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INTRODUCTION 

E s s e n t i a l l y  a l l  o f  t h e  impor tan t  s t r u c t u r a l  problems r e l a t e d  t o  t h e  

des ign  o f  h igh- temperature energy system components, e.g., a i r c r a f t  and 

r o c k e t  engine components, and nuc lea r  r e a c t o r  system components, a r e  non- 

i so the rma l .  I n e l a s t i c i t y  does n o t  occur  i n  these  components as a r e s u l t  

of  mechanical l o a d i n g  a lone b u t  i s  induced ma in l y  th rough  thermal  t r a n s i e n t  

cyc les  and thermal g rad ien ts .  Never the less,  the  c o n s t i t u t i v e  equa t ions  
1 

and damage models used i n  s t r u c t u r a l  a n a l y s i s  and des ign a r e  almost always 

based comple te ly  on exper imenta l  da ta  c o l l e c t e d  under i so therma l  cond i t i ons .  

I so therma l  t e s t s  a re  commonly conducted over  t h e  temperature range o f  

i n t e r e s t ;  m a t e r i a l  "cons tan ts "  a r e  determined a t  each t e s t  temperature and 

t hen  '"it" as f u n c t i o n s  o f  temperature across the temperature range t o  

f u r n i s h  a "nonisothermal"  r ep resen ta t i on .  Th i s  approach f a i l s  t o  r e f l e c t  

t h e  s t r o n g  thermomechanical pa th  dependence observed i n ,  f o r  example, t h e  

c y c l i c  hardening behav io r  o f  some a l l o y s  o f  i n t e r e s t  - p a r t i c u l a r l y  i n  t h e  

presence o f  m e t a l l u r g i c a l  changes ( r e f s .  1 - 4).  

Not o n l y  a re  c o n s t i t u t i v e  r e l a t i o n s h i p s  used i n  l a r g e  sca le  s t r u c t u r -  

a l  a n a l y s i s  o f t e n  based s o l e l y  on i so therma l  da ta  bu t ,  f u r t h e r ,  t h e y  o f t e n  

represen t  o n l y  sa tu ra ted  c y c l i c  behavior.  As many common a l l o y s  con t i nue  t o  

c y c l i c a l l y  harden over severa l  hundred o r  even severa l  thousand cyc les  

( r e f .  1-4),  and, as many 1 arge sca le  i n e l  a s t i c  analyses a r e  c a r r i e d  ou t  o n l y  

over  a  few cyc les  ( l a r g e l y  f o r  economic reasons),  i t  i s  e s s e n t i a l  t o  charac- 

t e r i z e  c y c l i c  hardening over  a  wide range o f  c y c l i n g  - no t  j u s t  f o r  sa tu ra -  

t e d  cond i t i ons .  
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ABSTRACT 

Exper imenta l  evidence o f  thermomechani c a l  h i  s t o r y  dependence i n  t h e  

c y c l i c  hardening behav io r  o f  some common h igh- temperature s t r u c t u r a l  

a l l o y s  i s  presented w i t h  spec ia l  a t t e n t i o n  p a i d  t o  t h e  c o n t r i b u t i o n  o f  

dynamic m e t a l l u r g i c a l  changes. A d i scuss ion  i s  g iven  concern ing t h e  

i nadequacy o f  f o r m u l a t i n g  "noni  sothermal " c o n s t i t u t i v e  equat ions s o l  e- 

l y  on t h e  bas i s  o f  i so therma l  t e s t i n g .  

A  rep resen ta t i on  o f  t h e r m o v i s c o p l a s t i c i t y  i s  proposed t h a t  q u a l i t a -  

t i v e l y  accounts f o r  t h e  observed h e r e d i t a r y  behavior .  T h i s  i s  achieved 

by f o r m u l a t i n g  t h e  s c a l a r  e v o l u t i o n a r y  equa t ion  i n  an es tab l  i shed  v i s -  

cop1 a s t i  c  t heo ry  t o  r e f 1  e c t  therrnomechani c a l  pa th  dependence. A1 though 

t h e  necessary nonisothermal t e s t s  f o r  f u r t h e r  q u a n t i f y i n g  t h e  thermovis-  

c o p l a s t i c  model have been i d e n t i f i e d ,  such da ta  a re  n o t  y e t  a v a i l a b l e .  

To assess t h e  importance o f  account ing f o r  thermomechanical h i s t o r y  

dependence i n  p r a c t i c a l  s t r u c t u r a l  analyses, two qua1 i t a t i  ve model s  a r e  

s p e c i f i e d ;  t h e  f i r s t  i s  fo rmu la ted  as i f  based e n t i r e l y  on i so therma l  

i n f o r m a t i o n ,  as i s  most o f t e n  done; t h e  second i s  made t o  r e f l e c t  

thermomechanical pa th  dependence us ing  t h e  proposed ther rnov iscop las t i c  

r ep resen ta t i on .  Comparisons o f  p r e d i c t i o n s  o f  t h e  two models a r e  made 

and a  d i scuss ion  i s  g iven  o f  t h e  impact t h e  c a l c u l a t e d  d i f f e r e n c e s  i n  

de fo rmat ion  behav io r  may have on subsequent l i f e t i m e  p r e d i c t i o n s .  
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I n  t h i s  paper, we address thermomechanical pa th  dependence i n  c y c l i c  

hardening w i t h  spec ia l  emphasis on t h a t  induced th rough  m e t a l l u r g i c a l  chan- 

ges e.g., th rough  dynamic s t r a i n  aging. D e f i n i t i v e  phenomenological e v i  - 

dence o f  therrnomechanical h i s t o r y  dependence i s  c i t e d  and a  h e u r i s t i c  d i s -  

cuss ion  i s  g iven  o f  i t s  m ic roscop ic  o r i g i n  i n  s o l i d  s o l u t i o n  hardening 

a1 1  oys. Re1 a ted  thermomechani c a l  h e r e d i t a r y  behav io r  i s  found i n  two-phase 

supe ra l l oys  ( r e f .  5 )  a r i s i n g  f rom p r e c i p i t a t i o n  o f  t h e  y '  phase. 

A mathematical  r e p r e s e n t a t i o n  o f  t h e r m o v i s c o p l a s t i c i t y  i s  proposed t h a t  

q u a l i t a t i v e l y  accounts f o r  t h e  observed h e r e d i t a r y  behav ior .  Th i s  i s  accomp- 

1  i shed by a p p r o p r i a t e l y  f o r m u l a t i n g  t h e  e v o l u t i o n a r y  equa t ion  f o r  t h e  s c a l a r  

s t a t e  v a r i a b l e  i n  a  v i  scopl  a s t i c  model developed p r i  n c i  pa l  l y  by Robi nson 

( r e f s .  6,7) t o  r e f 1  e c t  thermomechani ca1 pa th  dependence. A1 though candi  - 
da te  nonisothermal  t e s t s  p r o v i d i n g  t h e  necessary i n f o r m a t i o n  t o  f u r t h e r  

q u a n t i f y  t h e  t he rmov i scop las t i c  model have been i d e n t i f i e d ,  t hey  w i l l  no t  be 

conducted u n t i l  t h e  p r e s e n t l y  expanding S t r u c t u r e s  D i v i s i o n  Labora to ry  a t  

NASA/Lewis Research Center becomes ope ra t i ve .  

To assess t h e  importance o f  accoun t ing  f o r  thermomechanical h i s t o r y  i n  

p r a c t i c a l  appl  i c a t i o n s ,  two (qua1 i t a t i  ve) models a re  s p e c i f i e d ;  one i s  taken 

as i f  based e n t i r e l y  on i so therma l  i n f o r m a t i o n  as i s  t r a d i t i o n a l l y  done, and 

t h e  second i s  taken t o  r e f l e c t  thermomechanical pa th  dependence us i ng  t h e  

r e p r e s e n t a t i o n  proposed i n  t h e  p resen t  work. A p p l i c a t i o n s  o f  each model a re  

made t o  homogeneously s t ressed  elements under some p resc r i bed  thermomechani- 

c a l  h i  s t o r i e s  and t h e  r e s u l t s  a re  compared. 

THERMOMECHANICAL HISTORY DEPENDENCE AND METALLURGICAL CHANGE 

It i s  we1 1  known t h a t  c y c l i c  hardening o f  some s t r u c t u r a l  a1 l o y s  

w i t h i n  t h e i r  temperature range o f  i n t e r e s t  i s  i n f l u e n c e d  by t h e  phenomenon 

o f  dynamic s t r a i n  ag ing  ( r e f  8) .  S t r a i n  ag ing  occurs  i n  s o l i d  s o l u t i o n s  
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where s o l u t e  atoms a re  p a r t i c u l a r l y  f r e e  t o  d i f f u s e  th rough t h e  paren t  

l a t t i c e .  It i s  e n e r g e t i c a l l y  p r e f e r a b l e  f o r  these  s o l u t e  atoms t o  occupy 

s i  tps  i n  t h e  neighborhood o f  mob i l e  d i s l o c a t i o n s  where t h e i r  presence 

irnmobi 1  i zes t h e  d i s l o c a t i o n s  o r  a t  l e a s t  makes t h e i r  movement d i f f i c u l t ,  

t hus  caus ing s t reng then ing .  

I so therma l  c y c l i n g  a t  temperatures where such m e t a l l u r g i c a l  changes 

occur  might  t h e r e f o r e  be expected t o  show abnormal hardening, i.e., h i ghe r  

hardening r a t e s  and g r e a t e r  s a t u r a t i o n  s t r eng ths  than  a t  temperatures bo th  

lower  and h igher .  Evidence o f  s t r a i n  ag ing  i n  t y p e  304 s t a i n l e s s  s t e e l  i s  

i n d i c a t e d  i n  f i g u r e  1 ( s o l i d  curves) .  There, t h e  hardening r a t e  and "sa t -  

u r a t i o n "  s t r e n g t h  a re  seen t o  be g r e a t e s t  a t  t h e  i n te rmed ia te  temperature 

593C (1100F). F i gu re  2 shows t h e  same behav io r  i n  t h e  n icke l -based  a l l o y  

H a s t e l l o y  X ( s o l i d  curves)  a t  t h e  s p e c i f i e d  s t r a i n  range and r a t e  and i n  

t h e  temperature range 427-649C (800-1200F). I n  t h i s  case t h e  hardening 

r a t e  and s t r e n g t h  a re  g rea tes t  f o r  t h e  h i g h e s t  temperature 649C (1200F). 

For  temperatures g rea te r  than  649C (no t  shown) bo th  t h e  hardening r a t e  and 

s a t u r a t i o n  s t r e n g t h  decrease markedly. S i m i l a r  behav io r  i s  observed i n  

t y p e  316 s t a i n l e s s  s t e e l  i n  f i g u r e  3. F u r t h e r  evidence s f  dynamic s t r a i n  

ag ing  i s  r epo r ted  i n  r e f .  1-4. 

The observed hardening peak i n  these examples i s  i n t e r p r e t e d  as a 

man i f es ta t i on  o f  dynamic s t r a i n  aging. A t  l ower  temperatures t h e  m o b i l i t y  

o f  s o l u t e  atoms i s  f a r  l e s s  and s t r a i n  ag ing  does no t  occur;  a t  h i ghe r  

temperatures normal recovery  processes, e.g., c l i m b  o f  edge d i s l o c a t i o n s ,  

t a k e  over. 

I n  t h c  ag ing  process descr ibed  d i s l o c a t i o n s  can break away f rom t h e i r  

" C o t t r e l l  s o l u t e  atmospheres" becoming mob i l e  again. A l though temporar i  Jy 

freed, d i  s l  oca t i ons  can agai  n  be immobi 1  i zed as s o l u t e  atoms gradual l y  
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d i f f u s e  back t o  them. As t h e  t h e r m a l l y  a c t i v a t e d  process o f  d i f f u s i o n  i s  

i n v o l v e d  and s o l u t e  atoms a re  m i g r a t i n g  t o  d i s l o c a t i o n s  which themselves 

a r e  moving under t h e  a p p l i e d  s t r e s s ,  i t  i s  n o t  s u r p r i s i n g  t h a t  t h e  ensuing 

i n e l a s t i c  de fo rmat ion  ( c y c l i c  hardening i n  p a r t i c u l a r )  has a  complex de- 

pendence on thermomechani c a l  h i  s t o r y .  

Phenomenological evidence o f  thermomechanical pa th  dependence under 

c y c l i c  c o n d i t i o n s  i s  seen i n  t h e  r e s u l t s  o f  t h e  s imp le  s tepwise noniso-  

thermal  t e s t s  r epo r t ed  i n  f i g u r e  1 and 2  ( d o t t e d  curves) .  I n  these  t e s t s  

c y c l i n g  i s  i n i t i a t e d  a t  one temperature,  a f t e r  which t h e  temperature i s  

changed and c y c l i n g  resumed. 

F i g u r e  1 shows t h e  r e s u l t  o f  a  nonisothermal  t e s t  on t y p e  304 s t a i n -  

l e s s  s t e e l  i n  which c y c l i n g  i s  i n i t i a t e d  a t  427C (800F) f o r  about f i f t y  

cyc les ;  t h e  temperature i s  then  changed t o  593C (1100F) and c y c l i n g  con- 

t i n u e d  ( d o t t e d  curve) .  Note t h a t  t h e  m a t e r i a l  so f t ens  w i t h  t h e  temperature 

inc rease ,  c o n t r a r y  t o  t h e  i m p l i c a t i o n  o f  t h e  i so therma l  hardening data.  

Hardening con t inues  t o  1000 cyc l es ,  however t h e  s t r e s s  amp l i tude  remains 

measurably l e s s  than  t h a t  i n d i c a t e d  by t h e  593C iso therma l  curve. 

F i g u r e  2  i nc l udes  t h e  r e s u l t s  o f  f o u r  s tepwise nonisothermal  t e s t s  on 

H a s t e l l o y  X ( d o t t e d  cu rves) .  Test pa th  oabc represen ts  t h e  response t o  

c y c l i n g  a t  649C (1200F) t o  800 c y c l e s  and t hen  a t  427C (800F) t o  2000 cy-  

c l e s .  Test  odef  represen ts  c y c l i n g  a t  649C (1200F) t o  1600 c y c l e s  f o l l o w e d  

by c y c l i n g  a t  427C (800F) t o  2000 cyc les .  Path ogh j  shows c y c l i n g  t o  1600 

c y c l e s  a t  427C (800F) where t h e  temperature i s  b rough t  t o  649C (1200F) and 

c y c l  i ng cont inued.  F i n a l l y ,  t h e  two s tep  t e s t  okmnps i s  repor ted .  Here, 

c y c l i n g  s t a r t s  a t  427C (800F) t o  800 cyc l es ,  i s  changed t o  649C (1200F) 

th rough  1200 c y c l e s  and then  back t o  427C (800F) t o  2000 cyc les .  Note t h a t  

t h e  p o i n t s  f, c, s  and 4  i n  f i g u r e  2  a l l  rep resen t  t h e  c y c l i c  s t r e n g t h  
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( s t r e s s  range) a t  427C (800F) and 2000 cyc les ,  t h e  d i s t i n c t i o n  be ing  t h a t  

each i s  reached over  a  d i f f e r e n t  thermomechanical path. The range o f  

" . ; i r t~ l rn t ion"  s t r t ~ n q t h 5  n t  477C (800F) i s  closc  t o  200 MPa. S i m i l a r l y ,  

p o i n t s  1 and j i n  f i g u r e  2 correspond t o  649C (1200F) s t r eng ths  a t  2000 

c y c l e s  f o l l  owing d i f f e r e n t  thermornechanical h i  s t o r i e s .  

The f ea tu res  o f  these t e s t  r e s u l t s  t h a t  r e f l e c t  thermomechanical 

h i s t o r y  dependence are:  

1) The change i n  s t r e n g t h  ( s t r e s s  range) w i t h  temperature a t  a  f i x e d  

number o f  cyc les  i s  always negat ive,  i.e., an i nc rease  i n  temper- 

a t u r e  always r e s u l t s  i n  a  decrease i n  s t r e n g t h  and v i c e  versa - 

c o n t r a r y  t o  t h e  i m p l i c a t i o n s  o f  t h e  i so therma l  data;  

2 )  The s t reng th ,  i n  p a r t i c u l a r  t h e  " s a t u r a t i o n "  s t r eng th ,  depends on 

t h e  t empera tu re -s t r a i n  h i s t o r y .  The da ta  suggest t h a t  t h e  ma- 

t e r i a l  r e t a i n s  a  f u l l  memory o f  t h e  thermornechanical pa th  t o  

c y c l i c  s a t u r a t i o n .  Ev iden t l y ,  t h e  i n f o r m a t i o n  con ta ined  i n  t h e  

i so therma l  da ta  i s  no t  s u f f i c i e n t  t o  p r e d i c t  t h e  hardening behav- 

i o r  under noni  sothermal cond i t i ons .  



REPRESENTATION OF THERMOVISCOPLASTIC CYCLIC HARDENING 

I t  i s  assumed i n  t h e  f o l l o w i n g  t h a t  t h e  gradual  hardening ( o r  so f t en -  

i n g )  t h a t  accumulates over  severa l  c yc l es  under c y c l i c  s t r e s s i n g  occurs  

i s o t r o p i c a l  l y  and t h e r e f o r e  can be descr ibed  i n  terms o f  a  s i n g l e  s c a l a r  

s t a t e  v a r i a b l e .  That i s  no t  t o  say t h a t  k i nema t i c  ( induced  a n i s o t r o p i c )  

e f f e c t s  a re  no t  s t r o n g l y  present  d u r i n g  c y c l i n g  as t h e  i n t e r n a l  d i s l o -  

c a t i o n  s t r u c t u r e  a l t e r s  w i t h  i m m o b i l i z a t i o n  and r e m o b i l i z a t i o n  o f  d i s l o -  

c a t i o n s  under repeated s t r e s s  r eve rsa l s .  K inemat ic  f ea tu res  a re  modeled 

th rough  a  t e n s o r i a l  s t a t e  v a r i a b l e  commonly i d e n t i f i e d  as t h e  i n t e r n a l  o r  

back s t r ess .  

The f l o w  law i n  t h e  v i s c o p l a s t i c  t heo ry  o f  r e f s .  6 and 7 i s  w r i t t e n  

(see  Appendix) : 

T' 

li j 2ui i  = f (F)  -- 

\ys, 

i n  which E i j  denotes t h e  components o f  i n e l a s t i c  s t r a i n - r a t e ,  u  i s  a 

m a t e r i a l  parameter, f and F  a re  m a t e r i a l  f u n c t i o n s  and J2 i s  t h e  second 

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

as d e f i n e d  i n  t h e  Appendix. 

For  an i n i t i a l l y  i s o t r o p i c  m a t e r i a l ,  t h e  s t r e s s  dependence e n t e r s  

th rough  



F p lays  t h e  r o l e  o f  a  Bingham-Prager y i e l d  f u n c t i o n  i n  which k  denotes 

t he  Bingham t h r e s h o l d  shear s t r e s s  below which t h e  i n e l a s t i c  s t r a i n  r a t e  

v i  I r 1  L l1 i5  s l d L c  vdr la l ) l t .  d e s c r i p t i o r ~  k i s  d s ~ d l d r  s t a t e  v a r i a b l e  

account ing  f o r  i s o t r o p i c  hardening e f f e c t s  and a i j  a r e  t h e  components o f  a  

t e n s o r i  a1 s t a t e  v a r i a b l e  ( i n t e r n a l  s t r e s s )  account ing  f o r  k inemat ic  

e f f e c t s .  

As t h e  exper imenta l  work c i t e d  here i s  u n i a x i a l  we w r i t e  equa t ion  (3 )  

i n  u n i a x i a l  terms u s i n g  

thus  

where ~=3k2. a and a denote t h e  u n i a x i a l  components o f  t h e  a p p l i e d  and 

i n t e r n a l  (back) s t r ess .  Our concern i n  t h i s  s tudy reduces t o  t h e  spec i -  

f i c a t i o n  o f  an app rop r i a te  form o f  e v o l u t i o n a r y  law f o r  K i n  equa t ion  ( 5 )  

t h a t  r e f l e c t s  t h e  thermomechanical ly h e r e d i t a r y  behav io r  observed i n  f i g s .  

4-3 and c i t e d  i n  r e f s .  1-4. 

I n  t h e  subsequent development we t a k e  i s o t r o p i c  hardening, th rough  K, 

t o  depend on i n e l a s t i c  work 

W = I s i  j d r i  j, ( 6 )  

however, t h e  f o r m u l a t i o n  i s  n o t  i n n a t e l y  l i m i t e d  t o  dependence on W and 

could,  i f  app rop r i a te ,  be taken t o  depend on some o t h e r  s c a l a r  measure o f  

lriechani c a l  deformat ion,  say, 

t h e  accumulated p l a s t i c  s t r a i n .  
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I t  i s  supposed t h a t  a  t y p i c a l  m a t e r i a l  o f  concern c y c l i c a l l y  hardens 

under some f i x e d  s t r a i n  range and s t r a i n  r a t e  as shown schema t i ca l l y  i n  

f i g .  4. Th i s  i s  qua1 i t a t i v e l y  i n  keeping w i t h  t h e  ac tua l  m a t e r i a l  r e -  

sponse observed i n  f i g s .  1-3 and w i t h  t h e  phys i ca l  arguments made i n  t h e  

p rev i ous  sec t i on .  F i g .  4a can be i n t e r p r e t e d  as a  p l o t  o f  Aa vs N ( s t r e s s  

range vs number o f  c y c l e s )  o r  K  vs W f o r  i so the rma l  c y c l i n g  ( s o l  i d  cu rves)  

a t  t h e  t h r e e  temperatures T1<T2<T3. F ig .  4b which i s  a  p l o t  o f  Aa o r  K  vs 

temperature T  shows t h e  commonly observed " s t  r a i  n-ag i  ng peak". 

C l a s s i c a l l y ,  K  has been taken  as an e x p l i c i t  f u n c t i o n  o f  W and T, 

(e.g., r e f .  9 ) .  Th i s  i m p l i e s  t h e  ex i s t ence  o f  a  un ique su r f ace  K(W,T) as 

i n  f i g .  4c t h a t  can be determined f u l l y  on t h e  b a s i s  o f  i so therma l  harden- 

i n g  curves. Th i s  i s  e q u i v a l e n t  t o  adop t ing  t h e  e v o l u t i o n a r y  equa t ion  f o r  

K as 

which i s  a p e r f e c t  d i f f e r e n t i a l  and i n t e g r a b l e  independent l y  o f  t h e  t h e r -  

momechanical pa th  W(T) as i l l u s t r a t e d  i n  f i g .  4c. A cand ida te  represen- 

t a t i o n  o f  t h e  i so therma l  curves o f  f i g s .  4a and 4b and t h e  su r f ace  K(W,T) 

i n  f i g .  4c i s :  

-W/Wo(T) 
K(WyT) = KS(T) + CKi(T) - K s ( T ) l e  ( 9 )  

The f u n c t i o n s  K(O,T)=Ki (T )  and K(~,T)=K,(T) a re  as i l l u s t r a t e d  i n  f i g .  4b. 

The f u n c t i o n  Wo(T) determines t h e  temperature dependent c y c l i c  hardening 

r a t e .  

The c l a s s i c a l  r e p r e s e n t a t i o n  descr ibed  above c l e a r l y  does no t  r e f l e c t  

t h e  thermomechanical pa th  dependence apparent i n  t h e  t e s t  da ta  o f  f i g s .  

1-3 o r  i n  t h e  schema t i ca l l y  represented nonisothermal  responses o f  f i g .  4a 

( d o t t e d  curves) .  I n  p a r t i c u l a r ,  t h e  sa tu ra ted  s t r e n g t h  i n  t h e  c l a s s i c a l  

d e s c r i p t i o n  depends o n l y  on t h e  c u r r e n t  temperature,  i.e., K s ( ~ ) ,  and is 
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t hus  independent o f  t h e  thermomechanical pa th  l e a d i n g  t o  s a t u r a t i o n .  Actua l  

da ta  shows t h a t  t h e  s a t u r a t i o n  s t r e n g t h  does s i g n i f i c a n t l y  depend on therma l -  

s l r d i n  h i s t o r y .  Furthermore, t h e  c l a s s i c a l  d e s c r i p t i o n  pe rm i t s  an i nc rease  

i rl slr ' t l r ig l l i  w i 111 all I ncr 'easr I n  leri~pt!r.dlure i r~ t he  r ~ e  i yt l l~orhoot l  o f  the 

" s t r a i n - a g i n g  peak" ( f i g .  4b). Nonisothermal da ta  shows t h a t  an i nc rease  i n  

temperature i s  always accompanied by a  decrease i n  s t reng th ,  i.e., a  decreasc 

i n  K. 

A form o f  e v o l u t i o n a r y  equa t ion  f o r  K i n  equa t ion  ( 5 )  t h a t  does a l l o w  

f o r  thermomechanical h i s t o r y  dependence o f  t h e  c y c l i c  hardening response 

i s  t h e  f o l l o w i n g :  

Equat ion (10)  represen ts  a  k i n e t i c  growth law f o r  K which i s  n o t  a  p e r f e c t  

d i f f e r e n t i a l  and i s  i n t e g r a b l e  o n l y  when t h e  thermomechanical pa th  W(T) i s  

known*. The f u n c t i o n s  r(W ,T) and o(W ,T) a r e  independent and n o t  r e l a t e d  as 

aK/aW and aK/aT a r e  i n  equa t ion  (8) .  The f u n c t i o n  r(W ,T) can be determined I 

t h e  bas i s  o f  i so therma l  t e s t i n g  whereas o(W ,T) cannot. A complete desc r i p -  

t i o n  o f  t h e  nonisothermal hardening behav io r  i n  terms o f  equa t ion  (10) 

n e c e s s a r i l y  i nvo l ves  nonisothermal t e s t i n g .  

Candidate nonisothermal t e s t s  p r o v i d i n g  d e f i n i t i v e  i n f o r m a t i o n  about t h  

f u n c t i o n  8(W,T) have been i d e n t i f i e d  and a re  i nc l uded  i n  t h e  t e s t  p l a n  f o r  

t h e  c u r r e n t l y  expanding S t ruc tu res  D i v i s i o n  Labora to ry  a t  NASA Lewis Researc 

Center.  For p resen t  purposes t h e  r e s u l t s  o f  r e l a t e d  t e s t s ,  i d e n t i f i e d  ear -  

l i e r  ( r e f s .  1,2) by D. N. Robinson and conducted by R. W .  Swindeman a t  Oak 

Ridge Nat iona l  Labora to ry  on types  304 and 316 s t a i n l e s s  s t e e l ,  have been us 

* I t  may be app rop r i a te  under some circumstances t o  account f o r  thermal re-  
covery e f f e c t s  i n  t h e  e v o l u t i o n a r y  law f o r  K. As t h e  emphasis here  i s  on 
thermomechanical h i s t o r y  e f f e c t s ,  p a r t i c u l a r l y  i n  accompaniment o f  m e t a l l u r g  
ca1 changes t h a t  occur a t  i n t e rmed ia te  temperatures, we i g n o r e  thermal recov 
e r y  i n  K. 



i n  sugges t ing  an a p p r o p r i a t e  qua1 i t a t i v e  fo rm o f  e(W ,T) , and s i m i l a r l y  o f  

r (W ,T) . On t h a t  bas i s  we propose t h e  f o l  1  owing f u n c t i o n a l  forms o f  r and e i n  

t h e  e v o l u t i o n a r y  equa t ion  (10) :  
KS (T)  - Ki (T )  -w/wo (T) 

where W i s  t h e  i n e l a s t i c  work as d e f i n e d  i n  equa t ion  ( 6 )  and T  i s  t h e  

abso lu te  temperature.  

Note t h a t  r i s  i d e n t i c a l  t o  aK/aW i n  equa t ion  (8)  w i t h  K  taken  as i n  

equa t i on  ( 9 ) .  Thus t h e  f u n c t i o n s  K i  , KS and Wo p l a y  t h e  same r o l e s  as des- 

c r i b e d  e a r l i e r  i n  t h e  c l a s s i c a l  r ep resen ta t i on .  However, t h e  Ar rhen ius  form 

adopted f o r  e i s  no t  equal t o  aK/aT i n  equa t ion  (8) .  The " a c t i v a t i o n  energy" 

Q i s ,  as y e t ,  an unspec i f i ed  f u n c t i o n  o f  W and To i s  a  r e fe rence  temperature.  

For  i so therma l  c y c l i n g  a t  a  f i x e d  temperature T, we have dT = 0  and 

equa t i on  (10)  i n t e g r a t e s  t o  equa t ion  ( 9 ) .  Thus, t h e  c l a s s i c a l  r e p r e s e n t a t i o n  

where K  i n  equa t ion  ( 5 )  i s  taken  as an e x p l i c i t  f u n c t i o n  o f  W and T, ( i  .e., 

equa t i on  ( 9 ) ) ,  and t h e  p resen t  f o r m u l a t i o n  based on t h e  e v o l u t i o n a r y  law ex- 

pressed i n  equat ions (10)  - (12)  g i v e  i d e n t i c a l  r e s u l t s  under i so therma l  con- 

d i t i o n s .  

Wi th  temperature changes i n  t h e  absence o f  mechanical deformat ion,  i.e., 

w i t h  dW = 0, equa t ion  (10)  g i ves  

which, f o r  Q(W)>O, ensures t h a t  



f o r  a l l  W and T  - i n  keeping w i t h  t h e  exper imenta l  observa t ions  c i t e d  above 

and c o n t r a r y  t o  t h e  p r e d i c t i o n s  based on t h e  c l a s s i c a l  f o rmu la t i on .  

A f i n i t e  te lnperature change fro111 the re fe rence  te~nperdl;~lrc! T,J t o  T i n  

t h e  undeformed (W=O) s t a t e  causes a change i n  K(=Ki) ' found by i n t e g r a t i n g  

equa t ion  (13) 

i n  which KO = K i (To )  and Qo = Q(0 ) .  Equat ion (15) i n t e g r a t e s  t o  

-Qo( l / To -  l / T )  
K i  (T )  = KO - (1 - e  

The Ar rhen i  us temperature dependence f o r  K i  ( i n i t i a l  s t r e n g t h )  i s  s u b s t a n t i a  

t e d  i n  b i a x i  a1 ( t e n s i  on - t o r s i on )  exper iments conducted on t y p e  316 s t a i n 1  ess 

s t e e l  ( r e f .  10).  

A c r i t i c a l  f e a t u r e  o f  t h e  e v o l u t i o n a r y  law expressed i n  equat ions (10)-  

(12)  i s  t h a t  i t  permi ts  t h e  c y c l i c  hardening, i n  p a r t i c u l a r  t h e  sa tu ra ted  

s t r eng th ,  t o  be dependent on thermomechanical h i s t o r y .  Th i s  f e a t u r e  w i l l  be 

exp lo red  i n  more d e t a i l  i n  t h e  f o l l o w i n g  sec t i ons .  

SPECIFICATION OF TWO CYCLIC HARDENING MODELS FOR COMPARISON 

I n  t h i s  s e c t i o n  we f o rmu la te  two models f o r  q u a l i t a t i v e l y  d e s c r i b i n g  tl- 

c y c l i c  hardening behavior  d iscussed above. Each i s  based on t h e  v i s c o p l a s t i  

c o n s t i t u t i v e  equat ions o u t l i n e d  i n  t h e  Appendix. The f i r s t ,  Model A, adopts 



t h e  " c l a s s i c a l "  r e p r e s e n t a t i o n  o f  c y c l i c  hardening i d e n t i f i e d  i n  t h e  preced- 

i n g  s e c t i o n  and i s  t r e a t e d  as i f  based e n t i r e l y  on i so therma l  t e s t i n g .  The 

second model, Model B, i s  based on t h e  t he r rnov i scop las t i c  r e p r e s e n t a t i o n  ou t -  

l i n e d  i n  t h e  l a s t  s e c t i o n  and i s  taken  as be ing  based on nonisothermal  exper-  

imen ta t i on .  Al though, as i n d i c a t e d  e a r l i e r ,  d e f i n i t i v e  nonis thermal  da ta  a re  

n o t  p r e s e n t l y  a v a i l a b l e ,  some qua1 i t a t i v e  guidance has been p rov ided  i n  f o r -  

m u l a t i n g  Model B  f rom p r e l i m i n a r y  t e s t s  conducted a t  Oak Ridge Na t i ona l  

Labora to ry .  

P r e d i c t i o n s  w i l l  be made us i ng  each model and compared i n  an e f f o r t  t o  

assess t h e  importance o f  accoun t ing  f o r  thermomechanical pa th  dependence i n  

p r a c t i c a l  appl  i cat ions .  

The d e t a i l s  o f  t h e  f o r m u l a t i o n  o f  each o f  t h e  models w i l l  now be g iven.  

1. Model A 

C o n s t i t u t i v e  model A assumes t h a t  t h e  s t a t e  v a r i a b l e  K  i n  equa- 

t i o n  ( 5 )  i s  an e x p l i c i t  f u n c t i o n  o f  W and T, namely, t h a t  g i ven  by 

equa t ion  ( 9 ) .  

The f u n c t i o n  Ki (T)  i n  equa t ion  ( 9 )  i s  taken  as s p e c i f i e d  i n  

equa t ion  (16)  w i t h  

and To = 800 K 

The f u n c t i o n s  Ks(T)  and Wo(T) are,  r e s p e c t i v e l y  

KS(T)  = A + B(T-Tp) + C ( T  - T ~ ) Z  



w i t h  A = 16 

B = -0.04 

C = -0.001 

- 
and Wo(T) = A + F ( T - T ~ ) ~  

- 
w i t h  A = 0.5 

- 
B = 5x10-5 

I n  each case Tp = 700 K . 
Iso therma l  curves K  vs W f o r  model A based on equat ion  ( 9 )  and equat ion: 

(17)  - (21)  a re  shown i n  f i g .  5a ( s o l i d  curves) .  These represen t  hardening a1 

600K, 700K and 800K. F ig .  5b shows t h e  curves K(0,T) = Ki ( T )  and K ( ~ , T )  = 

Ks(T) .  The curves i n  f i g s .  5a and 5b agree w i t h  t h e  schematic r e p r e s e n t a t i o ~  

i n  f i g s .  4a and 4b, i n c l u d i n g  t h e  appearance o f  t h e  ' " t r a i n  ag ing  peak". No; 

t h a t  t h e  su r f ace  K(W,T) d e f i n e d  by t h e  s o l i d  curves i n  f i g s .  5a and 5b i s  

un ique i n  t h e  case o f  Model A, and K remains on t h i s  su r f ace  f o r  a11 thermo- 

mechanical paths as schema t i ca l l y  i l l u s t r a t e d  i n  f i g .  4c. Thus, Model A doe' 

n o t  r e f l e c t  thermomechanical pa th  dependence. 

2. Model B 

Model B i nco rpo ra tes  t h e  k i n e t i c  growth law g i ven  i n  equat ions 

(10)  - (12) .  The f u n c t i o n s  Ki (T ) ,  K,(T) and i 0 ( T )  i n  r(W,T)[equati 

( l l ) ]  a r e  taken  i d e n t i c a l  t o  those  d e f i n e d  f o r  model A. Al though a  

exac t  form o f  t h e  " a c t i v a t i o n  energy" Q(W) i n  equa t ion  (12)  i s  n o t  

p r e s e n t l y  known, da ta  i n  r e f  . ( l , 2 )  on t y p e  304 s t a i n l e s s  s t e e l  sug- 

ges t  i t  may n o t  be a  s t r o n g  f unc t i on  o f  W. With t h a t  as a  gu ide WE 

choose Q t o  be a  cons tan t  u n t i l  a p p r o p r i a t e  t e s t  da ta  become a v a i l -  

ab le ,  i .e. we t a k e  Q ( W )  = Q (0 )  = Qo. The va lue  o f  Q, has prev ious1 

been speci  f i  ed i n  equa t ion  (17) .  



The i so therma l  K  vs W curves f o r  model B are,  o f  course, iden-  

t i c a l  t o  those  f o r  model A and l i k e w i s e  appear as t h e  s o l i d  curves 

i n  f i g s .  5a and 5b. Now, however, thermomechanical paths o t h e r  

t h a n  i so therma l  ones do n o t  n e c e s s a r i l y  remain on t h e  su r f ace  de- 

f i n e d  by t h e  i so therma l  data.  Th i s  i s  i l l u s t r a t e d  by t h e  c a l c u l a -  

t e d  curves ( d o t t e d  l i n e s )  i n  f i g .  5a d e p i c t i n g  nonisothermal  c y c l i n g  

based on Model B. These a re  i n  q u a l i t a t i v e  agreement w i t h  t h e  

exper imenta l  responses observed i n  f i g s .  1 and 2. 

The c a l c u l a t i o n s  made us i ng  e i t h e r  model A o r  B r e q u i r e  coup1 i n g  

w i t h  a  r e p r e s e n t a t i o n  o f  1  i near thermoel a s t i c i  t y .  As a1 1  c a l  c u l  a- 

t i o n s  a re  u n i a x i a l  and assume i n i t i a l  i s o t r o p y ,  i t  s u f f i c e s  t o  spe- 

c i f y  o n l y  t h e  Young's modulus E  and t h e  l i n e a r  c o e f f i c i e n t  o f  ex- 

pans ion a t .  Thus: 

E ( T )  = 4x104 - 21.6 T  (22 1 

a t  = 14 x  ( 2 3  1 
g i v i n g  E  i n  k s i  and a t  i n  K-1. Here o n l y  E  i s  taken  t o  depend on 

temperature.  

The two models fo rmu la ted  above, each based on t h e  v i s c o p l a s t i c  

model s t a t e d  i n  t h e  Appendix, a re  v a l i d  w i t h i n  t h e  f o l l o w i n g  

range o f  abso lu te  temperature.  

600K < T  < 800K. 

T h i s  completes t h e  s p e c i f i c a t i o n  o f  t h e  two models A and B. 

PREDICTIONS BASED ON MODELS A AND B 

We f i r s t  cons ider  p r e d i c t i o n s  o f  u n i a x i a l  i so therma l  c y c l i n g  over  

a  f i x e d  s t r a i n  range and s t r a i n  r a te .  F igures  6,7, and 8 show pre-  

d i c t e d  i so therma l  s t r e s s - s t r a i n  loops  f o r  c y c l i n g  over  a  s t r a i n  



range o f  he  = 50.25% and a s t r a i n  r a t e  o f  e  = 0.4 %/m a t  t h e  temperatures 

600K, 700K and 800K r e s p e c t i v e l y .  The hardening r a t e  and s a t u r a t i o n  s t r e n g t t  

a r e  e v i d e n t l y  y r e d t e s t  f o r  the  i n t e r ~ ~ ~ e d i a t e  temperature 700M, as i s  t y p i c a l  

o f  so l  i d  s o l u t i o n  a1 1 oys t h a t  e x h i b i t  s t  r a i  n  ag ing  . The p r e d i c t e d  i sothermal 

h y s t e r e s i s  loops  a re  i d e n t i c a l  f o r  models A and B. A p l o t  o f  s t r e s s  ampl i -  

t u d e  ho versus t h e  number o f  s t r e s s  r e v e r s a l s  2N corresponding t o  t h e  i s o -  

thermal h y s t e r e s i s  loops  o f  f i g s .  6 - 8 i s  shown i n  f i g u r e  9 ( s o l i d  curves) .  

For  thermomechanical paths o t h e r  than  i so therma l  ones, models A and B 

show qua1 i t a t i  ve l  y d i  f f e r e n t  behavior .  For  example, cons ider  c y c l i n g  a t  

600K over  t h e  pa th  Ola i n  f i g u r e  9. A t  p o i n t  a  we suppose t h e  temperature 

t o  be changed t o  700K and c y c l i n g  cont inued.  The p r e d i c t e d  response accor- 

d i n g  t o  model A i s  an i nc rease  i n  ha t o  t h e  p o i n t  c  a t  t h e  nex t  r eve rsa l  and 

t hen  t o  s a t u r a t i o n  a t  S2 under con t inued  c y c l i n g .  The s t r e s s  ampl i tude  S2 

i s  p r e c i s e l y  t h a t  a t  which s a t u r a t i o n  occurs f o r  i so therma l  c y c l i n g  a t  700K. 

The p r e d i c t i o n  o f  model B y  on t h e  o t h e r  hand, f o l l o w s  t h e  pa th  abS5. Th i s  

shows a decrease i n  s t r e n g t h  t o  b  w i t h  t h e  temperature increase,  q u a l i t a t i v e .  

l y  i n  keeping w i t h  exper imenta l  observat ions,  and s a t u r a t i o n  a t  Sq, cons ider  

a b l y  d i f f e r e n t  than  S2; t h i s  too,  i s  i n  accordance w i t h  exper iments.  Other 

p r e d i c t e d  paths based on model B a re  02deSg and 03ghSg. The former  cor res -  

ponds t o  c y c l i n g  f i r s t  a t  700K (02d) then  changing t o  600K (eSg). The l a t t e  

i n v o l v e s  c y c l i n g  a t  800K(03g) f o l l o w e d  by c y c l i n g  a t  700K (hS6) w i t h  sa tu ra -  

t i o n  occu r i ng  a t  S 6 .  Note t h a t  s a t u r a t i o n  a t  t h e  temperature 700K occurs i n  

these  p r e d i c t i o n s  based on model B a t  S2, S4 o r  S6 depending upon t h e  thermo 

mechanical path. 

We nex t  cons ider  thermomechanical c y c l  i ng as ill u s t r a t e d  i n  f i g u r e  10. 

Here, a  u n i a x i a l  specimen i s  supposed t o  be i n i t i a l l y  a t  600K i n  i t s  v i r g i n  

( ze ro  s t r ess -ze ro  s t r a i n )  s t a te .  The t o t a l  s t r a i n  i s  h e l d  zero w h i l e  



t h e  temperature i s  cyc l ed  between 600K and 800K. P r e d i c t i o n s  o f  s t r e s s  

versus mechanical s t r a i n  cor responding t o  a  temperature ramp r a t e  o f  5K/sec 

a re  shown i n  f i g u r e s  11, 12 and 13. F i g u r e  11 shows t h e  response based on 

model A; f i g u r e  12 shows t h a t  p r e d i c t e d  f rom model B. F igu re  13 i s  based 

on model A us i ng  o n l y  sa tu ra ted  i so therma l  data,  i.e., t a k i n g  K  = Ks(T) 

i n  Eq.(5), as i s  commonly done i n  p r a c t i c e .  

The l i m i t  c yc l es  i n  f i g s .  l l ( o r  13) and 12 a re  measurably d i f f e r e n t .  

The shape i n  f i g u r e  12 c a l c u l a t e d  u s i n g  model B appears f a r  more representa-  

t i v e  o f  t h e  r e s u l t s  o f  gene r i c  exper iments  o f  t h i s  t ype  ( r e f .  2 ) .  The 

d i f f e r e n c e  i n  subsequent l i f e  p r e d i c t i o n s  based on t h e  two s t a b l e  loops  i s  

s p e c u l a t i v e  a t  present .  Based on i n t u i t i o n  developed f o r  i so therma l  c y c l  i ng 

one migh t  expect t h e  two l i f e t i m e  p r e d i c t i o n s  t o  be no t  t o o  d i f f e r e n t  s ince  

t h e  i n e l a s t i c  s t r a i n  range ( w i d t h  o f  t h e  l o o p s )  and t h e  s t r e s s  va lues a t  t h e  

e x t r e m i t i e s  o f  t h e  loops  a re  no t  d r a s t i c a l l y  d i f f e r e n t .  Never the less,  t h e  

de fo rmat ion  p r e d i c t i o n  based on i sothermal i nformat  i on a1 one (model A) does 

t end  t o  i n d i c a t e  a  narrower  l o o p  and t hus  migh t  be expected t o  g i v e  t h e  

l o n g e r  es t ima te  o f  l i f e t i m e .  O f  course, such c a l c u l a t i o n s  depend s t r o n g l y  

on t h e  p a r t i c u l a r  1  i f e t i m e  model be ing  employed. 

F i gu res  14, 15 and 16 represen t  t h e  same t e s t  as i n  t h e  p rev i ous  t h r e e  

f i g u r e s  except  w i t h  t h e  temperature ramp r a t e  inc reased  by an o rde r  o f  mag- 

n i t u d e  t o  50K/sec. Th is  c a l c u l a t i o n  i s  made ma in l y  t o  demonstrate t h e  r a t e  

dependency o f  t h e  v i s c o p l a s t i c  c o n s t i t u t i v e  model and t h e  i n f l u e n c e  t h i s  has 

on thermomechanical response. Comparing t h e  l i m i t  c yc l es  i n  f i g u r e  14  o r  16 

(model A) and f i g u r e  15 (model B) we see t h a t  t h e i  r d i f f e r e n c e s  t end  t o  be 

f u r t h e r  exaggerated a t  t h e  h i ghe r  s t r a i n  r a t e .  Here, model A appears even 

more l i k e l y  t o  g i v e  t h e  l e s s  conse rva t i ve  es t ima te  o f  l i f e t i m e .  



The r e s u l t s  o f  a  f i n a l  c a l c u l a t i o n  a r e  shown i n  f i g u r e  17. We aga in  

cons ider  t h e  problem i l l u s t r a t e d  i n  f i g u r e  10 b u t  w i t h  t h e  maximum tempera- 

t ~ l r - t :  l a kcn  d s  700K i n s t e d t l  o f  UOOK. The temperature r a t e  i s  SK/sec. In f i g -  

u r e  17 we compare t h e  s t a b l e  h y s t e r e s i s  loops  based on model A, i n  which j u s t  

sa tu ra ted  i so therma l  i n f o r m a t i o n  i s  considered, and model B. The responses 

a re  now v a s t l y  d i f f e r e n t .  Model A p r e d i c t s  shakedown ( e l a s t i c  c y c l  i ng) 

about a  s i z a b l e  compressive mean s t ress .  Model B does n o t  show shakedown; 

i t s  s t a b l e  l oop  has f i n i t e  width.  Furthermore, t h e  model B p r e d i c t i o n  i n d i -  

ca tes  a  f a r  more damaging t e n s i l e  mean s t ress .  Here again, t h e  t r e n d  i s  f o r  

t h e  model based o n l y  on i so therma l  i n f o rma t i on  (model A) t o  g i v e  t h e  l e a s t  

nonconservat ive l i f e t i m e  p r e d i c t i o n .  

SUMMARY AND CONCLUSIONS 

Experimental  evidence of thermomechani c a l  h i  s t o r y  dependence i n  t h e  

c y c l i c  hardening behav io r  o f  some s t r u c t u r a l  a l l o y s  o f  i n t e r e s t  i s  c i t e d  

w i t h  p a r t i c u l a r  emphasis on t h e  c o n t r i b u t i o n  o f  dynamic metal  1  u r g i c a l  chan- 

ges. On t h i s  bas i s  a  d i scuss ion  i s  g iven  o f  t h e  inadequacy o f  f o r m u l a t i n g  

"noni  sothermal " c o n s t i t u t i v e  r e l a t i o n s h i p s  s o l e l y  on t h e  bas i s  o f  i s o t h e r -  

mal t e s t  data, as i s  o f ten  done i n  p r a c t i c e .  

A r ep resen ta t i on  o f  t h e r m o v i s c o p l a s t i c i t y  i s  proposed t h a t  q u a l i t a t i v e -  

l y  accounts f o r  t h e  observed h e r e d i t a r y  c y c l i c  hardening behavior.  Th i s  i s  

accompl i shed by a p p r o p r i a t e l y  r e f o r m u l a t i n g  t h e  e v o l u t i o n a r y  equa t ion  f o r  

t h e  s c a l a r  s t a t e  v a r i a b l e  i n  an e s t a b l i s h e d  v i s c o p l a s t i c  t h e o r y  t o  r e f l e c t  

thermomechanical pa th  dependence. Al though t h e  necessary nonisothermal 

t e s t s  f o r  f u r t h e r  q u a n t i f y i n g  t h e  t h e r m o v i s c o p l a t i c  model have been t e n t a -  

t i v e l y  i d e n t i f i e d ,  such da ta  a re  n o t  y e t  a v a i l a b l e .  



To assess t h e  importance o f  accoun t ing  f o r  thermomechanical h i s t o r y  

dependence i n  p r a c t i c a l  s t r u c t u r a l  analyses, two q u a l i t a t i v e  models a re  

s p e c i f i e d ;  t h e  f i r s t  i s  fo rmu la ted  as i f  based e n t i r e l y  on i so therma l  i n f o r -  

mat ion,  as i s  commonly t h e  case; t h e  second i s  made t o  r e f l e c t  thermomechan- 

i c a l  pa th  dependence us i ng  t h e  t h e r m o v i s c o p l a s t i c  r e p r e s e n t a t i o n  proposed 

here. Comparisons o f  p r e d i c t i o n s  o f  t h e  two models a re  made and a  specula- 

t i v e  d i scuss ion  i s  g i ven  o f  t h e  impact t h e  c a l c u l a t e d  d i f f e r e n c e s  i n  d e f o r -  

mat ion  behav io r  may have on subsequent l i f e t i m e  p r e d i c t i o n s .  

Conc lus ions drawn f rom t h e  present  s tudy a re  as f o l l o w s :  

- C y c l i c  hardening occurs  over  a  few thousand cyc l es  i n  t h e  a1 l o y s  

addressed here  and f o r  t h e  s t r a i n  ranges and r a t e s  considered. A t  

1  esser  s t r a i n  ranges hardening may con t i nue  over  severa l  thousand 

cyc l es .  Therefore,  a  meaningfu l  r e p r e s e n t a t i o n  o f  c y c l  i c  d e f o r -  

ma t i on  behav io r  should  no t  be based s o l e l y  on c y c l  i c a l  l y  sa tu ra ted  

s t r e n g t h ,  as i s  commonly t h e  case. 

- The i n f o r m a t i o n  con ta ined  i n  i so therma l  c y c l i c  hardening da ta  i s  n o t  

s u f f i c i e n t  t o  p r e d i c t  hardening behav io r  under general  thermomechan- 

i c a l  cond i t i ons .  

- For  t h e  common a l l o y s  cons idered here,  i t  appears t h a t  t h e  sa tu ra -  

t i o n  s t r e n g t h  under c y c l i c  c o n d i t i o n s  depends on t h e  thermomechani- 

c a l  h i s t o r y  t o  s a t u r a t i o n ,  p a r t i c u l a r l y  i n  presence o f  meta l  l u r g i -  

c a l  changes. 

- The thermovi  scopl  a s t i c  r e p r e s e n t a t i o n  presented here  qua1 i t a t i v e l y  

accounts f o r  t h e  thermomechanical pa th  dependence observed i n  t h e  

s imp le  nonisothermal t e s t s  c i t e d .  



- Comparison o f  p r e d i c t e d  r e s u l t s  o f  t h e  two q u a l i t a t i v e  models i n d i -  

ca ted  above under sorne sirnple thermomechanical l oad ings  suggest t h a t  

subsequent 1 i f e t i m e  p r e d i c t i o n s  may t end  t o  be "nonconservat ive"  

when based on "noni  sothermal " model s fo rmu la ted  s o l e l y  f rom i sother -  

ma1 data.  
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APPENDIX 

Here we s t a t e  t h e  v i s c o p l a s t i c  c o n s t i t u t i v e  equat ions o f  r e f .  6 and 7 

i n  non iso ther~na l  and niul t l a x i a l  fonn. As w r i t t e n ,  t h e  equat ions a re  v a l i d  

f o r  '"ma1 1 " deformat ions and i n i t i a l l y  i s o t r o p i c  ma te r i  a1 s. 

F > 0 and Sij l i j  d 

a 
H: - R ~ m - B  ij ; G > Go and Si jai > 0 
GB i j  

- $7 (2A) 
ai j  - 

H a  '-' 
ij ; G < G~ o r  Sijaij < o 7 cij - RGo 

o  

i n  which, 



Here, E i j  denotes t h e  components o f  i n e l a s t i c  s t r a i n  r a t e ,  k  and a i j  a re  

s t a t e  v a r i a b l e s  and p,  n, m y  6, R and H a r e  m a t e r i a l  parameters. Speci-  

f i c a t i o n  o f  t h e  e v o l u t i o n a r y  law f o r  t h e  s c a l a r  s t a t e  v a r i a b l e  k  i s  made i n  

t h e  f o rego ing  t e x t .  ko i s  t h e  va lue  o f  k  a t  t h e  r e fe rence  temperature To. 

I t  i s  assumed t h a t  a l l  o f  t h e  temperature dependence i n  t h e  f l o w  law, equa- 

t i o n s  ( l A ) ,  r es i des  i n  t h e  s t a t e  v a r i a b l e  k. A l though t h i s  assumption i s  

adequate f o r  present  purposes, a  more g e n e r a l l y  v a l i d  r e p r e s e n t a t i o n  m igh t  

a l l o w  temperature dependence o f  t h e  m a t e r i a l  parameters p and n, as w e l l .  

The recovery  parameter R i s  taken  as be ing  s t r o n g l y  temperature dependent as 

as i n d i c a t e d  below. 

Values o f  t h e  m a t e r i a l  parameters used i n  t h e  present  c a l c u l a t i o n s  are:  

p = 3.6 x  107 

n  = 4.0 

B = 0.75 

m = 3.87 

R = 8.97 X exp[QR( l /To - l / T ) ]  

H  = 9.92 x  l o 3  

These a re  c o n s i s t e n t  w i t h  t h e  u n i t s  o f  k s i  f o r  s t r e s s ,  i n / i n  f o r  s t r a i n ,  

t i m e  i n  hours and temperature i n  degrees K e l v i n .  The " a c t i v a t i o n  energy" 

QR = 4 x l o 4  and t h e  re fe rence  temperature To = BOOK. 

The va lues o f  t h e  m a t e r i a l  parameters s t a t e d  above were determined f o r  

a  common s t e e l  ( 2  114 Cr-lMo), however, t h e y  a re  used here  i n  t h e  s p i r i t  o f  

q u a l i t a t i v e l y  r ep resen t i ng  a  gener i c  s o l i d  s o l u t i o n  hardening a l l o y .  



cycles 

Figure 1 Isothermal cycling (sol id 1 ines) on type 304 stainless 
steel at 427, 593 and 700°C. Strain range is 0.54% and 
strain rate is 0.0001/s. Noni sothermal curve (dotted) 
shows cycling initially at 427°C changed to 593°C. 



cycles 

Figure 2 Isothermal cycling (sol id 1 ines) on Hastelloy X at 427, 
538, 593 and 649°C. Strain range is 0.6% and strain 
rate is 0.001/s. Noni sothermal curves (dotted) obtained 
by cycling at 427°C and 649°C (see text). 
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Figure 4 a) Typical isothermal (solid) and nonisothermal (dotted) 
hardening curves. 

b )  Typical hardening vs. temperature curve showing strain 
aging peak. 

c) Surface k(W,T) 
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Figure 6 Isothermal hysteresis loop predicted by models A and B 
at 600 k .  Strain range is 0.5%, strain rate is 0.004/m. 



Figure 7 Isothermal hysteresis loop predicted by models A and B 
at 700 k .  Strain range is 0.5%, strain rate is 0.004/m. 
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Figure 8 Isothermal hysteresis loop predicted by models A and B 
at 800 k .  Strain range is 0.5%, strain rate is 0.004/m. 
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Figure 16 Response predic ted  by model A f o r  thermal cyc l ing  over  
600 -800 k a t  50k/s including only i so thermal ly  s a t u r a t e d  
information.  
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