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Unified c o n s t i t u t i v e  theo r i e s  a t t e m p t  t o  treat  d i f f e r e n t  manifesta- 

t i o n s  of t imedependent  i n e l a s t i c  behavior, such as creep, stress. re- 

l axa t ion ,  and p l a s t i c  flow, by a s i n g l e  kinematic equat ion and a 

d i s c r e t e  set of s ta te  var iab les .  The motivation f o r  developing such 

t h e o r i e s  has,  over  t he  last  f i f t e e n  yea r s ,  come mostly from i n t e r e s t  i n  

high-temperature appl ica t ions .  High temperature r e f e r s  t o  t h e  range 

where observable creep deformations occur over long per iods of t i m e  when 

the  stress l e v e l s  are near  the  engineering y i e ld  stress. There are, 

however, rap id  loading s i t u a t i o n s  a t  lower temperatures where ra te  

e f f e c t s  can become equal ly  important. One such s i t u a t i o n  i s  the  

r ep resen ta t ion  of rapid crack propagation events  i n  d u c t i l e  s t r u c t u r a l  

a l loys .  Duct i le  here means t h a t  the material i s  a t  a temperature above 

t h a t  where cleavage ( b r i t t l e )  f r a c t u r e  c h a r a c t e r i s t i c s  cease t o  be 
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present .  The temperature  f o r  t r a n s i t i o n  from b r i t t l e  t o  d u c t i l e  f r a c -  

t u r e  may be w e l l  below t h e  c lass ical  c reep  regime, f o r  example, about  50 

t o  100°C f o r  some n u c l e a r  grade s t r u c t u r a l  steels.  This paper examines 

t h e  r o l e  t h a t  v i s c o p l a s t i c i t y  may p lay  i n  t h e  p r e d i c t i o n  of c rack  

r u n l a r r e s t  behavior i n  such d u c t i l e  steels. 

The growing i n t e r e s t  i n  t h e  v i s c o p l a s t i c  a s p e c t  of f r a c t u r e  be- 

h a v i o r  i s  r e f l e c t e d  by s e v e r a l  recent  s tud ies ’ ,  i n  t h e  l i t e r a t u r e  

which emphasize t h e  importance of inc luding  combined p l a s t i c  and s t r a i n -  

rate e f f e c t s  i n  c o n s t i t u t i v e  r e l a t i o n s .  Accordingly,  i n  concer t  w i t h  

s u b c o n t r a c t i n g  groups,  t h e  Heavy-Section S t e e l  Technology (HSST) Program 

a t  t h e  Oak Ridge Nat iona l  Laboratory (ORNL) is  suppor t ing  r e s e a r c h  

e f f o r t s  t o  develop v iscoplas t ic -dynamic  f i n i t e  element a n a l y s i s  tech- 

niques f o r  h igh  s t r a i n - r a t e  f r a c t u r e  a n a l y s e s  and t o  v a l i d a t e  t h e i r  

u t i l i t y  through t h e  a n a l y s i s  of c a r e f u l l y  performed crack-ar res t  experi-  

ments. I n  p a r t i c u l a r ,  t h e s e  a n a l y s i s  c a p a b i l i t i e s  are expected t o  g i v e  

an  improved b a s i s  f o r  a s s e s s i n g  t h e  dynamic f r a c t u r e  behavior  of l a r g e  

( 1  X 1 X 0.1 m) p l a t e  c rack-ar res t  specimens c u r r e n t l y  being t e s t e d  by 

t h e  Nat iona l  Bureau of Standards as p a r t  of t h e  HSST program. 

I n  t h e  s t u d i e s  being conducted a t  ORNL, v a r i o u s  v i s c o p l a s t i c  

c o n s t i t u t i v e  models and s e v e r a l  n o n l i n e a r  f r a c t u r e  c r i te r ia  are being 

i n s t a l l e d  i n  t h e  ADINA g e n e r a l  purpose f i n i t e  element computer program, 

and t h e  combined p r e d i c t i v e  c a p a b i l i t i e s  are being eva lua ted  through 

a p p l i c a t i o n s  t o  t h e  HSST wide-plate experiments.  The f i r s t  t w o  c o n s t i -  

t u t i v e  models s e l e c t e d  f o r  i n s t a l l a t i o n  i n  ADINA were a v a r i a t i o n  of t h e  

Perzyna3 e l a s t i c - v i s c o p l a s t i c  model w i t h  l i n e a r  s t r a in  hardening and t h e  

Bodner-Partom4 v i s c o p l a s t i c  model with s t r a i n  hardening. Other models 
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being examined include those due t o  Robinson-Pugh5, and Hart.' 

f r a c t u r e  cr i ter ia  being examined f o r  use  with nonl inear  ana lyses  inc lude  

s e v e r a l  path-independent i n t e g r a l s  t ha t  were formulated by d i f f e r e n t  re- 

searchers  (e.g., A t l u r i  ,7 Kishimoto*) t o  remove l i m i t a t i o n s  on t he  

o r i g i n a l  J - in t eg ra l  of Rice. Some of these i n t e g r a l s  represent  s l i g h t  

modif icat ions of t he  J - in t eg ra l ,  while o the r s  have a d i f f e r e n t  t heo re t i -  

ca l  bas i s .  

The 

This  paper descr ibes  app l i ca t ions  of these nonl inear  techniques t o  

the  f i r s t  series of s ix  HSST wide-plate crack-arrest  tests t h a t  have 

been performed. These experiments include crack i n i t i a t i o n s  a t  low tem- 

pe ra tu res  and r e l a t i v e l y  long (20 cm)  cleavage propagation phases which 

are terminated by arrest i n  high-temperature regions.  Crack arrests are 

then followed by d u c t i l e  t ea r ing  events .  

regions i n  these  tests are exposed t o  wide ranges of s t r a i n  rates and 

temperatures.  

Consequently, t h e  crack-front 

The v i s c o p l a s t i c  formulations i n s t a l l e d  in ADINA a t  ORNL can be ex- 

pressed i n  vec to r  form a t  time t ae 

where Gvp is t h e  v i s c o p l a s t i c  s t r a i n  rate, CY I s  t he  stress tensor ,  and D 

is the  d e v i a t o r i c  stress opera tor  matrix. The implementation of t he  

Bodner-Partom4 model in ADINA i s  based on t h e  formulat ion descr ibed by 

Kanninen, et al.' f o r  which 4 i s  defined by 
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where the  hardening parameter Z has the  form 

and where Zo,  Z1, n, m, Do = prescr ibed  material cons tan ts ,  

Up = accumulated p l a s t i c  work, and 

J2 = second inva r i an t  of dev ia to r i c  stress.  

In  Ref. 9 ,  temperature  dependence of the  material p rope r t i e s  i s  taken 

i n t o  account pr imar i ly  through t h e  r e l a t i o n s  

2*44 lo' + 1084 (MPa) , T n =I- 175 + 1.35 and Z o  = T (4) 

where temperature T is in deg K. Values f o r  t he  remaining material con- 

s t a n t s  are given by m = .061 (l/MPa), Do = lo6,  and Z 1  = 1550 MPa. 

The Bodner-Partom model described above has been appl ied t o  the  

ana lys i s  of t he  f i f t h  HSST wide-plate crack-arrest  t es t ,  WP-1.5. 

Figure 1 shows the  single-edge-notched p l a t e  specimen (1  X 1 X 0.1 m)  

t h a t  was cooled on the notched edge and heated on t he  o t h e r  edge t o  give 

a l i n e a r  temperature grad ien t  (Tmin = -83.3'C, T,, = 183.3OC) along t h e  

plane of crack propagation. Upon i n i t i a t i n g  propagation of the  crack i n  

cleavage, arrest was intended t o  occur i n  the  higher-temperature d u c t i l e  

region of the  specimen. 

p l a t e  width r a t i o  ( a / w )  of 0.2. 

depth equal t o  12.5% of the  plate thickness .  The specimen was welded t o  

pul l -p la tes  which have a pin-to-pin length  of 9.6 m t o  minimize stress 

wave e f f e c t s .  

-23OC f o r  t h i s  material. 

wide-plate material are descr ibed in Ref. 10. 

The specimen had an i n i t i a l  crack depth-to- 

Each su r face  was side-grooved t o  a 

Drop weight and Charpy tes t  d a t a  ind ica t e  t h a t  RTNDT = 

Information on mate r i a l  p rope r t i e s  of t h e  
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The specimen was instrumented with thermocouples, s t r a i n  gages, and 

crack-opening-displacement gages. 

s i x t e e n  s t r a i n  gages were loca ted  about 65 m above the  crack plane 

across  t h e  p l a t e  t o  record temperature and s t r a i n  as func t ions  of time 

and crack pos i t ion .  

A series of e leven thermocouples and 

The two-dimensional (2-D) f i n i t e  element model used i n  t h e  ana lys i s  

cons is ted  of 1833 nodes and 567 eight-noded i soparamet r ic  elements. The 

measured f r a c t u r e  load of Fin = 11.03 MN was appl ied  a t  the  top of t h e  

load-pin hole  t o  determine the  load poin t  displacement. For t h e  dynamic 

a n a l y s i s ,  t he  load point  was f ixed  a t  the  displacement value of t he  i n i -  

t i a t i o n  load and the  t i m e  s t e p  was set a t  A t  = 1 I& i n  t he  i m p l i c i t  

Newmark scheme f o r  t he  t i m e  i n t eg ra t ion .  The estimate of crack pos i t i on  

VS. t i m e  i n  Fig. 2 was constructed from strain-gage d a t a  and was used as 

input  f o r  a genera t ion  mode dynamic ana lys i s .  Figure 2 shows the  mea- 

sured f i r s t  crack arrest a t  a = 0.52 m which occurred a t  t i m e  

t = 0.723 m s  a f t e r  crack i n i t i a t i o n .  Figure 3 shows contour p l o t s  of 

t h e  e f f e c t i v e  v i s c o p l a s t i c  s t r a i n  a t  times t = 0.7 m s  and t = 2.9 IUS, 

r espec t ive ly .  The t i m e  h i s t o r i e s  of t he  A t l u r i  and t h e  Kishimoto path- 

independent i n t e g r a l s  are depicted i n  Fig. 4. The r e s u l t s  are expressed 

i n  terms of a pseudo-KI va lue  f o r  purposes of comparison with e l a s to -  

dynamic values .  

KI = 208 MPaG ( A t l u r i )  and KI = 174 MPaG (Kishimoto). 

f m 1  

The values  a t  crack arrest were determined t o  be 

Computed r e s u l t s  from the  v i s c o p l a s t i c  ana lys i s  are compared with 

measured d a t a  f o r  crack-line s t ra in- t ime response and wi th  elastodynamic 

ana lyses  of t he  same crack run-arrest  event. Work is cur ren t ly  under 

way t o  determine material cons tan ts  f o r  t h e  Perzyna model t h a t  can be 

113 



applied to wide-plate analysis. Results of this effort will permit 

comparisons between the Perzyna and the Bodner-Partom models for the 

wide-plate material in the temperature and strain-rate regions of 

interest to the HSST program. 
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Fig. 1. Wide-plate c rack-ar res t  specimen and p u l l - p l a t e  assembly. 
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Fig.  2 .  Crack depth  h i s t o r y  d e r i v e d  from s t r a i n  gage d a t a  f o r  
wide-plate  test WP-1.5. 
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Fig. 3. Contour plots of effective viscoplastic strain 
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t = 0.7 ms and t = 2.9 ms from generation mode analysis of wide-plate 
test UP-1.5. 
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Fig. 4 .  Amplitude of pseudo-stress-intensity-factor versus time 
from two path-independent integrals for wide-plate test WP-1.5. 
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