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ELEVATED TEMPERATURE DUCTILITY OF TYPES 304 
AND 316 STAINLESS STEEL 

V. K. Sikka 

ABSTRACT 

A u s t e n i t i c  s t a i n l e s s  s t ee l  types  304 and 316 are known f o r  
t h e i r  h i g h  d u c t i l i t y  and toughness .  However, t h e  p r e s e n t  s tudy  
h a s  shown t h a t  c e r t a i n  combinat ions of s t r a i n  ra te  and tes t  
t e m p e r a t u r e  can r e s u l t  i n  a s i g n i f i c a n t  l o s s  i n  e l e v a t e d -  
t e m p e r a t u r e  d u c t i l i t y  of t h e s e  materials. Such a phenomenon 
i s  r e f e r r e d  t o  as d u c t i l i t y  minimum. The s t r a i n  ra te ,  below 
which d u c t i l i t y  l o s s  is i n i t i a t e d ,  d e c r e a s e s  w i t h  d e c r e a s e  i n  
t e s t  t empera tu re .  For  example, t h e  s t r a i n  ra te  a t  t h e  d u c t i l i t y -  - 
minimum p o i n t  dec reased  f o r  unaged t y p e  316 s t a i n l e s s  s t ee l  
from about  5 x t o  3 x f o r  a d e c r e a s e  i n  test  t e m -  
p e r a t u r e  from 760 t o  538°C. 
( r e d u c t i o n  of a r e a )  dec reased  from 65 t o  10%. Besides  s t r a i n  
ra te  and t e m p e r a t u r e ,  t h e  d u c t i l i t y  minimum was a l s o  a f f e c t e d  
by n i t r o g e n  c o n t e n t  and thermal  ag ing  c o n d i t i o n s .  For example, 
t h e  minimum v a l u e s  of t o t a l  e l o n g a t i o n  and r e d u c t i o n  of area 
dec reased  a t  649°C from 41 t o  14% and 39 t o  14%, r e s p e c t i v e l y ,  
f o r  an i n c r e a s e  i n  n i t r o g e n  c o n t e n t  from 0.039 t o  0.15%. 

Thermal a g i n g  a t  649°C w a s  observed t o  e l i m i n a t e  t h e  
d u c t i l i t y  minimum a t  649°C i n  both types  304 and 316 s t a i n l e s s  
s teel .  I n  f a c t ,  such an a g i n g  t r e a t m e n t  r e s u l t e d  i n  a h i g h e r  
d u c t i l i t y  t h a n  t h e  unaged va lue .  Aging a t  593°C s t i l l  r e s u l t e d  
i n  some l o s s  i n  d u c t i l i t y .  

d i t i o n s  f o r  s t a i n l e s s  s tee l  should be c o n s i d e r e d  i n  d e s i g n ,  
t he rma l  a g i n g  d a t a  a n a l y s i s ,  and wh i l e  s t u d y i n g  t h e  e f f e c t s  of 
chemical  composi t ion.  

dynamic d i s l o c a t i o n  r ecove ry  mechanism. 

The co r re spond ing  d u c t i l i t y  v a l u e s  

The c u r r e n t  r e s u l t s  s u g g e s t  t h a t  ducti l i ty-minimum con- 

C u r r e n t  resu l t s  have been d i s c u s s e d  i n  t e r m s  of a proposed 

INTRODUCTION 

Types 304 and 316 a u s t e n i t i c  s t a i n l e s s  s t ee l  are known f o r  t h e i r  h i g h  

d u c t i l i t y  and toughness .  However, t h e  p r e s e n t  s t u d y  has  shown t h a t  c e r t a i n  

combinat ions of s t r a i n  rate and t empera tu re  can r e s u l t  i n  s i g n i f i c a n t  l o s s  

i n  e l eva ted - t empera tu re  d u c t i l i t y  of t h e s e  materials. Such a phenomenon 

i s  observed i n  s e v e r a l  pure metals and a l l o y s 1  and is  o f t e n  r e f e r r e d  

* Work performed under U.S. DOE/KRT 189a OH050, Mechanical P r o p e r t i e s  
f o r  S t r u c t u r a l  Materials. 
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t o  as a d u c t i l i t y  minimum. A t y p i c a l  c h a r a c t e r i s t i c  of t h i s  minimum is a 

r a p i d  drop i n  t o t a l  e l o n g a t i o n  and r e d u c t i o n  of area a t  a test  t empera tu re  

i n  t h e  neighborhood of 0.5-0.6 Tm (Tm i s  t h e  m e l t i n g  p o i n t  i n  K ) .  

Values  of t h e s e  d u c t i l i t y  minima f r e q u e n t l y  f a l l  below l o % ,  as measured by 

e l o n g a t i o n .  

The f i r s t  r e p o r t  on t h e  d u c t i l i t y  minimum i n  18-8 s t a i n l e s s  s teel  

w a s  by N e w e l 1 2  i n  1933. 

t e n s i l e  r e d u c t i o n  of area f o r  s t a i n l e s s  s teels  a f t e r  f o u r  d i f f e r e n t  h e a t  

t r e a t m e n t s  t o  produce d i f f e r e n t  g r a i n  s i z e s .  H e  found t h a t ,  a l t h o u g h  t h e  

d u c t i l i t y  minimum i n  18-8 s t a i n l e s s  s t ee l  o c c u r s  over  e s s e n t i a l l y  t h e  

same t empera tu re  range (850-900°C) f o r  a l l  t r e a t m e n t s ,  t h e  i n i t i a t i o n  

t e m p e r a t u r e  f o r  a r a p i d  drop i n  d u c t i l i t y  d e c r e a s e s  w i t h  i n c r e a s i n g  g r a i n  

s i z e .  Fu r the rmore ,  c o a r s e  g r a i n  material  showed a s i g n i f i c a n t l y  lower 

d u c t i l i t y  t han  h o t - r o l l e d  f i n e - g r a i n  material. For example, d u c t i l i t i e s  a t  

600°C f o r  f i n e  and c o a r s e  g r a i n  material were 60 and 38%, whereas a t  700°C 

t h e y  were 62 and 20%, r e s p e c t i v e l y .  

N e w e l 1  i n v e s t i g a t e d  t h e  e l eva ted - t empera tu re  

A u s t e n i t i c  s t a i n l e s s  s tee l s  are f r e q u e n t l y  used i n  t h e  c o n s t r u c t i o n  of 

b o t h  n u c l e a r  and non-nuclear energy systems and w i l l  be s u b j e c t e d  to  e l e v a t e d  

t e m p e r a t u r e s  f o r  l ong  p e r i o d s .  T h e r e f o r e ,  i t  i s  impor t an t  t o  de t e rmine  

t h e  f a c t o r s  and i n t e r r e l a t i o n s h i p s  conce rn ing  t h e  occur rence  of t h i s  minimum, 

i n c l u d i n g  t h e  e f f e c t s  of long-term the rma l  exposure.  The purpose of t h i s  

paper  i s  t o :  

1. i l l u s t r a t e  c o n d i t i o n s  under which a d u c t i l i t y  minimum can occur ;  

2. i l l u s t r a t e  e f f e c t  of n i t r o g e n  on ductil i ty-minimum c o n d i t i o n s ;  

3. i l l u s t r a t e  e f f e c t s  of long-term the rma l  a g i n g  on d u c t i l i t y ;  and 

4 .  e x p l a i n  r e s u l t s  i n  terms of m i c r o s t r u c t u r e  and d i s l o c a t i o n  s u b s t r u c t u r e  

d a t a .  

EXPERIMENTAL DATA 

Exper imen ta l  d a t a  p r e s e n t e d  i n  t h i s  paper  are p r i m a r i l y  from 25- and 

51-mm-thick p l a t e s  from a s i n g l e  h e a t  of type 304334 and a 16-mm-thick 

p l a t e  of type  316.5 

are l i s t e d  i n  Tab le  1. The tes t  specimens were threaded-end b a r s  having 

Chemical a n a l y s i s  and g r a i n  s i z e s  of t h e s e  h e a t s  
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Table 1. Chemical Composition and Grain Size of Types 304 
and 316 Stainless Steel Used in the Present Investigation 

C h e m i c a l  E l e m e n t ,  w t  % 

C ' N  - P N i  Mn C r  S i  Mo S A 1  

- ____ Type 

_ _ ~  

304a 0.047 0.031 0.029 9.58 1.22 18.50 0.47 0.10 0.012 

316b 0.065 0.031 0.022 13.86 1.88 16.46 0.51 2.44 0.018 <0.02 

L a b o r a t o r y  a n n e a l e d  f o r  0.5 h a t  1093°C. G r a i n  s i z e s  f o r  25- a n d  51-mm a 
p l a t e  w e r e  230 a n d  280 pm, r e s p e c t i v e l y .  

b L a b o r a t o r y  a n n e a l e d  f o r  0.5 h a t  1065°C.  G r a i n  s i z e s  f o r  16-mm p l a t e  f o r  
t h e  a s - r e c e i v e d  a n d  r e a n n e a l e d  c o n d i t i o n s  were 50 a n d  90 pm, r e s p e c t i v e l y .  

a gage diameter of 6.35 mm and reduced section of 57.2 mm. Specimens 

were lathe machined, cleaned, and subjected to the following heat-treating 

conditions: 

1. as-received or mill-annealed - contains residual cold work5 3 

due to thermomechanical processing; 

reannealed or laboratory annealed - consists of holding at 1093°C 

for type 304 and 1065°C for type 316 for 0.5 h followed by fast cooling. 

2. 

3. thermally aged - consists of thermal exposure of specimens at the 

test temperature for varying times (7 to 10,000 h). 
Tensile tests were performed in air at temperatures in the range from 

room temperature to 760°C and strain rates from 1 x to 5/min. One test 

at 482°C was performed at 2.6 x 10-6/min. 

by crosshead speed. Additional details of tensile testing ran be found 

The strain rate was controlled 

elsewhere. 3 5  

Creep data4s7 on these heats are also used in this paper to show the 

strain rate effects. Experimental results presented in this paper also 

include data by Cullen and Davis.8 
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RESULTS 

Unaged Material 

Mill-annealed (as received) and reannealed (laboratory annealed). 

Temperature and Strain Rate Dependence 

Total elongation and reduction of area data for type 304 stainless 

steel are plotted as a function of temperature in Figs. 1 and 2. Data in 

Fig. 1 are on 25-mm-thick plate and those in Fig. 2 are on 51-mm-thick 

plate. These data were generated at strain rates in the range of 0.0001 to 

5/min. One data point was also obtained at a strain rate of 0.0000026/min. 

These figures illustrate that both total elongation (TE) and reduction of 

area (RA) show drops in their values in the temperature range of 450 to 
750°C (0.43 to 0.61 Tm, Tm = melting point, 1673 K). 
at which the drop in TE and RA initiated decreased with decreasing strain 
rate. For example, it occurred at 593°C for a strain rate of 0.05/min 

(Fig. 1) and at about 450°C for a strain rate of 0.0001/min. 

The temperature 

The drop in 
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(a) Tensile total elongation. 
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Fig .  2. T e n s i l e  T o t a l  E l o n g a t i o n  ( a )  and Reduct ion  of Area (b )  Versus 
T e s t  Temperature  f o r  51-mm (2-in.)  P l a t e  of Reference  Heat. (HEDL = 
Hanford Eng inee r ing  Development Labora tory .  

d u c t i l i t y ,  once i n i t i a t e d ,  c o n t i n u e s  t o  dec rease  u n t i l  i t  goes through a 

minimum v a l u e  ( o f t e n  c a l l e d  t h e  duct i l i ty-minimum p o i n t )  and then  t h e  

d u c t i l i t y  i n c r e a s e s  a g a i n  a t  some h i g h e r  tes t  t empera tu re .  The d u c t i l i t y  

a t  t h e  minimum p o i n t  was a l s o  found t o  dec rease  w i t h  t h e  d e c r e a s i n g  s t r a i n  

rate.  For  example,  a v a l u e  of RA was about  4 2 %  f o r  a s t r a i n  ra te  of 

0.05/min (F ig .  1 )  and about  19% f o r  a s t r a i n  ra te  of 0.0001/min. F i g u r e  3 

shows t h e  s i m i l a r  d u c t i l i t y  minima r e s u l t s  f o r  t y p e  316 s t a i n l e s s  steel .  

Reduct ion  of area i so the rms  as a f u n c t i o n  of minimum c r e e p  rate 

( d u r i n g  a c r e e p  t e s t )  o r  t e n s i l e  tes t  s t r a i n  rate are shown i n  F ig .  4 f o r  

51-mm p l a t e  of t ype  304 s t a i n l e s s  s tee l .  Data w e r e , g e n e r a t e d  on material 

i n  t h e  r eannnea led  c o n d i t i o n  and i n c l u d e  r e s u l t s  on c r e e p  r u p t u r e  times of 

30,000-h d u r a t i o n .  S i m i l a r  d a t a  on type  316 s t a i n l e s s  s t ee l  are shown i n  

F ig .  5. The c reep - rup tu re  times f o r  t ype  316 s t a i n l e s s  s tee l  were on ly  

15,000-h d u r a t i o n .  For  type  316 s t a i n l e s s  s tee l  (F ig .  5) t h e  fo l lowing  

o b s e r v a t i o n s  can be made: 
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DRNL-DWG 78-6579 

1. The s t r a i n  ra te  below which d u c t i l i t y  l o s s  i s  i n i t i a t e d  d e c r e a s e s  

w i t h  d e c r e a s i n g  test tempera ture .  T h i s  i s  i n d i c a t e d  by t h e  a r rows .  

2.  The s t r a i n  ra te  a t  which t h e  minimum occur s  d e c r e a s e s  w i t h  

d e c r e a s i n g  tes t  t empera tu re .  For  example,  it dec reased  from about  5 x 

t o  about  3 x lo-% f o r  a dec rease  i n  tes t  t empera tu re  from 760 t o  538OC. 

3. The d u c t i l i t y  v a l u e  a t  t h e  minimum p o i n t  a l s o  dec reased  w i t h  

d e c r e a s i n g  tes t  tempera ture .  For  example,  t h e  EL4 v a l u e s  decreased  from 

65 t o  10% f o r  a dec rease  i n  tes t  t empera tu re  from 760 t o  538OC. 

4. A t  s t r a i n  rates below t h e  duct i l i ty-minimum s t r a i n  ra te ,  t h e  

d u c t i l i t y  v a l u e s  appear  t o  i n c r e a s e  a t  a l l  tes t  t empera tu res .  However, 

f o r  tes t  t empera tu res  of 649 t o  704"C, t h e  d u c t i l i t y  v a l u e s  are s t a r t i n g  t o  

show a second drop f o l l o w i n g  t h e  i n c r e a s e .  S i m i l a r  d e c r e a s e s  might a l s o  

occur  a t  t h e  o t h e r  t e m p e r a t u r e s ,  538,  593, and 760°C a t  f u r t h e r  lower ing  i n  

s t r a i n  rate o r  d u r i n g  t h e  l o n g e r  c reep - rup tu re  t i m e s .  

Fo r  t ype  304 s t a i n l e s s  s tee l  (F ig .  4 )  t h e  f o l l o w i n g  o b s e r v a t i o n s  can be 

made and compared w i t h  t h e  r e s u l t s  on type  316 s t a i n l e s s  s tee l :  

1. The s t r a i n  ra te  below which d u c t i l i t y  l o s s  is i n i t i a t e d  shows a 

d e c r e a s e  w i t h  dec rease  i n  tes t  cemperature .  T h i s  i s  i n d i c a t e d  by a r rows  i n  

F ig .  4. 
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2. The duc t i l i t y -min imum p o i n t  i t s e l f  is no t  as wel l -def ined  a s  i n  

t y p e  316 s t a i n l e s s  s teel .  However, i t  s t i l l  occur s  a t  d e c r e a s i n g  s t r a i n  

rates w i t h  d e c r e a s i n g  tes t  t empera tu res  as shown by p o i n t s  A, B, C ,  and D. 

3. The d u c t i l i t y  v a l u e s  a t  t h e  minimum p o i n t  a l s o  dec rease  w i t h  

d e c r e a s i n g  tes t  tempera ture .  

4. There are some i n d i c a t i o n s  of i n c r e a s e  i n  d u c t i l i t y  a t  s t r a i n  rates 

lower than  t h e  duct i l i ty-minimum s t r a i n  ra te .  It shou ld ,  however, be noted  

t h a t  t h e  RA v a l u e s  approach t h e  5-10 r ange  f o r  c r eep - rup tu re  times of 

30,000 h. Th i s  appea r s  t o  happen independent  of t h e  tes t  tempera ture .  

E f f e c t  of N i t rogen  Content  on D u c t i l i t y  Minimum C h a r a c t e r i s t i c s  
of  Type 316 S t a i n l e s s  S t ee l  

The c r e e p  and t e n s i l e  r e d u c t i o n  of area and t o t a l  e l o n g a t i o n  d a t a  a r e  

p l o t t e d  (F ig .  6 )  as a f u n c t i o n  of minimum c r e e p  rate o r  t e n s i l e  tes t  s t r a i n  

r a t e  f o r  f i v e  h e a t s  of type  316 s t a i n l e s s  s teel .  One a d d i t i o n a l  h e a t  i n v e s t i -  

g a t e d  c o n t a i n e d  0.11% N and 16% f e r r i t e  by volume. The c u r r e n t  a n a l y s i s  is  

l i m i t e d  t o  Cu l l en  and Davis8 d a t a  a t  a s i n g l e  test t empera tu re  of 649°C. 

Reduct ion  of area and t o t a l  e l o n g a t i o n  v a l u e s  dec reased  w i t h  d e c r e a s i n g  

s t r a i n  ra te  t o  a minimum v a l u e  and then  i n c r e a s e d .  The s t r a i n  rate a t  t h e  

minimum d u c t i l i t y ,  t h e  t o t a l  e l o n g a t i o n  and r e d u c t i o n  of area a t  t h e  minimum, 

and t h e i r  v a l u e s  a t  a s t r a i n  rate of 1 x are summarized i n  Table  2.  

The s t r a i n  ra te  c a u s i n g  minimum i n  d u c t i l i t y  dec reased  from 2 x 10-6 t o  

5 x as t h e  n i t r o g e n  c o n t e n t  i n c r e a s e d  from 0.03 t o  0.15% (Fig .  7 ) .  

The t o t a l  e l o n g a t i o n  and r e d u c t i o n  of area v a l u e s  dec reased  from 41 t o  14% 

and 39 t o  14%, r e s p e c t i v e l y ,  f o r  an  i n c r e a s e  i n  n i t r o g e n  c o n t e n t  from 0.039 

t o  0.15% (Fig .  8 ) .  A h e a t  c o n t a i n i n g  0.11% N p l u s  16 v o l  % f e r r i t e  showed 

o n l y  a s l i g h t  minimum a t  a s t r a i n  rate of 4.5 x The r e d u c t i o n  of 

area of t h i s  h e a t  a t  t h e  d u c t i l i t y  minimum p o i n t  w a s  54%, as opposed t o  14% 

observed  f o r  a h e a t  of s i m i l a r  n i t r o g e n  c o n t e n t  bu t  w i thou t  any f e r r i t e .  

G e n e r a l l y ,  sigma phase i s  known t o  dec rease  d u c t i l i t y  and toughness .  

However, i n  t h e  heat w i t h  16% f e r r i t e ,  a lmost  a l l  of i t  t ransformed t o  sigma 

p l u s  a u s t e n i t e ,  d u c t i l i y  v a l u e s  were s t i l l  ve ry  h igh .  
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Table 2. Ductility Characteristics at 649°C for Several Heats of 
Type 316 Stainless Steel Containing 0.039 to 0.15% Nitrogena 

Ductility Values, %, at Ductility Values, % ,  
Minimum Ductility Point 

Reduction Total 

at 1 x 1O- 'Js Strain Rate 
Nitrogen Ferrite for Minimum 

Total (Vol %) Ductilityb Reduction (%) 

( S - I )  of Area Elongation of Area Elongat ion 

0.039 2 x 1 0 - 6  3 9  4 1  %7 2' d 

0 . 0 4 4  2.5 x 3 6  32 2'5 1' d 
0.070 1.6 IO-' 2 8  24  6 1  6 5  

0.099 1.5 IO-' , 1 4  1 4  5 1  4 2  

0.15 5.0 x 1 7  1 5  4 0  39 

0 .11  16 4 . 5  x 5 4  6 5  %7 3 b 9qb 

a Source: Cullen, T. M., and Davis, M. W., "Influence of Nitrogen and the Creep- 
Rupture Properties of Type 316 Steel," Elevated Temperature Properties as InfZuenced 
by Nitrogen Additions t o  Types 304 and 316 Aus ten i t ic  StainZess SteeZs, SpeciaZ 
TechnicaZ FubZication 5 2 2 ,  American Society for Testing and Materials, Philadelphia, 
1 9 7 3 ,  pp. 60-78.  

bBased on minimum in reduction of area. 
c 

dCurves show downward trend and are thus not easy to extrapolate to 1 X 10-'/s. 

Extrapolated to estimate values at 1 X 10-'/s. 

0 HEATS WITHOUT FERRITE 
0 HEAT WITH 16 vol X FERRITE 

I I I I I I 
I" 

0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 
NITROGEN CONTENT ( w t  %) 

Fig. 7. Strain Rate at Ductility Minimum as a Function of Nitrogen 
Ductility minimum Content for Type 316 Stainless Steel Tested at 649°C. 

strain rate data were taken from Fig. 6. 
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D u c t i l i t y  P o i n t  as Func t ions  of N i t rogen  Content  f o r  Type 316 S t a i n l e s s  
S t e e l  Tes ted  a t  649°C. D u c t i l i t y  d a t a  w e r e  t aken  from F i g .  6 .  
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AGED MATERIAL 

Laboratory Aged Material 

The tensile properties of thermally aged type 316 stainless steel are 

summarized in Tables 3 and 4. The data represent aging times of 10,000 h 

and aging tempeatures in the range 427 to 704OC. 

performed at both room temperature and the aging temperature. All tests 

were performed at a strain rate of 0.004/min. 

Tensile tests were 

Table 3 .  Room-Temperature Tensile Properties of 16-mm Plate of 
Reference Heat 8092297 of Type 316 Stainless Steela 

Aging 
Tempera tu re  M a t e r i a l  

C o n d i t i o n  0.2% Y i e l d  ("0 

E l o n g a t i o n ,  % R e d u c t i o n  S t r e n g t h ,  MPa Aging 
Tempera tu re  of Area M a t e r i a l  

C o n d i t i o n  (%I  0.2% Y i e l d  U l t i m a t e  Uniform Total 
T e n s i l e  ("0 

A 240 
A 240 
A 240 
A 240 

Reannea led  
Reannea led  
Reannea led  
Reannea led  

Unaged 
482 
593 
649 

Unaged 
482 
593 
649 

228 
235 
223 
216 

211 
222 
219 
211 

583 
583 
589 
596 

571 
570 
586 
593 

60.5 73.9 
53.1 61.2 
47.3 54.9 
42.8 51.1 

62.0 69.8 
53.7 62.9 
47.7 55.3 
43.2 48.4 

79.6 
77.0 
65.0 
54.8 

78.8 
79.2 
64.1 
53.3 

a T e s t e d  a s  m i l l - a n n e a l e d  (A 240), r e a n n e a l e d  (0.5 h a t  1065'C),  and aged 
10,000 h .  T e s t  s t r a i n  r a t e  w a s  O.OOk/min. 

The room-temperature yield strength was only slightly affected by 

thermal aging at 482, 593, or 649OC. The ultimate tensile strength showed 

an increase by thermally aging at 593 and 649OC. 

did not affect any of the room-temperature properties. All ductility quan- 

tities, uniform elongation (UE), total elongation, and reduction area were 

decreased by thermal aging for 10,000 h at 593 and 546OC. 

discussed again in the next few paragraphs. 

Thermal aging at 482°C 

This will be 
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Tab le  4 .  T e n s i l e  P r o p e r t i e s  a t  t h e  Aging Temperature  of 16-mm Plate  
of Reference  H e a t  8092297 of  Type 316 S t a i n l e s s  S t e e l a  

Test And Aging Strength, MF'a Elongation, % Reduction 
Aging of Area 
("0 Tensile 

Material 
Condition Temperature Time ( h )  0.2% Yield Ultimate Uniform Total 

(%) 

A 240 
A 240 

A 240 
A 240 
A 240 
A 240 
A 240 

Reannealed 
Reannealed 

A 240 
A 240 
A 240 
A 240 
A 240 
A 240 
A 240 
A 240 

Reannealed 
Reannealed 
Reannealed 
Reannealed 

A 240 
A 240 
A 240 
A 240 
A 240 
A 240 
A 240 
A 240 

Reannealed 
Reannealed 
Reannealed 
Reannealed 
Reannealed 

A 240 
A 240 

427 
427 

482 
482 
482 
482 
482 
482 
482 

538 
538 
593 
593 
593 
593 
593 
593 
593 
593 
593 
593 
649 
649 
649 
649 
64 9 
649 
649 
649 
649 
649 
649 
649 
649 
704 
704 

0 
7 

0 

100 
4,000 
10,000 

0 
10,000 

0 
7 
0 
7 

100 
2,000 
4,000 
10,000 

0 
2,000 
4,000 
10,000 

0 
7 

100 
1,000 
2,000 
2,000 
4,000 
10,000 

0 
1,000 
2,000 
4,000 
10,000 

0 
7 

I 

137 504 
139 502 

127 504 
123 495 
121 487 
121 491 
123 490 
106 488 
118 481 

125 478 
128 472 
120 425 
119 414 
119 423 
127 394 
127 361 
120 384 
110 413 
103 388 
112 374 
117 379 
117 316 
117 316 
116 321 
121 287 
115 290 
115 292 
112 294 
116 294 
110 304 
111 292 
112 288 
112 288 
115 302 
111 234 
113 232 

44.9 
39.4 

44.3 
42.5 
41.6 
39.8 
42.2 
45.3 
45.8 

38.6 
37.5 
40.2 
35.5 
35.9 
30.8 
24.4 
29.3 
41.7 
34.4 
32.6 
29.8 
27.0 
26.5 
27.2 
19.4 
20.8 
19.4 
20.6 
21.7 
25.0 
21.9 
25.5 
20.7 
22.2 
17.9 
16.5 

46.4 
43.9 
48.3 
47.4 
50.2 
45.4 
45.1 
50.0 
48.4 

47.1 
45.5 
51.6 
46.9 
44.1 
45.1 
46.6 
42.6 
52.7 
50.6 
44.5 
41.1 
54.4 
39.8 
56.0 
69.2 
65.6 
61.6 
41.0 
62.1 
40.6 
64.7 
70.9 
50.6 
54.4 
59.5 
74.5 

68.0 
69.9 

66.4 
61.7 
62.1 
68.1 
67.0 
70.8 
66.9 

67.4 
67.2 
67.5 
63.2 
58.0 
62.7 
65.6 
61.7 
64.9 
56.6 
46.3 
58.6 
48.7 
37.0 
55.4 
65.6 
69.8 
73.0 
57.6 
69.3 
46.3 
68.7 
63.6 
59.9 
70.3 
63.9 
68.9 

aTested in mill-annealed (A 240), reannealed (0.5 h at 1065°C) and aged 
conditions. Test strain rate was 0.004/min. 

The 0.2% y i e l d  s t r e n g t h  a t  t h e  ag ing  t empera tu re  also changed on ly  

s l i g h t l y .  The u l t i m a t e  t e n s i l e  s t r e n g t h  showed a dec rease  by thermal  

a g i n g  a t  a l l  t e m p e r a t u r e s ;  t h e  dec rease  w a s  g r e a t e s t  f o r  593OC. The 

v a r i o u s  d u c t i l i t y  q u a n t i t i e s  showed d i f f e r e n t  behavior .  

The r e d u c t i o n  of area d a t a  are p l o t t e d  as a f u n c t i o n  of ag ing  time 

f o r  t h r e e  d i f f e r e n t  ag ing  t empera tu res  i n  Fig.  9. The FU v a l u e s  remain 

u n a f f e c t e d  by thermal  ag ing  a t  482OC. Thermal ag ing  a t  593°C d e c r e a s e s  

RA: t h e  v a l u e s  drop  from 66 t o  57% a f t e r  10,000 h. A t  649OC RA d rops  

i n i t i a l l y  but  shows a s u b s t a n t i a l  i n c r e a s e  a t  longe r  ag ing  t i m e .  Values  

i n c r e a s e  from 49% t o  approx ima te ly  70% a f t e r  10,000 h. 
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Fig. 9 .  Reduction of Area as a Function of Aging Time for the Reference 
Heat ( 8 0 9 2 2 9 7 )  of Type 316 Stainless Steel. Specimens were aged and tested 
at (a) 4 8 2 ,  (b) 5 9 3 ,  and (c) 649°C. 

The UE, TE, and RA of specimens aged for 10,000 h and tested at both 
room temperature and aging temperature are compared with similar data on 

mill-annealed and reannealed specimens in Figs. 10 and 11. At room tem- 

perature all ductility quantities decreased t o  an extent that increased 

with increasing aging temperature. For the mill-annealed material, aging 

for 10,000 h at 649°C decreased UE from 60 to 43%,  TE from 7 4  to 52%,  and 

RA from 80 to 55%. The UE, TE, and RA values changed very little from 
thermal aging and testing at 482°C. 

three ductility quantities. 

increases both the TE and RA. This is observed for material aged in both 

the mill- and laboratory-annealed conditions. 

Thermal aging at 593°C decreases all 

Thermal aging at 649°C decreases UE but 
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Fig. 10. Comparison of Ductility Properties of Aged and As-Received 
Reference Heat of Type 316 Stainless Steel. (a) Uniform elongation. 
(b) Total elongation. (c) Reduction of area. 

The increase in RA at 649°C due to aging at 649°C without stress was 

observed for aging under stress. 

stainless steel creep tested at 649°C and 124 MPa for 1983 h produced a 

plasticity and creep strain of 17.32%. When tensile tested, this specimen 

showed an RA value of 55.9%, as compared with 48.7% observed for the unaged 

For example, a specimen of type 316 

mat e r ial . 
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Material Removed from Service 

Early in 1968 the junction header (Fig. 12) in Philadelphia Electric's 

Eddystone No. 1 Station was removed from service because of severe cracking 

on its inner surface. This header had accumulated over 51,000 h of 

service at around 621°C since the unit was commissioned late in 1959. A 

part of this header was made availabe to ORNL by Cullen of Combustion 

Engineering, Chattanooga, Tenn., in 1975. We made tensile specimens from 

this header and put them in the aging furnace at 621°C for additional 

exposure. A few of these specimens were removed from the aging furnace 

after an additional 21,000 h. Therefore, these specimens represent a total 
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Y-139624 

Fig. 12. View of Cracked Surface of Type 316 Stainless Steel Header 
Removed from Philadelphia Electric's Eddystone No. 1 Station After 51,000 h 
Service at a Mean Temperature of 621°C and a Steam Pressure of 34 MPa 
(5000 psi). 

exposure period of 72,000 h. Three of the as-removed specimens were 

reheat-treated to obtain the unaged properties. Tensile tests were per- 

formed at room temperature, 593, and 649°C on both the reheat-treated and 

aged specimens. Results from these tests along with previous data are 

summarized in Table 5. Previous results were obtained from tests performed 

at a strain rate of 0.05/min, whereas the current tests were performed at 

a strain rate of 0.005/min. 

Thermal exposure for 72,000 h at 621°C appears to increase yield and 

ultimate tensile strengths over those of the as-reheat-treated material. 

The changes in ultimate tensile strength at elevated temperatures were 

smaller than those observed for tests at room temperature. The changes in 

ductility depended on the quantity selected. For example, uniform elonga- 

tion decreased at all test temperatures [Fig. 13(a>]. Total elongation 

decreased only at room temperature and 593°C and increased slightly at 
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Table  5. Summary of T e n s i l e  Data  on Reheat-Treated and Aged 
Type 316 Forged Header Removed from P h i l a d e l p h i a  

E lec t r i c ' s  Eddystone No. 1 S t a t i o n  

Tes t  S t rength  MPa ( k s i )  Elongat ion,  % Reduction 
-6 
"L 

T o t a l  Area Temperature 

(2 i n . )  ( X )  
Uniform ("0 Yield U1 t ima t e 

Reheat-Treated f o r  0.5 h a t  1065°C 
25 222 (32.2) 534 (77.5) 46.9 52.4 
593a 99 (14.4) 374 (54.2) 38.2 42.9 
593 98 (14.2) 352 (51.1) 32.6 37.6 
64 9 97.(14.1) 287 (41.6) 26.1 34.6 

As-Removed From Serv ice  (51,000 h a t  621OC) 

2 5' 308 (44.6) 712 (103.2) 26.8 28.3 
482' 215 (31.2) 488 (70.8) 15.7 18.6 
538' 183 (26.6) 445 (64.6) 16.9 21.7 
593' 190 (27.6) 428 (62.1) 13.9 19.3 
593' 181 (26.3) 435 (63.1) 14.9 21.1 
64 9' 173 (25.1) 366 (53.1) 16.5 23.4 

b As Removed From Serv ice  Plus Aged 
(Tota l  T i m e  72,000 h a t  621OC) 

25 278 (40.3) 676 (98.1) 22.5 23.0 
593 177 (25.7) 399 (57.9) 18.3 24.8 
649 169 (24.5) 312 (45.2) 14.2 36.2 

77.7 
70.1 
64.5 
42.9 

33.3 
39.7 
39.8 
45.3 
29.5 
52.8 

28.5 
25.9 
40.3 

'Tests performed a t  O.O5/min - all o t h e r  t e s t s  a t  0.005/min. 

bAs removed from s e r v i c e  p l u s  aged f o r  21,000 h a t  621°C a t  
ORNL - t o t a l  ag ing  time 72,000 h .  

649°C [Fig .  1 3 ( b ) ] .  Reduct ion  of area a l s o  dec reased  a t  room tempera tu re  

and 593°C and approached t h e  v a l u e  f o r  unaged specimens a t  649°C [F ig .  1 3 ( c ) ] .  

The changes i n  d u c t i l i t y  were a f f e c t e d  by t h e  t e n s i l e  t es t  s t r a i n  rate.  

The fo l lowing  o b s e r v a t i o n s  can be made from t h e s e  d a t a :  

1. Type 316 s t a i n l e s s  s t ee l  r e t a i n s  about  15% uni form e l o n g a t i o n  a t  

b o t h  room and h igh  t empera tu re  even a f t e r  a thermal  exposure  of 72,000 h 

a t  621 "C. 

2. The g e n e r a l  concept  t h a t  ag ing  always d e c r e a s e s  t e n s i l e  d u c t i l i t y  

i s  no t  t r u e .  The r e s u l t s  p r e s e n t e d  i n  Table  5 and Fig .  13 show t h a t  whi le  

un i form e l o n g a t i o n  always d e c r e a s e s ,  t o t a l  e l o n g a t i o n  and r e d u c t i o n  of 

a r e a  may i n c r e a s e  under  c e r t a i n  t e s t  c o n d i t i o n s .  

3. The fo rged  heade r  showed e x t e n s i v e  s u r f a c e  c r a c k i n g  i n  s p i t e  of 

i t s  h i g h  d u c t i l i t y  a f t e r  long-term thermal  exposure  a t  621°C. 

c r a c k i n g  was a t t r i b u t e d  by Cul len9  t o  thermal  f a t i g u e  and not  t o  reduced 

d u c t i l i t y  due t o  thermal  ag ing .  

The s u r f a c e  
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DISCUSSION 

The very fact that the ductility minimum occurs both in pure metals 

and in complex alloys suggests that the ductility-minimum mechanism is not 

precipitation related. However, a proposed mechanism should be able to 

explain the observed effects of long-term thermal aging, strain rate, 

composition variation, and prior creep. To postulate a suitable mechanism, 

we have chosen to examine the dislocation substructure characteristics 

of a pure metal and those of stainless steels (Fig. 14). This figure shows 

that the ductility minimum in both copper and stainless steel occurs at a 

temperature beyond which dislocation cells or subgrains increase sharply in 

size and the free dislocation density drops rapidly. Previous workerslO, l1 
have shown that dislocation cells (characterized by dislocation tangle 

boundaries) form during the tensile deformation mode, and the subgrains 

(characterized by dislocation network 

6.5 < 

boundaries) form in the creep range. 

1 ORNL-DWG 76-7910 

'O" 5 

DUCTILITY MINIMUM 

TYPES 3 0 4  AND 316 

0 

MATERIAL i ( rn i i ' )  INVESTIGATORS 1 o COPPER 0.0050 STAKER AND HOLT 
2 A TYPE 316 0.0016 MICHEL et a/. 

TYPE 3'6 
(0' TYPE 316 0.0024 1 

0'2400 '. CHALLENGER AND MOTEFF 

V TYPE 3 0 4  0.0005 

A TYPE 304 0'0050 
V TYPE 3 0 4  0.05001 

BHARGAVA AND MOTEFF 

2 TYPE 3 0 4  5.00001 

10' I I I I I I 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.1 0 . 2  0 . 3  0 . 4  0.5 0.6 0.7 0 . 8  

r/r,,,, HOMOLOGOUS TEMPERATURE r/r,,,, HOMOLOGOUS TEMPERATURE 

Fig. 14. Dislocation Cell or Subgrain Size and Mobile Dislocation 
Density as Functions of Homologous Temperature for Copper and Types 304 and 
316 Stainless Steel. 
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The e x a c t  d i s l o c a t i o n  c o n f i g u r a t i o n  depends on t h e  s t a c k i n g  f a u l t  

ene rgy ,  tes t  t empera tu re ,  t e n s i l e  t e s t  s t r a i n  r a t e ,  and c r e e p  stress. The 

d i s l o c a t i o n  ce l l s  form as a r e s u l t  of d i s l o c a t i o n  g l i d e ,  whereas subgra ins  

form as a r e s u l t  of d i s l o c a t i o n  cl imb.  The d i s l o c a t i o n  c l imb occur s  by 

t h e  d i f f u s i o n  of vacanc ie s  o r  i n t e r s t i t i a l s  t o  o r  from t h e  s i t e  of t h e  

d i s l o c a t i o n .  Thus,  d i s l o c a t i o n  c l imb w i l l  depend on t h e  f l u x  and d i f f u s i o n  

ra te  of vacanc ie s .  A t  t empera tu res  where s u b g r a i n s  form, t h e  d i f f u s i o n  

ra te  is  h i g h  enough f o r  t h e  vacanc ie s  t o  t r a v e l  a c r o s s  t h e  g r a i n .  

Close  t o  t h e  t r a n s i t i o n  t empera tu re  ( t empera tu re  beyond which d i s -  

l o c a t i o n  s u b s t r u c t u r e  changes)  d i f f u s i o n  rates w i l l  be s low,  and t h e r e f o r e  

o n l y  d i s l o c a t i o n s  n e a r  t h e  g r a i n  boundary area w i l l  be a b l e  t o  c l imb.  Such 

a p rocess  w i l l  i n t r o d u c e  a dynamic d i s l o c a t i o n  r ecove ry  near  t h e  g r a i n  

boundary area. I f  such a p rocess  o c c u r s ,  deformat ion  w i l l  c o n c e n t r a t e -  

p r i m a r i l y  i n  t h e s e  narrow zones nex t  t o  t h e  g r a i n  boundar ies .  The 

c o n c e n t r a t e d  deformat ion  i n  t h e s e  zones w i l l  most l i k e l y  n u c l e a t e  g r a i n  

boundary c racks .  Once a g a i n ,  because of slow d i f f u s i o n  r a t e s ,  t h e  stress 

c o n c e n t r a t i o n  a t  t h e  t i p  of c r a c k s  w i l l  no t  r e l a x  as q u i c k l y  as p o s s i b l e  a t  

h i g h e r  t empera tu re  and t h e r e f o r e ,  s e v e r a l  of t h e s e  c r a c k s  can i n t e r l i n k  t o  

g i v e  f a i l u r e  w i t h  low d u c t i l i t y .  

A t  t h e  h i g h e r  t empera tu res  deformat ion  can t a k e  p l a c e  a c r o s s  t h e  

e n t i r e  g r a i n ,  and t h e  g r a i n  boundary c r a c k s  formed by s l i d i n g  p rocess  can 

be b l u n t e d  by d i s l o c a t i o n  recovery .  Thus,  t h e  h i g h e r  d u c t i l i t y  a t  h i g h e r  

t empera tu re  i s  a r e s u l t  of p o s s i b l e  deformat ion  a c r o s s  t h e  e n t i r e  g r a i n  and 

t h e  de layed  c r a c k - l i n k i n g  p rocess .  

A t  t empera tu res  below the minimum, there i s  e s s e n t i a l l y  no d i f f u s i o n ,  

and t h e  deformat ion  i s  p r i m a r i l y  c o n c e n t r a t e d  i n s i d e  t h e  g r a i n s .  The 

g r a i n  boundary s l i d i n g  is a l s o  n e g l i g i b l e  a t  t h e s e  lower test  t empera tu res .  

Thus, deformat ion  c o n t i n u e s  u n t i l  f r a c t u r e  occur s  by a t r a n s g r a n u l a r  

p rocess .  Such a p r o c e s s  r e s u l t s  i n  h igh  d u c t i l i t y .  I n  summary, i t  is  

sugges t ed  t h a t  t h e  d u c t i l i t y  minimum occur s  under  t empera tu re  and s t r a i n -  

ra te  c o n d i t i o n s  where on ly  l i m i t e d  dynamic d i s l o c a t i o n  recovery  i s  p o s s i b l e  

n e a r  t h e  g r a i n  boundar ies .  M i c r o s t r u c t u r e s  (F ig .  15) of type  316 s t a i n l e s s  

s t e e l  specimens t e s t e d  below, a t ,  and above t h e  minimum-duct i l i ty  tempera- 

t u r e  i l l u s t r a t e  t h e  g e n e r a l  o b s e r v a t i o n  of t h e  o v e r a l l  mechanism. 
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Fig. 15. Microstructure of 
Tensile-Tested Specimens of Reference 
Heat of Type 316 Stainless Steel. 
(a) Tested below the ductility 
minimum. (b)  Tested at the ductility 
minimum. (c) Tested at a temperature 
higher than the minimum. 

1000 pm 

The proposed mechanism can explain the observation on types 304 and 

316 stainless steel as follows: 

1. Decreasing the t e n s i l e  t e s t  s t r a i n  ra t e  decreases the temperature 

a t  which m i n i m  occurs (Figs. 1-3). This observation is easily 

explained by the fact that lowering the strain will provide sufficient time 

for vacancy diffusion to introduce dynamic dislocation recovery near the 

grain boundaries, even at lower temperatures. 

2 .  Lower d u c t i l i t y  values are observed f o r  the  d u c t i l i t y  minimum a t  

the lower temperatures (Figs.  2-71. Such an observation is expected 

because at lower temperatures the dynamic dislocation recovery zone will 

be narrowed, so the intergranular cracks will nucleate and interlink 

without significant deformation of matrix. 
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3 .  For a given temperature (649"C), the s t r a i n  ra te  a t  which the 
d u c t i l i t y  i s  a min imum decreases wi th  increasing nitrogen content 

( F i g s .  6 and 7 ) .  This  o b s e r v a t i o n  i s  exp la ined  by t h e  f a c t  t h a t  t h e  

d i s l o c a t i o n  cl imb p rocess  i s  r e t a r d e d  by t h e  i n t e r s t i t i a l  n i t r o g e n  atoms 

moving f a s t e r  t h a n  t h e  v a c a n c i e s  t o  t h e  d i s l o c a t i o n s .  Thus,  f o r  a g iven  

t e s t  t empera tu re ,  l o n g  test d u r a t i o n s ,  lower c r e e p  ra tes ,  o r  t e n s i l e  s t r a i n  

ra te  w i l l  be r e q u i r e d  t o  a c h i e v e  a d u c t i l i t y  minimum i n  h igh-n i t rogen  h e a t s  

t h a n  i n  low-ni t rogen h e a t s .  

4 .  Lower values of d u c t i l i t y  are observed a t  the m i n i m  f o r  the  
higher nitrogen-containing type 316 s t a i n l e s s  s t e e l  ( F i g s .  6 and 8 ) .  This  

o b s e r v a t i o n  i s  probably  a consequence of narrower dynamic d i s l o c a t i o n  

r ecove ry  zones f o r  h i g h e r  n i t rogen-con ta in ing  type  316 s t a i n l e s s  s teel .  

5. The d u c t i l i t y  i s  greater a t  s t r a i n  r a t e s  lower than t h a t  a t  the 
min imum ( F i g s .  2-6). This  most l i k e l y  i s  a consequence of g r a i n  

boundary p r e c i p i t a t e s ,  which modify t h e  g r a i n  boundary s l i d i n g  p rocess .  

Our p rev ious  work12 showed t h a t  long-term thermal  ag ing  a t  649°C can  

r e t a r d  g r a i n  boundary c a v i t a t i o n  i n  t y p e s  304 and 316 s t a i n l e s s  s tee l .  

6. Thermal aging a t  649°C decreases uniform elongation but increases 

t o t a l  elongation and reduction of area ( F i g s .  10, 2 1 ,  and 131. The 

uni form e l o n g a t i o n  d e c r e a s e s  as a consequence of i n t r a g r a n u l a r  p r e c i p i t a -  

t i o n .  The t o t a l  e l o n g a t i o n  and r e d u c t i o n  of area are expec ted  t o  i n c r e a s e  

as a consequence of i n c r e a s e d  dynamic d i s l o c a t i o n  recovery  zone (due t o  

i n c r e a s e d  d i s l o c a t i o n  c l imb rate because carbon is  t i e d  up as c a r b i d e s ) ,  

and from g r a i n  boundary s l i d i n g  be ing  r e t a r d e d  by t h e  p r e c i p i t a t e s .  

Micrographs i n  F ig .  16 show a r e h e a t e d  specimen t o  have g r a i n  boundary 

c r a c k s  even i n  t h e  r e g i o n  away from t h e  f r a c t u r e ,  bu t  t h e  aged specimen t o  

have  none. 

a r e s u l t  of fo rma t ion  of dynamic d i s l o c a t i o n  r ecove ry  r e g i o n s  due t o  an  

i n c r e a s e d  vacancy d i f f u s i o n  rate.  T h i s  can happen because of t h e  d e p l e t i o n  

of carbon from t h e  system. The dynamic d i s l o c a t i o n  recovery  zone 

a p p a r e n t l y  was n o t  p r e s e n t  i n  t h e  unaged specimen a t  t h e  same s t r a in  rate. 

The lower ing  of d u c t i l i t y  by thermal  ag ing  a t  593°C i s  probably  

7 .  Total elongation and reduction of area are increased by previous 

creep deformation a t  649°C. T h i s  i s  p o s s i b l e  because p rev ious  c r e e p  

deformat ion  removes carbon from t h e  sys tem as c a r b i d e s  on d i s l o c a t i o n s  and 

g r a i n  boundar ies .  The carbon-deple ted  m a t r i x  has  a h i g h e r  vacancy 
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Fig. 16. Optical Microstructure of Type 316 Stainless Steel Specimens 
Taken from the Header. 
aged (72,000 h at 621OC). The specimens were tensile tested at 649°C. The 
microstructures are from the uniform section away from the fracture. Note 
the presence of intergranular cavities in the reheat-treated specimen and 
their absence in the aged specimen. 

(a) Reheat-treated (0.5 h at 1065OC). (b) Thermally 

diffusion rate (because the probability of forming a vacancy-carbon complex 

is less likely), and thus a large dynamic recovery zone is formed. 

the precipitates at he grain boundaries will retard the grain boundary 

sliding process. 

Also ,  

8 .  Duct i l i t y  is high a t  the m i n i m  f o r  ferr i te-containing type 316 

s ta in less  s t e e l  (Figs. 6 and 8 ) .  

which ferrite transforms to sigma phase during testing. It is not clear 

at present how the sigma phase, commonly known to reduce ductility, 

increases the ductility of type 316 stainless steel. 

This represents a two-phase system in 

SUMMARY AND CONCLUSION 

Effects of several variables on the tensile and creep ductility of 

types 304 and 316 stainless steel are presented. The variables presented 
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. 

i n c l u d e  e f f e c t s  of tes t  t e m p e r a t u r e ,  s t r a i n  ra te ,  n i t r o g e n  c o n t e n t ,  thermal  

a g i n g  ( l a b o r a t o r y  aged and material removed from s e r v i c e ) ,  and p r i o r  c r e e p  

deformation.  A mechanism based on dynamic d i s l o c a t i o n  r ecove ry  i s  

p r e s e n t e d  t o  e x p l a i n  t h e  observed resul ts .  The f o l l o w i n g  are some impor- 

t a n t  c o n c l u s i o n s :  

1. A d u c t i l i t y  minimum w i t h  d u c t i l i t y  v a l u e s  of about 10% w a s  shown 

f o r  unaged t y p e s  304 and 316 s t a i n l e s s  s tee l  i n  t h e  t empera tu re  range of 

450 t o  750°C (0 .43  t o  0 . 6 1  Tm). 
2.  The s t r a i n  ra te  and t h e  d u c t i l i t y  a t  t h e  d u c t i l i t y  minimum p o i n t  

d e c r e a s e d  w i t h  d e c r e a s i n g  tes t  t empera tu re .  For  example,  t h e  s t r a i n  ra te  

a t  t h e  d u c t i l i t y  minimum p o i n t  dec reased  f o r  t ype  316 s t a i n l e s s  s tee l  from 

abou t  5 x t o  about  3 x lo-'/, f o r  a d e c r e a s e  i n  t es t  t empera tu re  from 

760 t o  538°C. The co r re spond ing  d u c t i l i t y  v a l u e s  ( r e d u c t i o n  of a r e a )  

d e c r e a s e d  from 65 t o  10%. 

3. Minima i n  t o t a l  e l o n g a t i o n  and r e d u c t i o n  of area were observed f o r  

t h e  t e n s i l e  and c r e e p  d a t a  a t  649°C on type  316 s t a i n l e s s  s tee l  c o n t a i n i n g  

n i t r o g e n  i n  t h e  range of 0.039 t o  0.15%. The s t r a i n  rate g i v i n g  t h e  

minimum d u c t i l i t y  dec reased  from 2 x t o  5 x f o r  an i n c r e a s e  i n  

n i t r o g e n  c o n t e n t  from 0.039 t o  0.15%. The t o t a l  e l o n g a t i o n  and r e d u c t i o n  

of area v a l u e s  dec reased  from 41 t o  14% and 39 t o  14%,  r e s p e c t i v e l y ,  f o r  a n  

i n c r e a s e  i n  n i t r o g e n  c o n t e n t  from 0.039 t o  0.15%. 

4. Thermal a g i n g  a t  649°C e l i m i n a t e d  t h e  d u c t i l i t y  minimum a t  test  

t empera tu re  of 649°C and ,  i n  f a c t ,  r e s u l t e d  i n  much h i g h e r  d u c t i l i t y  v a l u e s  

t h a n  t h e  unaged material. Aging a t  593°C s t i l l  r e s u l t e d  i n  some l o s s  i n  

t o t a l  elongation (TE)  and r e d u c t i o n  of area (RA) a t  593°C. Thermal a g i n g  

a t  482°C produced e s s e n t i a l l y  no change i n  TE and TA a t  482°C. However, 

room-temperature d u c t i l i t y  showed a drop i n  t h e  aged c o n d i t i o n  as compared 

t o  unaged p r o p e r t i e s .  The e x t e n t  of drop i n c r e a s e d  w i t h  inc-rease i n  a g i n g  

t empera tu re  from 482 t o  649°C. 

5 .  T e n s i l e  tes ts  on a type  316 s t a i n l e s s  s tee l  header  removed from 

P h i l a d e l p h i a  E lec t r ic ' s  Eddystone No. 1 S t a t i o n  showed t h e  f o l l o w i n g :  

( a )  abou t  15% uniform e l o n g a t i o n  i s  r e t a i n e d  a t  both room and h i g h  t e m -  

p e r a t u r e ,  even a f t e r  t he rma l  exposure of 72,000 h a t  621°C; ( b )  w h i l e  

uniform e l o n g a t i o n  dec reased  a t  a l l  tes t  t e m p e r a t u r e s ,  t o t a l  e l o n g a t i o n  and 

r e d u c t i o n  of area showed v a l u e s  e q u a l  t o  o r  even s l i g h t l y  h i g h e r  t han  t h e  

r e h e a t - t r e a t e d  v a l u e s  a t  649°C; and ( c )  t he rma l  ag ing  of p i e c e s  from t h e  

heade r  i s  c o n t i n u i n g  toward 100,000 h. 
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6 .  Results presented in this paper yield several important observations 

and suggestions for analysis of ductility data on stainless steel. 

a. Ductility can show a large drop in the unaged condition under 

proper conditions of temperature and strain rate and therefore, should be 

considered when designing under those conditions. 

b. Thermal aging at 649°C can eliminate, but it can also produce 

higher ductility values at 649°C than alternative treatments of material 

(unaged). This aspect should be considered while analyzing the effects of 

thermal aging because these effects contradict the general expectation of 

loss in ductility due to thermal aging. 

c. Effects of nitrogen content on ductility-minimum conditions suggest 

that care should be taken while studying the effects of nitrogen or other 

elements on mechanical properties. For example, the higher nitrogen level 

would be considered detrimental for short-term ductility and useful for 

the long-term ductility. Thus, the final results may require a qualifica- 

tion based on whether the short- or long-term properties are of interest 

and on the associated temperature, strain rate, and material condition. 
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