h e  f a i l u r e  b e h a v i o r  of f o u r  d i f f e r e n t  m a t e r i a l s ,  

l a b e l e d  A-D. I n  g e n e r a l ,  as t h e  no tch  becomes s h a r p e r  ( r / d  d e c r e a s i n g ) ,  

t h e  r a t i o  of notched-to-unnotched r u p t u r e  s t r e n g t h  i n c r e a s e s  away from 

u n i t y ,  r e a c h e s  some maximum v a l u e ,  and then  d e c r e a s e s .  For  t h e  s h a r p e s t  

no tch  c o n s i d e r e d  ( r / d  = 0 . 0 1 ) ,  a l l o y s  A, B ,  and C e x h i b i t  notch-weakening 



Fig .  2. E f f e c t  of no tch  sharpness  r / d  on f a i l u r e  behavior  of fou r  
a l l o y s .  (From Davis and Manjoine, "Ef fec t  of Notch Geometry upon Rupture 
S t r eng th  a t  Elevated Temperatures," ASTM STP No. 128. Reprinted by 
permiss ion  of t h e  American Soc i e ty  f o r  Tes t i ng  and M a t e r i a l s ,  Copyright . )  

behav io r ,  bu t  a l l o y  D s t i l l  shows a  cons ide rab l e  degree of notch s t r eng th -  

en ing .  

Subsequent i n v e s t i g a t i o n s 5 '  ' have demonstrated t h a t  t h e  notch 

s e n s i t i v i t y  of a  p a r t i c u l a r  a l l o y  may a l s o  be  a f f e c t e d  by specimen s i z e ,  

p r i o r  h e a t  t r ea tmen t ,  l oad ing  l e v e l ,  and test temperature .  I n  f a c t ,  a s  

po in t ed  o u t  by Voorhees , Freeman, and Herzog, a i t  appears  t h a t ,  depending 

on test c o n d i t i o n s ,  any m a t e r i a l  may be made t o  e x h i b i t  notch-strengthen-  

i n g  o r  notch-weakening behavior .  Thus, i t  i s  n o t  c o r r e c t  t o  r e f e r  t o  a  

m a t e r i a l  a s  be ing  notch s t rengthened  o r  weakened a s  though notch s ens i -  

t i v i t y  was an i n t r i n s i c  m a t e r i a l  p rope r ty ,  because a  m a t e r i a l  may e x h i b i t  

bo th  behaviors  under di i - i -erent  cond i t i ons .  

One f u r t h e r  i n d i c a t i o n  of t he  complexity of t h e  notch-rupture  prob- 

l e m  is  t h e  p a r t i c u l a r  Z-shaped rup tu re  curve r epo r t ed  by some inves t i ga -  

t o r s .  , ' Figure  3 shows a  t y p i c a l  example. We no te  t h a t  two s e p a r a t e  

r u p t u r e  curves  appa ren t ly  e x i s t  f o r  t h e  notched specimen, and t h e s e  a r e  

connected by a  t r a n s i t i o n a l  branch ( t h e  " l eg  of t h e  Z"). On t h i s  t r a n s i -  

t i o n a l  b ranch ,  r a i s i n g  t h e  nominal u n i a x i a l  s t r e s s  can a c t u a l l y  l ead  t o  

an  i n c r e a s e  i n  t ime- to - f a i l u r e .  This i s  s u r p r i s i n g  behavior ,  indeed;  i n  
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-- UNNOTCHED 

NOTCHED 

log ('failure' 

Fig. 3. Z-shaped failure curve for notched specimens. 

fact, the existence of the Z-shaped curves has been tentatively ascribed 

by one author6 to experimental error. 

Although a good many qualitative explanations of notched-bar rupture 

behavior at elevated temperatures have been proposed by metallurgists, 

little quantitative work has been done. One exception to this statement 

is a paper by Taira and 0htani13 containing the results of' an extensive 

experimental and numerical (finite-element) study of the behavior of 

notched specimes of 1 Cr-1 Mo-114 V steel. Specimen dimensions were 

r = 0.075 mm (0.00295 in.), d = 6 mm (0.236 in.), and D = 8 mm (3.15 in.), 

with the notch angle 0 = 60". Experimentally, they observed notch 

strengthening at higher nominal stress levels and notch weakening at 

lower stress levels. They then employed' a finite-element analysis to 

predict specimen failure and were able to obtain results that agreed 

reasonably well with the observed failure times. The particular form of 

the creep damage law employed in these calculations was one in which the 

damage was proportional to the effective inelastic strain. 



Figu re s  4  and 5 show t h e  c a l c u l a t e d  s t r e s s  d i s t r i b u t i o n s  along t h e  

minimum c r o s s  s e c t i o n  a t  v a r i o u s  t imes f o r  two d i f f e r e n t  va lues  of nominal 

u n i a x i a l  s t r e s s .  F igure  4  shows t h e  r a t i o  of t h e  von Mises e f f e c t i v e  

s t r e s s  t o  t h e  nominal u n i a x i a l  s t r e s s  a s  a  func t ion  of t h e  d i s t a n c e  from 

t h e  no tch  r o o t .  Although t h i s  r a t i o  i n i t i a l l y  has a  high va lue  a t  t h e  

no tch  r o o t ,  i t  dec reases  w i t h  time t o  a  va lue  below u n i t y  because of re-  

l a x a t i o n  and t h e  i n f l u e n c e  of  t he  t r i a x i a l  stress f i e l d .  Figure 5 shows 

t h e  r a t i o  of  t he  a x i a l  stress component t o  t h e  nominal u n i a x i a l  s t r e s s  

a s  a  f u n c t i o n  of t h e  d i s t a n c e  from t h e  notch r o o t .  Here we s e e  t h a t  t h e  

a x i a l  stress component i n i t i a l l y  has  i t s  maximum va lue  a t  t h e  notch r o o t ,  
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DISTANCE FROM NOTCH RO0.T ( m m )  

Fig .  4.  Ra t io  of e f f e c t i v e  s t r e s s  t o  nominal stress v s  d i s t a n c e  
from notch  roo t  a t  minimum c r o s s  s e c t i o n .  ( 1  mm = 0.0394 i n . )  (From 
T a i r a  and Ohtani ,  "Creep Crack Propagat ion and Creep Rupture of Notched 
Specimens," Creep and Fatigue i n  Elevated Temperature AppZications, 
I n s t i t u t i o n  of Mechanical Engineers ,  1974.) 
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I 1 

1 
I TIME (hr) I 

"" 0 0 5 .25 .50 .75 1.00 2.75 3.00 

DISTANCE FROM NOTCH ROOT (mm) 

Fig. 5. Ratio of axial stress to nominal stress vs distance from 
notch root at minimum cross section. (1 mm = 0.0394 in.) (From Taira 
and Ohtani, "Creep Crack Propagation and Creep Rupture of Notched Speci- 
mens," Creep and Fatigue i n  Elevated Temperature Applications, Institu- 
tion of Mechanical Engineers, 1974.) 

but this maximum value decreases in magnitude with time and shifts in 

position to a location slightly interior to the notch root. Figure 6 

shows the effective inelastic (creep) strain as a function of distance 

from the notch root along the minimum cross section. This quantity has 

its maximum at a point interior to the notch root, but this position 

seems to shift to the notch root with increasing time. 

Some of the aspects of the finite-element analysis performed by 

Taira and Ohtani are open to serious criticism. No consideration of 
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- 

Fig. 6. Effective strain vs distance from notch root at minimum 
cross section. (1 mm = 0.0394 in.) (From Taira and Ohtani, "Creep Crack 
Propagation and Creep Rupture of Notched Specimens," Creep and Fatigue 
i n  Elevated Temperature Applications, Institution of Mechanical Engi- . 
neers, 1974.) 

9 

plasticity effects was taken, although the calculated stress levels make 

it clear that those must be significant. Additionally, the analysis 

showed strains of around lo%, making the use of the linearized strain- 

displacement relations questionable. Finally, it is not apparent' how 

the location of the maxima of the effective creep strain and the effec- 

tive stress could differ from each other, particularly in view of the 

fact that the authors employed a steady-state creep law that ignores the 

primary creep phase. 

-- 
T I M E  (h r )  

343 MPo 196 MPo - 
/ 

1 4  2 4 0 0 0  



A more detailed (but less ambitious) finite-element analysis was 

performed by Lawton,14 who considered the case of a parallel-sided notch 

(@ = 0) with d / ~  = 0.851 and r/d = 0.0282. A strain-hardening creep law 

was employed and the effects of plasticity were taken into account. The 

material constants used were appropriate to the ferritic steel 1 Cr-112 

Mo at 593OC (1100°F). 

Lawton's analysis considered both the case of constant-load creep 

and constant-displacement stress relaxation. Figures 7 and 8, respec- 

tively, show the calculated axial stress and strain distributions across 
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RADIAL U I S I A N C t  

EDGE OF NOTCH 

Fig. 7. Calculated axial stress distribution across minimum cross 
section. (1 MPa = 0.145 ksi.) (From C. W. Lawton, "Strain Concentration 
in a Notched Round Bar Subject to Creep," Second InternationaZ Conference 
on Pressure Vesse l Technology, ASME, 1973. ) 
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I t =  0 

I ---- t = 1000 sec 
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E D G E  O F  NOTCH 

F ig .  8. Ca lcu l a t ed  a x i a l  s t r a i n  d i s t r i b u t i o n  ac ros s  minimum c r o s s  
s e c t i o n .  (From C .  W .  Lawton, " S t r a i n  Concentrat ion i n  a  Notched Round 
Bar Sub j e c  t t o  Creep, " Second InternationaZ Conference on P~.essure Vesse 
~ e c h n o  h q u ,  ASPiE , 19  7 3 .  ) 

t h e  minimum c r o s s  s e c t i o n  f o r  constant- load creep.  I n  c o n t r a s t  t o  Ta i r a  

and Oh tan i ' s  r e s u l t s ,  t h e  maximum va lue  of t h e  a x i a l  stress i s  always 

l o c a t e d  a t  t h e  no t ch  r o o t .  A r educ t ion  of %252 i n  a x i a l  s t r e s s  a t  t h e  

notch r o o t  i s  observed a f t e r  1000 s e c  of c r eep ,  bu t  t h e  va lue  i n  t h e  

c e n t r a l  p o r t i o n  o f  t h e  specimen remains r e l a t i v e l y  cons t an t .  

Consider b r i e f l y  t h e  r e s u l t s  of those  ana lyses  i n  l i g h t  of s e v e r a l  

proposed c reep- rupture  c r i t e r i a .  The most widely used of such c r i t e r i a  

i s  t h e  t ime-f rac t ion  approach advocated by t h e  American Soc i e ty  of 

~ e c h a n i c a l  Engineers (ASME) Code, ' which i s  based on e f f e c t i v e  s t r e s s .  

An a l t e r n a t e  c r i t e r i o n ,  proposed by ~ a n ~ o i n e ~  f o r  a p p l i c a t i o n  t o  d u c t i l e  

m a t e r i a l s ,  makes use of e f f e c t i v e  c r eep  s t r a i n  a s  a  measure of damage. 

Unfor tuna te ly ,  Lawton p r e s e n t s  no r e s u l t s  f o r  e f f e c t i v e  s t r e s s  o r  c reep  

s t r a i n ,  s o  we must r e l y  on t h e  pos s ib ly  flawed a n a l y s i s  of T a i r a  and 



Ohtani  f o r  i n f o r m a t i o n  abou t  t h e  b e h a v i o r  of t h o s e  q u a n t i t i e s .  Consider-  

i n g  f i r s t  t h e  e f f e c t i v e  s t r e s s ,  n o t e  from F i g .  4 t h a t  T a i r a  and O h t a n i ' s  

a n a l y s i s  i n d i c a t e s  t h a t  t h e  r a t i o  of e f f e c t i v e  s t r e s s  t o  nominal s t r e s s  

a t  t h e  minimum c r o s s  s e c t i o n  r e l a x e s  t o  a  v a l u e  below u n i t y  f o r  s i g n i f i -  

c a n t l y  l o n g  t imes .  S i m i l a r l y ,  by u s i n g  t h e  s t e a d y - s t a t e  c r e e p  r a t e s  

found by T a i r a  and Ohtan i  i n  t h e i r  smooth-bar specimens,  i t  may be de- 

termined t h a t  t h e  maximum e f f e c t i v e  c r e e p  s t r a i n  v a l u e s  shown i n  F ig .  6 

a r e  l e s s  t h a n  t h e  cor responding  smooth-bar v a l u e s  f o r  s i g n i f i c a n t l y  l o n g  

t i m e s .  

T h e  maximum e f f e c t i v e  s t r e s s  and c r e e p  s t r a i n  i n  a notched specimen 

may be  i n  e x c e s s  of t h e  cor responding  smooth-bar v a l u e s  a t  s h o r t e r  t imes  

b u t  l e s s  t h a n  t h e s e  v a l u e s  a t  l o n g e r  t i m e s ;  t h i s  f a c t  o f f e r s  a p o s s i b l e  

e x p l a n a t i o n  f o r  t h e  n o t c h - s t r e n g t h e n i n g  o r  notch-weakening phenomenon i n  

terms of t h e  t i m e - f r a c t i o n  approach t a k e n  by t h e  ASME Code o r  t h e  s t r a i n  

l i m i t  damage c r t t e r i o n  proposed by Manjoine. Thus, presumably i n  t h e  

c a s e  of n o t c h  s t r e n g t h e n i n g ,  t h e  maximum e q u i v a l e n t  s t r e s s  o r  s t r a i n  

would b e  l e s s  t h a n  t h e  smooth-bar v a l u e s  f o r  a s u f f i c i e n t  p e r i o d  o f  t ime  

s o  t h a t  t h e  damage f r a c t i o n ,  whether  computed by means of s t r a i n  l i m i t s  

o r  t i m e  f r a c t i o n s ,  would s t i l l  be  l e s s  t h a n  u n i t y  a t  t h e  t ime of smooth- 

b a r  f a i l u r e .  The converse  s i t u a t i o n  would presumably occur  i n  t h e  c a s e  

u f  no tch  weakening. 

To c o n s i d e r  notched-specimen c reep- rup ture  b e h a v i o r  i n  s l i g h t l y  

- g r e a t e r  d e t a i l ,  s e v e r a l  i n v e s t i g a t o r s 7  13 have i n d i c a t e d  t h a t  e x p e r i m e n t a l  

ev idence  o f t e n  seems t o  p o i n t  t o  a  l o c a t i o n  j u s t  i n t e r i o r  t o  t h e  n o t c h  

r o o t  as t h e  s i d e  where mic rocrack ing  f i r s t  b e g i n s .  T a i r a  and O h t a n i ' s  

a n a l y s i s  shows a  maximum i n  t h e  e f f e c t i v e  c r e e p  s t r a i n  a t  a  p o i n t  t o  t h e  

i n t e r i o r  o f  t h e  no tch  r o o t  (F ig .  6 ) .  Th i s  r e s u l t ,  i f  c o r r e c t ,  might 

t end  t o  s u p p o r t  a  c r e e p  damage c r i t e r i o n  based on e f f e c t i v e  c r e e p  s t r a i n  

r a t h e r  t h a n  e f f e c t i v e  stress f o r  t h e  1 C r - 1  Mo-114 V s t e e l  c o n s i d e r e d  by 

T a i r a  and Ohtan i .  Such a  c r i t e r i o n ,  i n  f a c t ,  was used by t h e s e  a u t h o r s  

i n  making specimen f a i l u r e  p r e d i c t i o n s .  

I n  l i g h t  of t h e  p o s s i b l e  e r r o r s  i n  T a i r a  and O h t a n i ' s  a n a l y s i s ,  i t  

i s  n o t  p o s s i b l e  t o  have a g r e a t  d e a l  of c o n f i d e n c e  i n  t h e i r  numer ica l  

r e s u l t s .  These r e s u l t s  do,  however, r a i s e  some i n t e r e s t i n g  p o i n t s  t h a t  



a more comprehensive f i n i t e - e l e m e n t  a n a l y s i s  might h e l p  t o  c l a r i f y .  Such 

a n  a n a l y s i s  i s  now under  way a t  Oak Ridge N a t i o n a l  Labora to ry  (ORNL). 

3 .  NOTCH EFFECTS I N  WELDMENTS 

Exper ience  w i t h ' p r e s s u r e  v e s s e l  and p i p i n g  s t r u c t u r e s  h a s  shown t h a t  

a s i g n i f i c a n t  p e r c e n t a g e  of t h e  f a i l u r e s  i n  t h e s e  s t r u c t u r e s  occur  i n  t h e  

neighborhood of weldments.  Thus, because  f l a w s  can f r e q u e n t l y  e x i s t  i n  

weldments ,  we a r e  i n t e r e s t e d  i n  i n v e s t i g a t i n g  t h e  e f f e c t  nf f l a w s  i n  

weldments by means o f  notched-specimen t e a t s .  

Williams and ~ i l l o u ~ h b ~ ' ~  performed a s e r i e s  o f  axisymmetr ic  notched- 

b a r  t e s t s  o f  weldments i n  t y p e  316 s t a i n l e s s  s t e e l ,  as well as we1,dment.s 

i n  a u s t e n i t i c  steels i d e n t i f i e d  a s  E s s h e t e  1250,  G19, and G68. The weld 

metal used i n  t h e  316 s t a i n l e s s  s t e e l  specimens was i d e n t i f i e d  a s  Armex 

GT. The specimens were d e s i g n e d  s o  t h a t  h a l f  t h e  specimen con ta ined  

e s s e n t i a l l y  weld m e t a l  and t h e  o t h e r  h a l f  b a s e  m e t a l ,  and t h a t  t h e  n o t c h  

was l o c a t e d  n e a r  t h e  weld f u s i o n  l i n e  i n  t h e  h e a t - a f f e c t e d  zone (HAZ). . 

The tests were  c a r r i e d  o u t  a t  600°C (1110°F).  F i g u r e  9 shows t h e  f a i l u r e  

b e h a v i o r  of t h e  no tched  316 s t a i n l e s s  s t e e l  wel-dment specimens for t h r e e  

d i f f e r e n t  pos tweld  h e a t  t r e a t m e n t s :  ( 1 )  none,  ( 2 )  3 h r  a t  850°C (1560°F),  

and (3 )  1 h r  a t  1050°C (1920°F).  Data f o r  s e v e r a l  notched al .1.-basemetal  

specimens t h a t  were  h e a t - t r e a t e d  t o  s i m u l a t e  HAZ material a r e  inc1.ude.d f o r  

comparison.  The weldment specimens t h a t  have had a 1-hr ,  1050°C (1920°F) 

pos tweld  h e a t  t r e a t m e n t  do n o t  behave v e r y  d i f f e r e n t l y  from t h e  a l l - b a s e -  

metal, s i m u l a t e d  HAZ material. The as -depos i t ed  spectmens and t h o s e  w i t h  

a 3-hr,  850°C (1560°F) pos tweld  h e a t  t r e a t m e n t  a l s o  behave s i m i l a r l y  b u t  

e x h i b i t  a s h a r p  d r o p  i n  s t r e s s  f o r  f a i l u r e  t i m e s  i n  e x c e s s  of about  300 

h r .  A l l  t h e  c u r v e s  i n  F i g .  9 were found t o  f a l l  above t h a t  f o r  a n  un- 

no tched  specimen of a l l -base -meta l ,  s i m u l a t e d  HAZ material. Thus, a t  

l e a s t  f o r  t h e  n o t c h  geometry c o n s i d e r e d ,  t h e  t y p e  316 s t a i n l e s s  s t e e l  

s i m u l a t e d  HAZ specimens and weldment specimens were found t o  b e  n o t c h  

o t r c n g t h c n c d .  

A l i m i t e d  number o f  s i m i l a r  t e s t s  have been c a r r i e d  o u t  by ~ a n j o i n e "  

on as -depos i t ed  304 s t a i n l e s s  s t e e l  base-metal1308 s t a i n l e s s  s t e e l  weld- 

metal specimens a t  593°C (1100°F).  Two specimens i n  which t h e  n o t c h  was 



TIME TO RUPTURE (hr) 

Fig. 9. Failure behavior of notched weldment specimens of 316 
stainless steel. (1 MPa = 0.145 ksi.) (From Williams and Willoughby, 
"The. Notch Rupture Behavior of some Austenitic Steels," Joint I n t e m -  
tional Conference on Creep, Institution of Mechanical Engineers, 1963.) 

located in the HAZ failed at about the same nominal stress as an unnotched 

al.1-base-metal specimen. indicating no marked notch-strengthening or 

notch-weakening effect. Three other specimens in which the notch was 

located in the weld metal seem to exhibit a mild notch-strengthening 

effect with respect to unnotched all-weld metal specimens. 

4. CONCLUSIONS 

A review of the available literature in the area of notch effects 

at high temperatures has indicated that notch strengthening or weakening 

is not to be thought of as a property intrinsic to a given material but 

instead is a complex phenomenon dependent on stress level, temperature, 

notch geometry, specimen size, specimen heat treatment, etc. To date, 



most of the explanations of this phenomenon have been of a qualitative 

nature, and little quantitative analysis of the problem has been done. 

However, the notch-strengthening phenomenon is clearly related to the 

relaxation of the high stresses present near the root of the notch. A 

detailed finite-element analysis using realistic material properties 

' could do much to provide a more quantitative understanding of notched- 

specimen behavior. 

Literature reports on the effect of notches in weldments are not 

numerous. Two papers in this area were reviewed - one reporting the 
effects of notches in type 316 stainless steel wcldmcnts, and the other 

in type 304 stainless steel base-metalltype 308 weld-metal weldments. 

For the range of notch geometries, specimen loads, and test temperatures 

considered in these papers, the notches were found to have either no 

effect or a mild strengthening effect on the failure times. 
\ 
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