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SUMMARY 

Th is  paper descr ibes two b i a x i a l  experiments which I n v e s t i g a t e d  y i e l d ,  
hardening, and f l o w  behavior  i n  mod i f ied  9Cr-1Mo s t e e l  a t  room temperature.  
The aim o f  these experiments was t o  determine whether t h e  procedures recommen- 
ded i n  NE Standard F9-5T f o r  i n e l a s t l c  des ign a n a l y s i s  a r e  app l i cab le .  f o r  t h i s  
m a t e r i a l  i n  normal ized and tempered cond i t i on .  The f i r s t  exper iment i n v e s t i -  
gated s m a l l - o f f s e t  y i e l d  behavior subsequent t o  r a d i a l  pre loads (& “12 = “11) 
i n  tens ion - to rs ion  s t ress  space. The second experiment i n v e s t i g a t e d  y i e l d  
behavior  subsequent t o  nonrad ia l  preloads and a l s o  t h e  time-dependent f l o w  
o c c u r r i n g  d u r i n g  0.5 h r  ho ld  per iods a t  constant  s t ress .  

The r e s u l t s  o f  these experiments were q u a l i t a t i v e l y  s i m i l a r  t o  those 
obta ined e a r l i e r  f o r  types 304 and 316 s t a i n l e s s  s t e e l .  S p e c i f i c a l l y ,  t h e  von 
M i s e s  y i e l d  c r i t e r i o n  was found t o  p rov ide  a reasonable approx imat ion o f  i n i t -  
i a l  y i e l d  behavior.  Al though the  subsequent y i e l d  sur faces s u f f e r e d  cons ider -  
ab le  d i s t o r t i o n  f rom t h e i r  n e a r - c i r c u l a r  form a f t e r  bo th  r a d i a l  and nonrqd ia l  
pre loads,  t h e  hardening behavior was t o  the  f i r s t  order  k inemat ic  i n  na ture .  
The s t r a i n - t i m e  data obta ined du r ing  the  0.5 h r  ho ld  per iods  showed charac ter -  
i s t i c s  t y p i c a l  o f  creep curves. As i n  the  case o f  e a r l i e r  exper iments,  the 
h i g h  i n i t i a l  f l o w  r a t e s  d imin ished more r a p i d l y  than would be es t imated  f rom 
e leva ted  temperature data.  

I N T R O D U C T I O N  

One a c t i v i t y  w i t h i n  the  High Temperature S t r u c t u r a l  Design Program a t  t he  
Oak Ridge Na t iona l  Laboratory  (ORNL) I s  the  development of c o n s t i t u t i v e  equa- 
t i o n s  f o r  s t r u c t u r a l  a l l o y s  intended f o r  Advanced Reactor Systems. These 
equat ions were  f i r s t  developed us ing concepts borrowed f r o m  c l a s s i c a l  p l a s t i -  
c i t y  and c l a s s i c a l  creep ( r e f .  1 ) .  

Experiments conducted i n  support o f  t h i s  work inc luded i n v e s t i g a t i o n s  o f  
y i e l d  and hardening behavior  under b i a x i a l  load ing .  Ea r l y  exper iments were 
conducted a t  20 O C  on a number of a l l o y s  i n  s o l u t i o n  annealed c o n d i t i o n  i n c l u d -  
i n g  types 304 and 316 s t a i n l e s s  s t e e l  ( r e f s .  2 t o  5 ) .  The da ta  generated i n  
these experiments were used i n  con junc t ion  w i t h  the  r e s u l t s  o f  companion creep 
t e s t  programs t o  fo rmula te  recommended procedures f o r  t he  i n e l a s t i c  des ign o f  
nuc lear  reac to r  components ( r e f .  6 ) .  

More recen t l y ,  a t t e n t i o n  has been d i r e c t e d  a t  another candidate m a t e r i a l  
The advantage o f  t h i s  m a t e r i a l  f o r  t h i s  a p p l i c a t i o n ,  mod i f ied  9Cr-1Mo s t e e l .  

i s  t h a t  up t o  600 O C ,  i t  combines the r e l a t i v e l y  h igh  creep s t r e n g t h  o f  the 
a u s t e n i t i c  s t e e l s  w i t h  the  super io r  steam co r ros ion  res i s tance  o f  t h e  f e r r i t i c  
s t e e l s .  Th is  combinat ion o f  p roper t ies  i s  obta ined by adding n iob ium and 
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vanadium t o  the  standard composi t ion and by us ing  t h e  m a t e r i a l  i n  normal ized 
and tempered condi t i o n .  

One d i f f i c u l t y  w i t h  t h i s  approach i s  t h a t  use o f  m a t e r i a l s  i n  normal ized 
and tempered cond i t i on  represents  a depar tu re  f rom pas t  p r a c t i c e  i n  t h e  case 
o f  ASME Class 1, nuc lear  reac to r  components. Such an approach r a i s e s  obvious 
quest ions regard ing t h e  a p p l i c a b i l i t y  o f  recommended c o n s t i t u t i v e  models which, 
as noted above, were developed f o r  a u s t e n i t i c  s t e e l s  i n  s o l u t i o n  annealed con- 
d i t i o n .  
y i e l d  and hardening behavior o f  mod i f i ed  9Cr-1Mo s t e e l  under b i a x i a l  l oad ing  
i s  q u a l i t a t i v e l y  s i m i l a r  t o  t h a t  o f  t h e  a u s t e n i t i c  s t e e l s .  
ments were aimed a t  addressing t h i s  p a r t i c u l a r  ques t ion  f o r  t e s t  c o n d i t i o n s  as 
near i d e n t i c a l  as poss ib le  t o  those i n v e s t i g a t e d  e a r l i e r .  

One o f  a number o f  f a c t o r s  bear ing  on t h i s  ques t ion  i s  whether t h e  

The sub jec t  exper i -  

TEST PLAN 

The p l a n  was t o  use t w o  th in -wa l l ed ,  t u b u l a r  specimens f o r  t he  present  
i n v e s t i g a t i o n .  The f i r s t  specimen was t o  be used t o  i n v e s t i g a t e  s m a l l - o f f s e t  
y i e l d  behavior  a f t e r  r a d i a l  pre loads (a a12 = a l l )  i n  t e n s i o n - t o r s i o n  s t r e s s  
space. This  experiment was t o  be conducted i n  f o u r  stages. Stage (1) i nvo l ved  
de terminat ion  o f  an i n i t i a l  y i e l d  sur face;  Stage ( 2 )  i nvo l ved  de te rm ina t ion  o f  
a y i e l d  sur face  subsequent t o  a r a d i a l  p re load t o  a p o i n t  1 .5  t imes the  rad ius  
o f  t he  i n i t i a l  y i e l d  sur face i n  the  t e n s i l e  sense; Stage (3 )  repeated Stage (2 )  
f o r  a r a d i a l  preload i n  the  compressive sense; and Stage ( 4 )  i nvo l ved  determin- 
i n g  a y i e l d  surface a f t e r  t h e  specimen had been re tu rned  t o  an unst ressed and 
uns t ra ined s ta te .  The s m a l l - o f f s e t  d e f i n i t i o n  o f  y i e l d  used i n  these . 
experiments was 25 m i c r o s t r a i n  ( V C ) .  

The second specimen was t o  be used t o  i n v e s t i g a t e  y i e l d  behavior  subse- 

The f i r s t  two stages were i d e n t i c a l  t o  those used i n  t h e  f i r s t  
The t h i r d  stage o f  t he  experiment i nvo l ved  r o t a t i n g  t h e  planned 

quent t o  nonradia l  loadings.  This  p a r t  o f  t he  study was t o  be conducted i n  
f i v e  stages. 
exper iment.  
p re load t r a j e c t o r y  through 45"  i n  t he  c lockwise  sense, l oad ing  a long t h l s  t r a -  
j e c t o r y  a predetermined amount, and then de termin ing  the  new y i e l d  sur face.  
This  procedure was t o  be repeated i n  stages ( 4 )  and ( 5 )  f o r  f u r t h e r  45" r o t a -  
t i o n s  o f  t he  preload t r a j e c t o r y .  Another f e a t u r e  o f  t h e  second exper iment was 
t h a t  time-dependent f l o w  was t o  be measured under cons tan t  s t r e s s  d u r i n g  each 
stage o f  pre loading.  

EXPERIMENTAL DETAILS 

The t e s t  equipment and procedures used i n  these y i e l d  sur face  i n v e s t i g a -  
t i o n s  have been descr ibed i n  d e t a i l  p r e v i o u s l y  ( r e f s .  2 and '3 ) .  B r i e f l y ,  these 
experiments a re  conducted under computer c o n t r o l  on MTS e l e c t r o h y d r a u l i c  t e s t  
systems w i t h  p rov i s ion  f o r  t ens ion - to rs ion  load ing .  The t u b u l a r  specimens a re  
inst rumented w i th  f o i l  s t r a i n  gauge r o s e t t e s  which p rov ide  decoupled measures 
of a x i a l  s t r a i n  and t e n s o r i a l  shear s t r a i n .  These s t r a i n  s igna ls  a r e  used f o r  
c o n t r o l  purposes i n  con junc t i on  w i t h  s igna ls  f r o m  the  t e n s i o n - t o r s i o n  load 
c e l l .  

Dur ing y i e l d  sur face probes, t he  best  s t r a i g h t  l i n e s  corresponding t o  
' e l a s t i c  load ing  are  f i r s t  determined f o r  bo th  t h e  a x i a l  and t o r s i o n a l  compo- 
nents o f  loading.  As l oad ing  increases, checks a r e  made f o r  any d e v i a t i o n s  
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f rom l i n e a r  s t r e s s - s t r a i n  response r e s u l t i n g  f rom t h e  onset o f  i n e l a s t i c  
s t r a i n i n g .  On d e t e c t i n g  a d e v i a t i o n  o f  25 VC equ iva len t  p l a s t i c  s t r a i n ,  
l oad ing  i s  re tu rned t o  zero. Equiva lent  s t r a i n ,  E, i s  c a l c u l a t e d  i n  these 
experiments us ing  the  express ion 

- E = (c;2 i- 3/4 Ell 2 )1'2 

where ~ 7 2  i s  t h e  t e n s o r i a l  shear s t r a i n  and t11 i s  t he  a x i a l  s t r a i n .  The 
same program a l lows y i e l d  sur face  probes t o  be conducted a t  16 p rese t  angles i n  
t e n s i o n - t o r s i o n  s t r e s s  space. A second use o f  t h e  computer c o n t r o l  i s  t o  f a c i -  
l i t a t e  t h e  l oad ing  specimens over predetermined paths i n  s t r e s s  space p r i o r  t o  
i n v e s t i g a t i n g  subsequent y i e l d  behavior. 

The m a t e r i a l  I n v e s t i g a t e d  was 9Cr-1Mo s t e e l ,  CarTech Heat 30383, supp l ied  
i n  normal ized and tempered c o n d i t i o n  i n  t h e  fo rm o f  95 mn 0.d. bar .  A f t e r  
f i n i s h -  machining, t he  t u b u l a r  specimens were subjected t o  t h e  f o l l o w i n g  
heat- t reatment :  

Normal ize - heat  t o  1038 O C ,  hold f o r  1 h r ,  and a i r  coo l  t o  room tempera- 
t u r e .  

Temper - heat  t o  760 "C, ho ld  f o r  1 h r ,  and a i r  coo l  t o  room temperature.  

Postweld he ld- t reatment  (PWHT) - heat  t o  732 O C ,  ho ld  f o r  42 h r ,  and a i r  
coo l  t o  room temperature. 

The f i n a l  stage o f  heat- t reatment  was se lec ted  as be ing  t y p i c a l  f o r  breeder 
r e a c t o r  se rv i ce .  The specimens were  under vacuum d u r i n g  a l l  stages o f  heat-  
t reatment  and subsequent i nspec t i on  showed no evidence o f  d i s t o r t i o n  o r  v i s i b l e  
s igns o f  o x i d a t i o n .  A meta l lographic  i n v e s t i g a t i o n  showed t h a t  t he  m ic ros t ruc -  
t u r e  cons is ted  o f  tempered martensize i n  the  form o f  equiaxed g r a i n s  w i t h  s i z e  
i n  the  range 8 t o  9 ASTM u n i t s .  

TEST RESULTS 

The s t r e s s - s t r a i n  response determined i n  t e s t  No. 1 a r e  shown i n  f i g u r e  1 
a long w i t h  the  approximate centers  o f  t h e  y i e l d  sur faces.  
sur face  i s  shown i n  f i g u r e  2 and those determined a f t e r  p re load ing  t o  a12 
= u l 1 m  = 2189 MPa a re  sh,own i n  f i g u r e  3. As i n d i c a t e d  i n  these f i g u r e s ,  
two exper imenta l  runs were made i n  determin ing these and a l l  subsequent y i e l d  
sur faces.  Th is  procedure was fo l lowed t o  ge t  some i n d i c a t i o n  o f  t he  repeata- 
b i l i t y  o f  t he  data.  Y i e l d  sur face 4, determined a f t e r  r e t u r n i n g  the  specimen 
t o  an unst ressed and uns t ra ined s ta te ,  i s  shown f i g u r e  5 a long w i t h  the  e a r l i e r  
data.  

The i n i t i a l  y i e l d  

The s t r e s s - s t r a i n  h i s t o r i e s  fo l lowed i n  Test No. 2 a r e  shown i n  f i g u r e  5. 
These h i s t o r i e s  i nc lude  the  I n e l a s t i c  deformat ion o c c u r r i n g  d u r i n g  the  0.5 h r  
ho ld -per iods  a t  constant  s t ress .  Comparisons a re  drawn i n  f i g u r e  6 between 
y i e l d  sur faces determined i n  Test No. 2 w i t h  those determined under s i m i l a r  
c o n d i t i o n s  i n  Test No. 1. The f i v e  y i e l d  l o c i  determined i n  Test  No. 2 a re  

.shown i n  f i g u r e  7 and the  f l o w  curves determined i n  t h i s  exper iment a r e  
summarized i n  f i g u r e  8. 
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DISCUSSION 

Consider ing f i r s t  t h e  i n i t i a l  y i e l d  behavior,  i t  i s  apparent i n  f i g u r e  2 
t h a t  t h e  von M i s e s  y i e l d  c r i t e r i o n  prov ides a reasonable r e p r e s e n t a t i o n  o f  
s m a l l - o f f s e t  y i e l d  i n  9Cr-lMo s t e e l .  The r a d i u s  o f  t h e  c i r c l e  i n  m o d i f i e d  
s t r e s s  space I s  about 178 MPa. As expected, t h i s  va lue i s  cons iderab ly  
g r e a t e r  than r a d i i  determined e a r l i e r  f o r  types 304 and 316 s t a i n l e s s  s t e e l  
which were about 60 and 90 MPa, r e s p e c t i v e l y .  The v a r i a b i l i t y  o f  t h e  da ta  
shown i n  f i g u r e  2 i s  t y p i c a l  f o r  i n i t i a l  y i e l d  sur face  experiments conducted 
a t  ORNL. The data s c a t t e r  was judged t o  be w i t h i n  reasonable l i m i t s  b e a r i n g  
i n  mind t h e  r e l a t i v e l y  smal l  d e f i n i t i o n  o f  y i e l d  used i n  these exper iments.  

The y i e l d  surfaces determined a f t e r  p r e l o a d i n g  t o  612 = u l 1 / !  = +189 MPa 
e x h i b i t  d i s t o r t i o n  which i s  t y p i c a l  f o r  r a d i a l  p r e l o a d i n g  ( r e f s .  2 t o  5 ) .  A s  
shown i n  f i g u r e  3 ,  t h i s  d i s t o r t i o n  c o n s i s t s  o f  a c o n t r a c t i o n  o f  t h e  y i e l d  sur-  
f a c e  i n  t h e  probing d i r e c t i o n  w i t h  a f l a t t e n i n g  on t h e  s i d e  nearest  t h e  o r i g i n .  
Using t h e  diameter o f  t h e  i n i t i a l  y i e l d  sur face  as a re ference,  t h e  major and 
minor axes o f  the subsequent y i e l d  sur faces a r e  reduced by f a c t o r s  o f  about 
0.98 t o  0.75. As can be i n f e r r e d  f rom f i g u r e  1, t h i s  d i s t o r t i o n  r e s u l t s  f rom 
t h e  s t r e s s - s t r a i n  response o f  t h e  m a t e r i a l  be ing much more rounded a f t e r  
i n i t i a l  y i e l d  has been exceeded. 

Y i e l d  sur face (4 ) ,  determined a f t e r  t h e  specimen had been re tu rned t o  a 
s t a t e  o f  zero s t ress  and zero s t r a i n ,  i s  compared i n  f i g u r e  4 t o  t h e  o t h e r  
y i e l d  l o c i  determlned i n  Test No. 1. I t  i s  apparent i n  t h i s  f i g u r e  t h a t  
a l though t h e  f i n a l  pre load r e s t o r e d  t h e  symmetry o f  t h e  y i e l d  sur face,  i t  d i d  
n o t  e l i m i n a t e  the c o n t r a c t i o n  I n  t h e  r a d i a l  l o a d i n g  d i r e c t i o n .  Again u s l n g  
t h e  diameter o f  t h e  i n i t i a l  y i e l d  sur face  as a re ference,  t h e  major and minor 
axes o f  y i e l d  surface ( 4 )  d i f f e r  by f a c t o r s  o f  1.05 and 0.78 f rom t h e  i n i t i a l  
c i r c u l a r  form. S l m i l a r  c o n t r a c t i o n s  were found t o  e x i s t  i n  t h e  e a r l i e r  t e s t s  
conducted on Type 316 s t a i n l e s s  s t e e l  ( r e f .  4) .  

A t t e n t i o n  I s  d l r e c t e d  n e x t  a t  t h e  r e s u l t s  obta ined i n  Test No. 2. A s  
noted above, the t e s t  c o n d i t i o n s  i n v e s t i g a t e d  d u r i n g  t h e  i n i t i a l  stages of  
t h i s  exper iment d u p l i c a t e d  those o f  Test  No. 1. Th is  approach was f o l l o w e d  
w i t h  t h e  a im o f  o b t a i n i n g  some I n d i c a t i o n  o f  p o s s i b l e  specimen-to-specimen 
v a r i a b i l i t y  i n  the data. The r e s u l t s  obta ined i n  t h e  two t e s t s  a r e  compared 
I n  f i g u r e  6. Here i t  can be seen t h a t  t h e  r a d i i  o f  t h e  i n i t i a l  y i e l d  surfaces 
d i f f e r  by l e s s  than 5 percent .  Also,  t h e  two y i e l d  sur faces determined a f t e r  
l o a d i n g  t o  
p o s i t i o n  i n  s t r e s s  space. Thus, p rov ided s u f f i c i e n t  care  i s  taken i n  specimen 
prepara t ion ,  i t  appears t h a t  specimen--to-specimen v a r i a b i l i t y  I s  n o t  an impor- 
t a n t  f a c t o r  i n  these experiments. 

612 = u l l /  3 = 189 MPa can be seen t o  be s i m i l a r  i n  s ize ,  shape and 

The f i v e  y i e l d  l o c i  determined i n  Test  No. 2 a r e  compared I n  f i g u r e  7. 
Here, i t  can be seen t h a t  b o t h  r a d i a l  and nonrad ia l  pre loads produced t h e  same 
type of  d i s t o r t i o n .  As  noted e a r l i e r ,  t h i s  d i s t o r t i o n  c o n s i s t s  o f  a cont rac-  
t i o n  o f  t h e  y i e l d  sur face i n  t h e  l o a d i n g  d i r e c t i o n  w i t h  a f l a t t e n i n g  on t h e  
s i d e  neares t  the o r i g i n .  One i m p l i c a t i o n  o f  t h i s  r e s u l t  i s  t h a t  c o n s t i t u t i v e  
models i n v o l v i n g  p u r e l y  k inemat ic  t r a n s l a t i o n s  of t h e  i n i t i a l  y i e l d  sur face 
p r o v i d e  a r e l a t i v e l y  crude approx imat ion o f  subsequent y i e l d  behavior  i n  9 
Cr-1Mo s t e e l .  This r e s u l t  i s  c o n s i s t e n t  w i t h  t h e  r e s u l t s  o f  a number of prev-  

. lous i n v e s t i g a t i o n s  conducted on a range of  eng ineer ing  m a t e r i a l s  ( r e f s .  5 
t o  9) .  
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As indicated in figures 1 and 5, time-dependent flow occurred in both 
experiments after preloading beyond initial yield. 
measurements made during Test No. 2 are shown in figure 8. As indicated in 
this figure, flow strains as high as 0.2 percent were incurred during 0.5 hr 
hold-periods at constant stress. 
rates diminish rapidly with time. During preload (1), for example, the flow 
rates dropped by almost three orders of magnitude from the initial value of 
20 percent/hr. Similar behavior has been observed previously in experiments 
conducted on types 304 and 316 stainless steel (refs. 5 and 12). This indi- 
cates that in detailed inelastic analysis, consideration should be given to 
time-dependent material response, even at room temperature. 

The results of flow strain 

Another feature of the data is that the flow 

CONCLUSIONS 

The following conclusions were drawn from this study of yield, hardening 
and flow behavior in modified 9Cr-1Mo steel at room temperature. 

1. The von Mises yield criterion provides a reasonable approximation of 
initial yield behavior. 

2. The yield loci determined In the two tests for the same loading condi- 
tions were in good agreement. This was taken to indicate that specimen-to- 
specimen variability is not an important factor in tests conducted at ORNL. 

3. The hardening behavior of the material is to the first order ''kine- 
matic" in nature. The distortions observed in the yield surfaces indicate, 
however, that detailed predictions of yield behavior are not possible using a 
simple kinematic plasticity model. 

4. Significant flow strains were Incurred during 0.5 hr hold-periods at 
constant stress. This indicates that time-dependent material response is an 
important factor, even at room temperature. 

5. The yield, hardening, and flow behavior of modified 9 Cr-1Mo steel at 
room temperature are qualitatively slmilar to those of the austenitic steels. 
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Figure 5. - Stress-strain history for Test No. 2. 
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