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WORKSHOP OVERVIEW 

by 
S tan l ey  M. Wolf 

D iv i s ion  of Ma te r i a l s  Sc iences ,  DOE 

Over h a l f  of t h e  United S t a t e s '  energy u t i l i z a t i o n ,  p r imar i l y  i n  t h e  s e c t o r s  
of e l e c t r i c i t y  product ion  ahd t r a n s p o r t a t i o n  and t o  a. l e s s e r  e x t e n t  of  in- 
d u s t r i a l  usage, i s  based on systems designed t o  conver t  t h e  hea t  from f o s s i l  
f u e l  combustion o r  nuc l ea r  f i s s i o n  t o  work. Thus our use  of energy involves  
ope ra t i on  of m a t e r i a l s  a t  e l eva t ed  temperature.  Yet,  even wi th  t h e  ga ins  
m d e  i n  t h e  p a s t  t h i r t y  y e a r s ,  system thermal  e f f i c i e n c i e s  a r e  r e s t r i c t e d  
t o  modest va lues  because of  l i m i t a t i o n s  of commercial s t r u c t u r a l  a l l o y s  and 
t h e  n e c e s s a r i l y  conse rva t ive  des ign  p r a c t i c e s .  For example, new e l e c t r i c i t y  
power gene ra t i ng  s t a t i o n s  ope ra t e  a t  thermal  e f f i c i e n c i e s  of only Q40% ( i f  
us ing  f o s s i l  f u e l ,  ~ 3 2 %  i f  nuc l ea r ) .  The convent iona l  i n t e r n a l  combustion 
engine conver t s  l e s s  of t h e  a v a i l a b l e  energy t o  propuls ion  than i t  d i s s i p a t e s  a 

i n  e i t h e r  i t s  cool ing  system o r  exhaust . l  

A s  f u e l  becomes more s c a r c e  and expensive,  more e f f i c i e n t  systems w i l l  become 
i n c r e a s i n g l y  c o s t  e f f e c t i v e ,  and more s eve re  ope ra t i ng  temperatures  and cor- 
r o s i v e  environments w i l l  be encountered. Trends a r e  a l ready  apparent  --- 
advanced energy technol.ogies such a s  topping cyc l e s  f o r  e l e c t r i c  u t i l i t i e s  
and t u r b i n e  engines  f o r  automobiles a r e  cons ider ing  ceramic components and 
time-dependent deformation i n  design. 

The importance of time-dependent s t r u c t u r a l  s t a b i l i t y  of h igh  temperature  
a l l o y s  i s  recognized by s e v e r a l  DOE programs which support  m a t e r i a l s  
r e sea rch  and development t o t a l l i n g  w$16 m i l l i o n s  annual ly   able 1)  on: 
component s t r u c t u r a l  des ign  and t e s t i n g  methodology, nuc l ea r  f u e l  c ladding  
and duc t  and p ip ing  a l l o y s  f o r  nuc lear  b reeder  and advanced gas r e a c t o r s ,  
r e f r a c t o r y  b r i c k s  f o r  t h e  f i r e w a l l  i n  open-cycle MHD a i r  p r e h e a t e r s ,  ceramic 
b lades  and vanes f o r  v e h i c u l a r  and a u x i l l i a r y  power t u r b i n e s ,  r e c e i v e r s  f o r  
s o l a r  thermal  conve r t e r s ,  a s  we l l  a s  fundamental s t u d i e s  of c o n s t i t u t i v e  
equa t ions ,  c r eep  rup tu re ,  f a t i g u e ,  and r a d i a t i o n  enhanced creep. 

Given t h e  i n t e r e s t  of DOE technologies  i n  time dependent f r a c t u r e  and t h e  
r e c e n t  p rogress  i n  t h e  development of c o n s t i t u t i v e  equa t ions  f o r  c reep  
deformation and of d i f fu s ion -con t ro l l ed  void growth models f o r  c reep  rup tu re  
of me ta l s ,  a  workshop on t h i s  sub j ec t  was f e l t  t imely.  I t s  purpose was t o  
a s s e s s  d i r e c t i o n s  f o r  ba s i c  m a t e r i a l s  r e sea rch ,  v i z . ,  f o r  extending our  
c u r r e n t  understanding of c reep  deformation and r u p t u r e  of meta l s  and ceramics  
t o  more complex a l l o y s ,  load ing  cond i t i ons ,  and environments r e l e v a n t  t o  
energy systems. A group of t h i r t y  f i v e  m a t e r i a l s  engineers  and s c i e n t i s t s  
r e p r e s e n t i n g  a s p e c t s  of t h e  component des ign ,  m a t e r i a l s  engineer ing  and 
m a t e r i a l s  r e sea rch  communities were i n v i t e d  t o  p a r t i c i p a t e  i n  t h i s  assess -  
ment  able 11). 

The workshop was organized i n  t h r e e  s e s s ions .  The f i r s t  cons i s t ed  of 
formal p r e s e n t a t i o n s  on: 

- des ign  cons ide ra t i ons  i d e n t i f y i n g  ranges of s t r e s s ,  temperature ,  l i f e t i m e ,  
and environments a n t i c i p a t e d  i n  s o l a r  thermal ,  nuc lear  b reeder ,  and 
f u s i o n  energy concepts ,  and metal  t u r b i n e s  and ceramic hea t  engines;  

- m a t e r i a l s  engineer ing  reviews of d a t a  and l i f e  p r e d i c t i o n  methods, and 
d i sc r epanc i e s  and assumptions t h e r e i n ,  f o r  c reep  rup tu re  and c reep- fa t igue  
of meta l s  and ceramics;  and 



- materials science outlines of models and experiments on monotonic creep, 
cyclic creep and constitutive equations for metals, diffusion or 
plasticity-modified diffusion controlled crack growth, and pertinent 
grain boundary structure and properties. 

Significant insights were made in the above presentations. It was clear 
that time-dependent fracture in energy systems derives from transients 
and cycles in loading and temperature, multiaxial stresses, and environ- 
ment-enhanced deformation and failure. These topics pose meaningful 
challenges to researchers attempting to elucidate mechanisms controlling 
materials behavior or to formulate'quantitatively their.effects for later 
extension into an engineering framkwork. 

?. 

In the second session, the'particibitants separated into four smaller 
11 subgroups" to discuss unresolved or new issues warranting fundamental 
study in the areas of: 

Deformation Aspects --- to emphasize deformation aspects of failure, 
including strain localization at boundaries or inclusions, monotonic and 
cyclic creep mechanisms, their correlation with constitutive equations, 
damage characterization, multiaxial stress, aging, and impurity and environ- 
mental effects. . d 

High Temperature Rupture --- to focus on cavitation and c~acking under 
diffusion and diffusion-plus-plasticity controlled conditions !caused' 
by steady state, transient, and cyclic loading. 

Grain Boundary Structure and Properties --- to evaluate aspects of 
boundaries and interfaces important to creep rupture and creep fatigue, such 
as boundary structure, chemistry, diffusion, impurity effects, and near- 
boundary deformation. 791- 

Engineering Needs --- to suggest the contribution of materials science to 
designer needs, such as code requirements, accelerated test methods, non-de- 
structive evaluation, among others. . , 

Each subgroup report represents a concensus of its members on high priority 
research areas. These reports are substantive and worthy of careful review. 
A few of their points are noted below as an introduction to the types of 
issues discussed, including controversial ones. Some of these statements 
incorporate the views of more than one subgroup. 

General test conditions and alloys: Information should be compiled 
giving representative alloys and service conditions encountered in 
energy plants to assist the selection of relevant time-dependent frac- 
ture research. It appears now that such researih shouldnemphasize 
transient and cyclic effects in metals and steady state'for ceramics; it 
should take into account that in most high temperature applications, 
alloys are used at about one-third to one-half their melting temper- 
atures. Materials having microstructures representative of those 
of engineering alloys warrant study to "map out" controlling features. 
Idealized model systems should be investigated to determinespecific 
mechanisms and environmental effects thereon. 



Cumulative damage: It i s  impera t ive  t o  charac te r ' i ze  q u a n t i t a t i v e l y  
d 

va r ious  types  of damage, i .e . ,  v o i d s ,  c r acks ,  changes i n  composition 
and mic ros t ruc tu re  i n  o r d e r  t o  a s s e s s  t h e  r o l e  of each i n  deformation 
and f r a c t u r e .  

Heterogeneous deformation: The d e t a i l s  of t h i s ,  p r i n c i p a l l y  g r a i n  
boundary s l i d i n g  a t  e l eva t ed  temperature  bu t  a l s o  o t h e r  modes such 
a s  shear  l o c a l i z a t i o n ,  must be e s t ab l i shed .  Carefu l  measurements 
of t h e  i n e l a s t i c  s t r a i n  components a r e  needed t o  v a l i d a t e  t h e .  
k i n e t i c s  and e n e r g e t i c s  of va r ious  c reep  models; new measurement 
techniques  w i l l  l i k e l y  be requi red .  The e f f e c t s  on g r a i n  boundary 
s l i d i n g  of i t s  s t r u c t u r e ,  impuri ty  s eg rega t ion ,  and second phase , 

d i s t r i b u t i o n  remain l a r g e l y  undocumented; t he se  shou ld  be r e l a t e d ,  
a s  app rop r i a t e ,  t o  environment- and radiat ion-induced changes i n  
deformation. 

T rans i en t  and m u l t i a x i a l  deformation: Experimental d a t a  on t h e s e  
i s  r equ i r ed  t o  a s s i s t  e v a l u a t i o n  of phys ica l  mechanisms and develop- 
ment of  s e r v i c e  l i f e  models. 

C o n s t i t u t i v e  equa t ions :  An improved mechanis t ic  b a s i s  of t h e s e  i s  
needed s o  t h a t  t h e i r  range of a p p l i c a b i l i t y  can be def ined both a t  
t h e  m a c r o c o n t i ~ ~ u m  l e v e l  ( f o r  s t r u c t u r a l  component behavior)  and micro- 
continuum l e v e l . ( a t  crack t i p s ) .  A t  t h i s  t i m e  equa t ions  should be 
aimed towards a  s p e c i f i c  ( r a t h e r  than  gene ra l )  c l a s s  of m a t e r i a l s  and 
a p p l i c a t i o n s ,  and have a  form compatible  wi th  e f f i c i e n t  numerical 
computations. Corroborat ing a c c e l e r a t e d  t e s t  methods and bench mark 
t e s t s  should be .devised. 

i 

Cav i t a t i on :  T h e o r e t i c a l  a n a l y s i s  of c a v i t y  nuc.leation and growth 
should i nco rpo ra t e  e f f e c t s  of s t r e s s  o r  s t r a i n  concen t r a t i ons  caused 
by g r a i n  boundary s l i d i n g  and by coarse  s l i p  bands. P a r a l l e l  measure- 
ments should b+conducted t o  d e l i n e a t e  where c a v i t a t i o n  i s  c o n t r o l l e d  by 
d i f f u s i o n a l  flow, o r  power law c reep ,  o r  both and t o  a l low s t a t i s t i c a l  
c o r r e l a t i o n  with geometric and s t r e n g t h  v a r i a b i l i t y  i n  mic ros t ruc tu re s .  
I n  ceramics wi th  g l a s s y  phases a t  t h e  boundar ies ,  v i s cous  ho l e  growth 
should be considered.  Mechanisms a c c e l e r a t i n g  ( o r  r e t a r d i n g )  nuc l ea t i on  
and growth of  c a v i t i e s  under c y c l i c  loads o r  i r r a d i a t i o n  should be 
d i scerned ,  w i th  particu1,ar a t t e n t i o n  given t o  c a v i t a t i o n  ahead of 
t h e  c rack  t i p .  

Macro-crack growth: Both theory and experiment a r e  requi red  t o  d e t e r  
mine: t h e  mechanisms of c r eep  crack growth, e s p e c i a l l y  i n t e r g r a n u l a r  
c rack ing ,  t h e  s f r e s s  and temperature  ranges of growth; e f f e c t s  of 
s t a t i s t i c a l  a s p e c t s  of m i c r o s t r u c t u r e  ( p a r t i c u l a r l y  i n  ceramics) ;  t h e  
r o l e s  of s t ress .$wave shape and hold t imes i n  c y c l i c  load ing;  and t h e  
e f f e c t s  of environments and i r r a d i a t i o n .  

Boundary d i f f u s i o n :  Given t h e  s e v e r a l  r e f e r ences  above t o  g r a i n  
boundary s l i d i n g ,  i t  i s  e s p e c i a l l y  important t o  o b t a i n  r e l i a b l e  d a t a  on 
s e l f  .and impur i ty  d i f f u s i o n  along g r a i n  and in t e rphase  boundaries  and t o  
understand t h e  seemingly anomolous d i f f u s i o n  along contaminated boundaries  
i n  ceramics.  D i f fu s ion  should be c o r r e l a t e d  wi th  boundary type and 
s t r u c t u r e  and degree of  segrega t ion .  



9.  Boundary s t r u c t u r e  and cohesive s t r e n g t h :  High r e s o l u t i o n  experimental  
probes and computer s imu la t i on  techniques should be used t o  i n v e s t i g a t e  
boundary s t r u c t u r e ,  p a r t  i c u l a r l ~  of non-special  g r a i n  and i n t e r p h a s e  
boundaries ,  wi th  s o l u t e  s eg rega t ion ,  and i n  complex m a t e r i a l s .  The 
s t r u c t u r e  of  d e f e c t s  --- vacanc i e s ,  i n t e r s  t i t i a l s  , d i s l o c a t i o n s  --- 
t h e i r  d i s s o c i a t i o n  a t  boundaries ,  and the  e f f e c t s  o f  s o l u t e  s eg rega t ion  
warrant  study. Measurement of  g r a i n  and in t e rphase  boundary cohesion i s  
needed, e s p e c i a l l y  a s  a  func t ion  of s o l u t e  s eg rega t ion ;  however, t echniques  
must be developed. 

10. Design methodology and s e r v i c e  l i f e  p r ed i c t i on :  Approaches a r e  be ing  
eva lua ted  based on crack i n i t i a t i o n  and growth. These should incorpor- 
a t e  ~ r o b a b i l i s t i c  e v a l u a t i o n  of p r o p e r t i e s  r a t h e r  t han  d e t e r m i n i s t i c  a s  
now used by t h e  ASME codes.  ~ c c e l e r a t e d  tests  should be va l ida t ed  wi th  
r e s p e c t  t o  phys ica l  mechanisms'"expected du r ing  t h e  longer-term m a t e r i a l  
s e r v i c e ,  and s e r v i c e  l i f e  models formulated based on these  mechanisms. 

r $" 

I n  t h e  t h i r d  s e s s i o n  of t h e  workshop, t h e  chairman of each subgroup presen ted  
i t s  f i nd ings  t o  a l l  workshop p a r t i c i p a n t s  i n  o r d e r  t o  'ga'in t h e i r  pe r spec t ives  
and t o  i n c r e a s e  i n t e r a c t i o n  among t h e  design,  engineer ing ,  and l sc i ence  , 

r e p r e s e n t a t i v e s .  This. proceedings is.  being publ ished '  i n  t'he hope t h a t  i t  
w i l l  be of  v a l u e  t o  t h e  m a t e r i a l s  community i n t e r e s t e d  i n  highi, temperature 
b-e.havior of s t r u c t u r a l  material 's .  

.; I 
This  Div is ion  thanks the workshop a t t e n d e e s  f o r  t h e i r  a c t i v e  p a r t i c i p a t i o n .  
Each speake r ' s  f u r t h e r  e f f o r t  i n  p repa r ing  h i s  p r e s e n t a t i o n  and manus,cript 
is g r a t e f u l l y  acknowledged, a s  i s  t h a t  of each subgroup chair-" 'and c b i h a i r -  
person i n  syn thes i z ing  a  conc i se  r e p o r t  from t h e  v a r i o u s  d i s c u s s i o n s . ,  M s .  
Robin Spahr ' s  a s s i s t a n c e  w i th  the  correspondence and t h i s  proc&edings '  i s  
app rec i a t ed .  . :  a s :  
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SUMMARY 

Various So la r  Thermal Power Systems a r e  b r i e f l y  descr ibed .  The components 
of s o l a r  power systems i n  which time-dependent f r a c t u r e  problems become impor- 
t a n t  a r e  i d e n t i f i e d :  Typical  m a t e r i a l s  of i n t e r e s t ,  temperature ranges ,  and 
s t r e s s  s t a t e s  a r e  developed; and t h e  number of c y c l e s  dur ing  the  design l i f e  of 
t h e s e  systems a r e  i nd ica t ed .  The ASME Code procedures  used by des igne r s  t o  pre- 
d i c t  t h e  l i f e  of t hese  components a r e  b r i e f l y  descr ibed .  Some of t h e  major 
problems a s s o i c a t e d  wi th  t h e  use  of t h e s e  ASME procedures  i n  t h e  des ign  of s o l a r  
components a r e  i nd ica t ed .  F i n a l l y ,  a  number of t e s t  and development needs a r e  
i d e n t i f i e d  which would enable t he  des igne r s  t o  p r e d i c t  t h e  l i f e  of t h e  s o l a r  
power system components w i th  a  reasonable  degree of confidence. 



INTRODUCTION . 

The Cen t r a l  Receiver So la r  Thermal Power System (CRSTPS) i s  one of t h e  sys- 
tems which a r e  c u r r e n t l y  being s t u d i e d  f o r  t h e  development of s o l a r  energy a s  an 
a l t e r n a t e  t o  t h e  nonrenewable f o s s i l  energy resources .  A c e n t r a l  r e c e i v e r  s o l a r  
power system con ta ins  a  l a rgk  number of mi r ro r s  which concen t r a t e  t h e  s o l a r  
r a d i a t i o n  on t o  a  r e c e i v e r  placed on t h e  top of a  tower. The concent ra ted  s o l a r  
r a d i a t i o n  provides t h e  energy source  f o r  a  h e a t  engine which genera tes  t h e  e l ec -  
t r i c a l  power. ~> 

, . 

The o b j e c t i v e  of t h i s  p r e s e n t a t i o n  .-. i s  t o  d i s c u s s  t h e  fol lowing ques t ions :  - . . 

How do t h e  time-dependent f r a c t u r e  problems a r i s e  i n  s o l a r  thermal  power 
. -  , . systems? 

What t o o l s  does t h e  indust-ry p r e s e n t l y  have t o  t r e a t  t h e s e  problems? 

What a r e  t h e  problems i n  us ing  these  t o o l s ?  

What a r e  t h e - g e n e r a l  a r e a s  i n  which f u r t h e r  t e s t s  and developments a r e  . '. 
needed? 

I n  o r d e r  t o  understand t h e  f i r s t  ques t ion ,  a  f u r t h e r  look i n t o  v a r i o u s  com- 
ponents of t h e  r e c e i v e r  i s  needed. The r e c e i v e r ,  l oca t ed  on t h e  tower, absorbs  
t h e  concent ra ted  s o l a r  r a d i a t i o n '  and r a i s e s  t h e  temperature."& a working f l u i d .  
I n  gene ra l ,  depending on the  h e a t  engine,  t h e  working f l u i d  could be a l l  l i q u i d ,  
a l l  gaseous, o r  a  two-phase mixture.  The system which i s  i n  t h e  most advanced 
s t a t e  of development uses  a  Rankine thermodynamic cyc le  wi th  s teamlwater  a s  
working f l u i d s .  A t y p i c a l  system is .shown i n  F igure  1 i n  which a  "once-through" 
r e c e i v e r  is  depic ted .  

- 115 
The feedwater from t h e  dondenser is  pumped t o  t h e  r e c e T c r  tubes.  A "once- 

through" r e c e i v e r  is  d iv ided  i n t o  t h r e e  main s e c t i o n s ,  namely: p rehea te r ,  i n  
which t h e  feedwater  i s  hea ted  t o  s a t u r a t i o n  temperature a t  t h e  ope ra t ing  pres-  
s u r e ;  b o i l e r ,  i n  which water  i s  bo i l ed  t o  s a t u r a t e d  'steam; and supe rhea t e r ,  i n  
which t h e  steam i s  superheated t o  t h e  d e s i r e d  temper%ture. The supe rhea t e r  
steam is  s e n t  down t o  a steam t u r b i n e  which runs  an e l e c t r i c  genera tor .  A t he r -  
m a l  s t o r a g e  system can a l s o  be  i n t e r f a c e d  w i t h  t h i s  system i n  o rde r  t o  main ta in  
t h e  steam t u r b i n e  ope ra t ion  wi thout  d i u r n a l  i n t e r r u p t i o n .  Typica l  temperature 
and p re s su re  cond i t i ons  occu r r ing  i n  t h i s  system a r e  l i s t e d  i n  Table 1. C l e a r l y ,  
t h e  supe rhea t e r  s e c t i o n  of t h e  r e c e i v e r ,  p a r t s  of t h e  thermal  s t o r a g e  subsystem, 
and t h e  supe rhea t e r  o u t l e t  p ipe  a r e  t he  components i n  which time-dependent f r a c -  
t u r e  i s  an important  cons ide ra t ion .  5: 

A v a r i a t i o n  of t h i s  system uses  two f l u i d  loops  f o r  steam genera t ion .  Li- 
qu id  sodium o r  molten s a l t  i s  hea ted  i n  t he  primary loop a t  t h e  r e c e i v e r .  The 
h e a t  i s  t r a n s f e r r e d  t o  water  i n  t h e  secondary loop..:in a  steam genera tor .  The 
major advantages of t h i s  system a re :  

j(', 

Lower ope ra t ing  p re s su re  i n  t h e  r e c e i v e r  

Smaller r e c e i v e r  

Higher h e a t  f l u x e s .  



TRACKING HELI O S T A T S  

I I 

_I 
Figure 1 I+hematic--Solar Rankine Cycle System (~aterl~team) 
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Table 1 Maximum Temperatures and Pressures in Various Systems 

S Y S I E M S W  GAS TURBINE 

GAS OUTLET: 

-1400-1600°F 

- 1 00 - 200psi 

RECEIVER METAL: 

-1 500 - 1800°F 

-100-200 psi 

SYSTEMS WITH STEAM 
WATER/SlEAM C&D 

STEAM OUTLET: b,  

-950 - 1000°F r! 

-1300- XXX>psi 

BOlER METAL: 

< 8W°F 

-1700-=psi 

SUPERHEATER METAL: 

-1200°F T 

- 1500-3200psi 

TURBINE 
LIQUID METAL COOLED 

STEAM OUTLET: 

-950 - 1000°F 

-1300- 3000psi 

STEAM GENERATOR METAL: 

-1 I 100 . - 1300°F 

-1300- 3000 psi 

LIQUID METAL OUTLET : 

- 1  100 - I3OOUF 

-100-300psi 

RECEIVER METAL. 

- 1200 - 1 4OO0F 

-100- m p s i  



However, t he  r e c e i v e r  must now ope ra t e  a t  h ighe r  temperatures .  There a r e  two 
major components (namely, r e c e i v e r  and steam gene ra to r )  where time-dependent 
f r a c t u r e  becomes important .  The r e l e v a n t  temperatures  and p re s su res  a r e  l i s t e d  
i n  Table 1. 

Another system which is  now. being s t u d i e d  uses  a  Brayton thermodynamic 
cycle .  A t y p i c a l  example of such  a  system i s  shown i n  F igure  2. The ambient 
a i r  is  p re s su r f zed  i n  a compressor and v i a  a  r egene ra to r  i s  s e n t  t o  t h e  s o l a r  
r e c e i v e r .  The a i r  pas s ing  through t h e  r e c e i v e r  g e t s  hea ted  t o  approximately 
1500°F and Is d f r e c t e d  t o  a gas turb2ne which i n  t u r n  runs  an e l e c t r i c a l  genera- 
t o r  a s  w e l l  a s  t h e  a f r  compressor. The h o t  exhaust  from t h e  gas t u r b i n e  is  
u t i l i z e d  t o  prehea t  t h e  incoming aTr i n  t h e  regenera tor .  Typica l  temperatures  
and p re s su res  a r e  a l s o  l i s t e d  i n  Table 1. 

TIME-DEPENDENT FRACTURE PROBLEM 

What makes s o l a r  power systems d i f f e r e n t  from the  f o s s i l  and nuc lea r  power 
p l a n t s  is t h e i r  severe e l e v a t e d  temperature c y c l i c  duty. Over a  30-year design 
l i f e  of a  s o l a r  r e c e i v e r ,  t he  d i u r n a l  v a r i a t i o n s  produce 10,950 cyc les .  Flux 
v a r i a t i o n  due t o  cloud covers  f u r t h e r  i n c r e a s e  t h e  c y c l i c  duty requi red  of t h e  
s o l a r  r ece ive r .  Assuming an 8-hour pe r  day ope ra t ion ,  t he  t o t a l  hold-time dur- 
i n g  a  30-year s e r v i c e  l i f e  would be 87,600 hours .  It i s  t h i s  e l eva t ed  tempera- 
t u r e  ope ra t ion  coupled wi th  t h e  c y c l i c  n a t u r e  of loading  which a c t i v a t e s  t he  
c reep  rup tu re ,  c reep  r a t c h e t i n g ,  and creep-fat igue i n t e r a c t i o n  mechanisms of 
time-dependent f r a c t u r e .  

A wide spectrum.of  m a t e r i a l s  a r e  of i n t e r e s t  i n  t hese  systems. A t y p i c a l  
s e t  of temperature ranges and t h e  corresponding m a t e r i a l s  a r e  l i s t e d  i n  Table 2 .  

The s o l a r  h e a t  f l u x  f a l l s  only on one s i d e  of t h e  r e c e i v e r  tubes.  A non- 
symmetrical temperature d i s t r i b u t i o n  on t h e  c ross -sec t ion  of t h e  r e c e i v e r  tubes 
is ,  t h e r e f o r e ,  generated.  A t y p i c a l  temperature d i s t r i b u t i o n  -is shown i n  
Figure 3.  I n  a d d i t i o n  t o  through-the-thickness temperature g rad ien t ,  a l a r g e  
front-to-back temperature g rad ien t  a l s o  occurs .  A predominantly b i a x i a l  s t a t e  

I of s t r e s s  e x i s t s  a t  t he  maximum temperature reg ion  and may'vary from a l l  com- 
p r e s s i v e  a t  t h e  o u t e r  w a l l  t o  tensi le-compressive a t  t h e  inne r  w a l l  a s  shown i n  

1 Figure  4. The t e n s i l e  s t r e s s e s  develop i n  t h e  hoop d i r e c t i o n  due t o  p re s su re ;  

i however, thermal s t r e s s e s ,  i n  both hoop and l o n g i t u d i n a l  d i r e c t i o n s ,  a r e  com- 
p r e s s i v e  a t  t h e  hot  s u r f a c e  and t e n s i l e  a t  t h e  co lde r  s u r f a c e s  of t h e  r e c e i v e r  
tube. 

CREEP-FATIGUE EVALUATION 
1 

A des igne r  has  t o  demonstrate t h a t  v a r i o u s  components of t h e  s o l a r  system 
would r e t a i n  t h e i r  s t r u c t u r a l  i n t e g r i t y  under t h e  ope ra t ing  lbads  f o r  a  des ign  
l i f e  of 30 yea r s .  A c reep- fa t igue  eva lua t ion  must be performed according t b  
some cumulative damage procedure. One procedure used i n  i n d u s t r y  today i s  de- 
s c r i b e d  i n  t h e  ASME B o i l e r  and P res su re  Vesse l  Code i n  Code Case N-47.' ,The 
procedure c a l l s  f o r  eva lua t ing  creep damage and f a t i g u e  damage s e p a r a t e l y  and 
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Figure 2 Schematic--Solar Brayton Cycle System 
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Table 2 Temperature Ranges and Materials in the Solar Power Systems 

b 

TEMPERATURE 
RANGE (OF) 

800  - I000 

1 000 - 1200 

1200 - 1400 

1400 - 1 b0 
I 

1600 - 1800 

1800 - UP 

1 

MATERIALS OF INTEREST 

I $ C ~  ~ M O ;  2 i  c r  I Mo; 304SS 

304SS; 316SS; I -800H 

I-800H; INCONELS (Ni-Cr-Fe) 

INCONELS; HAYNES 188 (Co-Cr-Ni) 

HAYNES 188 ; SUPERALLOYS 

STRUCTURAL CERAMICS (Si,N, , S i C); 

REFRACTORY BASEDALLOYS (Ta; Mo;CbiW) 



Maximum Temp. 

To - Tf = function of 6 
Thermal Stress = function of (To -Tf ) 

cis 
F i g u r e  3 T y p i c a l  Temperature D i s t r i b u t i o n  i n  a S o l a r  ~ e c e i v e r  Tube 

FLUID SIDE 

MAXIMUM 
TEMPERATURE 

I I I LOCAT ION 

F i g u r e  4 S t r e s s  S t a t e  a t  t h e  Maximum Temperature 
Loca t ion  i n  a Rece iver  Tube 



u s e  a  l i n e a r  ( o r  b i l i n e a r )  cumula t ive  damage e q u a t i o n :  

The f i r s t  t e r m  r e p r e s e n t s  t h e  cumula t ive  c r e e p  damage i n  which T is  t h e  c r e e p  
r u p t u r e  t i m e  r e l a t e d  t o  t h e  e f f e c t i v e  s t r e s s  d u r i n g  a h o l d  t i m e , d t ,  between Any 
two c o n s e c u t i v e  c y c l e s .  The second term r e p r e s e n t s  t h e - c u m u l a t i v e  f a t i g u e  dam- 
age i n  which Nd i s  t h e  f a t i g u e  l i f e  r e l a t e d  t o  t h e  e f f e c t i v e  s t r a i n  range  v a l u e  
cor responding  t o  n  number of c y c l e s .  D i s  t h e  m a t e r i a l  dependent  damage param- 
eter.  

PROBLEMS WITH ASME CODE ANALYSIS 

There  are a n&nber d f  s e r i o u s  problems a s s o c i a t e d  w i t h  t h e  u s e  of t h e  ASME 
Code Case N-47 f o r  t h e  d e s i g n  of s o l a r  components. Some of t h e  major  problems 
a r e  l i s t e d  below: 

High ly  c o n s e r v a t i v e  - w i l l  r e s u l t  i n  e x c e s s i v e  economic p e n a l t i e s  

T r e a t  t e n s i l e  and compress ive  h o l d  i d e n t i c a l l y  

Data  a v a i l a b l e  f o r  only'  l i m i t e d  number o f  m a t e r i a l s  

Most d a t a  c a s e d  on u n i a x i a l  t e s t s ;  m u l t i a x i a l  e f f e c t s  n o t  w e l l  charac-  
t e r i z e d .  

Because o f  t h e s e  problems, an  ASME S o l a r  Energy S t a n d a r d s  Committee h a s  been 
formed which is  a t t e m p t i n g  t o  deve lop  a p p r o p r i a t e  code r u l e s  f o r  u s e  i n  t h e  de- 
s i g n  of s o l a r  components. 

TESTS AND DEVELOPMENT NEEDS 

Under a  c o n t r a c t  from t h e  U.S. Department o f  Energy, F o s t e r  Wheeler Devel- 
opment C o r p o r a t i o n  h a s  r e c e n t l y  completed a s t u d y . i n  which t h e  d e s i g n  problems 
of  s o l a r  the rmal  power sys tems  were examined i n  r e l a t i o n  t o  t h e  c u r r e n t l y  a v a i l -  
a b l e  S t r u c t u r a l  Design Code r u l e s .  As a  r e s u l t  o f  t h i s  s t u d y ,  an  i n t e r i m  
s t r u c t u r a l  d e s i g n  s t a n d a r d  was p repared , ,  and a number o f  t e s t  and development 
programs needed t o  generate-new d e s i g n  d a t a  and t o  upda te  t h e  i n t e r i m  d e s i g n  
s t a n d a r d  were i d e n t i f i e d .  Some of  t h e  major  test  and development needs  are 
l i s t e d  below: 

V a l i d i t y  of a c c e l e r a t e d  tests t o  long-time s e r v i c e  

E f f e c t  o f  ~ o m p r e s s i v e  hold- t ime ( h e a l i n g ? )  

E f f e c t  o f  m u l t i a x i a l  s t r e s s e s  on c r e e p  and f a t i g u e  damage 

Material v a r i a b i l i t y  s t u d i e s  

Creep and the rmal  r a t c h e t i n g  



creep- fa t igue  damage c r i t e r i a  

Development of s i m p l i f i e d  methods f o r  c reep- fa t igue  eva lua t ion .  
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DESIGN CONSTDERATIONS: 
GAS TURBINES FOR ELECTRIC POWER GENERATION 

David M. Moon 
Westinghouse Research & Development Center 

ABSTRACT 

Of all of t'he present day power generating equipment the gas turbine 
represents one of the most sophisticated designs from the standpoint 
of time dependent deformation behavior. The large size of the equipment, 
which limits the amount of full scale testing, together with the demanding 
performance requirements and high level of reliability desired places a 
high degree of emphasis on the high temperature deformation design process 

As an example of the various design considerations used in this equipment, 
a brief overview of the turbine will be given, highlighting the materials, 
stress, temperatures and load history experienced by the major components. 
Particular attention will then be focused on the vane segment design consid- 
erations. This component is not only structurally complicated, but experiences 
steep temperature gradients imposed by internal cooling and large temperature 
transients during cyclic duty operation which have to be addressed in the 
design procedure. Based on this discussion the limitations of the current 
design procedures will be highlighted and the areas requiring additional 
research inputs will be discussed. 



CERAMIC DESIGN REQUIREMENTS FOR LONG-LIFE HEAT ENGINES 

David W. Richerson 

AiResearch Manufacturing Company of Arizona 

1.0 INTRODUCTION 

Heat engines have continually evolved to highe.r temperature 
designs to provide improved cycle performance. In the past this has 
been achieved by development of improved alloys and cooled component 
designs. Metal alloys are approaching peak operating temperature 
capabilities with little further temperature increase likely without 
incorporation of complex and/or expensive cooling schemes. Advanced 
ceramic materials have the potential for uncooled operation at tem- 
peratures significantly higher than metal alloys an'd are currently 
being developed for heat engine applications. 

During the past 15 years, over 300 ceramic materials have been 
evaluated as candidates for heat engine (especialrliy gas turbine) 
applications. Most ceramic materials evaluated had inadequate 
strength, poor oxidation resistance or could not withstand high 
thermal stresses. The best materials defined in these studies were 
silicon nitride (Si3~4) and silicon carbide (Sic). Both materials 
have high strength, low thermal expansion, high thermal conductivity 
and good oxidation resistance. Recent studies ii~dicate aluminum 
nitride (AlN) and Sialons (Si3N4 - AIZO solid solution alloys) may 
also be good candidates for some heat eigine components. 

* 

Ceramic material technology is evolving rapidly with new mater- 
ials being introduced and existing materials being' significantly 
improved. However, ceramics for heat engine applications are still 
at a relatively early stage of development compared to metals. 
Mechanisms of material densification and of resulting properties 
such as creep, slow crack growth and stress corrosion are not 
adequately understood to allow component design or life prediction. 
Basic research is necessary to define the mechanisms.and provide the 
necessary data base. 

The following sections will briefly describe the potential app- 1 lication of ceramic materials to high temperature power generation 
gas turbine engines with emphasis on the conditions to which the 
ceramic components will be exposed. 



Three categories will be discussed: 

o Open Cycle Gas Turbines 

o Closed Cycle Gas' Turbines 

o Waste Heat Recovery 

2.1 Open Cycle Gas Turbines 

In an open cycle gas turbine the hot combustion gases pass 
through the turbine. Interaction of these gases (and any included 
particulate matter) with the turbine rotor and stator components 
typically limits the operating temperature of the turbine and the 
life of the components. This is currently true for metals and is 
likely to be a factor for ceramics, although very little data are 
available. Impurities in the combustion gases such as sulfur, 
sodium and vanadium are particularly deleterious to metals. Studies 
are required to deheamine the effects of these and other impurities 
on candidate ceramCc materials at temperatures between 2000 and 
3000°F. 

Much interest is presently focused on coal and coal-derived 
fuels. Three approaches have been or are being evaluated: 

,A - 
o Direct coa?> burning 

o coal-der i;ed liquid fuels 

o Coal gasification 

Direct -coal burning in an open-cycle gas turbine does not 
appear feasible. Coal contains a significant percentage of non- 
combustible material that would pass through the turbine as slag or 
ash. Ash content and composition vary according to the coal source. 
Illinois No. 6 coal contains 11.6 weight percent ash compared to 
Wyoming coalwith 5.7 weight percent. Table I compares the chemical 
analysis of the slag of these and other coals sources. 



TABLE I COMPOSITION OF VARIOUS COAL SLAGS 

Rank Lignite M.V.B. H.V.C. Sub. bit 
Location Zap, Ehrenfield, Victoria, Hanna, 

N.D. Pennsylvania Illinois Wyoming 

Seam - . Zap L.Freeport Illinois 6 - 80 

Ash < " < 

Composition % 

A1203 9-14 23 22 19 

Fe203 6-7 34 11 -. - . 10 
Ti02 0.5 0.8 0.9 0.8 

CaO 18-20 0.8 9.0 18.7 

I All contain significant amounts of sodium compodhds, s~lfur and 

~ other chemical species that could interact with turwine coinponents. 

Previous studies have demonstrated that coai slag adheres to 
open cycle turbine components resulting in a rapid decrease in gas 
flow and a loss in aerodynamic efficiency. This slag fouling has 
prevented direct coal burning in open cycle gas turbine engines. 

Coal-derived liquid fuels produce cleaner combustion products 
than direct coal burning, but some ash or slag is still present. As 
with direct coal burning, slag fouling limits the application of 
coal-derived liquid fuels. 

Coal gasification produces still cleaner fuels, especially if 
procedures are added to remove particulates and sulfur. Coal gas- 
ification fuels appear viable for use in open cycle gas turbines. 
However, energy is required to gasify the coal, cool the 
resulting gas prior to cleaning and remove the particulates and 
sulfur. This wasted energy limits the overall plant efficiency and 
demands other systems in the plant be operated as efficiently as pos- 
sible.. Therefore, the gas turbine must be operated at very high 
inlet temperatures and bottomed by a conventional steam turbine. 



A current DOE study entitled "Ceramic Technology Readine'ss Pro- 
gram" is evaluating material requirements for a turbine with an 
average inlet temperature of 2600°F. Considering typical tempera- 
ture distribution in a turbine, some first. stage stator vanes will 
be exposed to 2900 - 3000°F. Ceramic materials are being considered 
for these and other uncooled components exposed to temperatures 
above 2000°F. The Ceramic Technology Readiness Program has defined 
the following basic technology needs for ceramics for this type app- 
lication: 

o Measurement of strength, creep, static fatigue, cyclic 
fatigue and other properties in the 2000 - 3000°F range 

o Determination of the mechanisms of slow crack growth and 
incorporation into a life prediction methodology 

o Determination of the effects of long term exposure to the 
gas turbine combustion environment and incorporation into 
a life prediction methodology 

o Material development to resolve any deficiencies defined 
by the above basic property studies 

Closed Cycle Gas Turbine 

In a closed cycle gas turbine the combustion gases do not pass 
through the turbine, but are instead passed over a heat exchanger 
which transfers the heat to an enclosed working fluid. Thus, the 
heat exchanger is s~bjected to higher temperatures than the turbine 
and is the only component exposed to the combustion gases. Figure 1 
shows a simple schematic of a combined closed cycle/steam power 
system. b# - j. L 

2 C 
' 



FIGURE 1 

SCHEMATIC OF COMBINED CLOSED-CYCLE/STEAM POWER SYSTEM 



Figure 2 shows the component temperature and cycle efficiency as a 
function of turbine inlet temperature. 
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The term "heatern refers to the. heat source heat exchanger and the 
term "refractories" refers to refractory metals. 

The heat' 'source heat exchanger is operated at higher tempera- 
tures than the turbine inlet. Based on current metal properties and. 
economics, a ceramic heat source heat exchanger is required for any 
turbine inlet temperature over 1500°F. 

Closed cycle gas turbines have the advantage of using a wide 
variety of heat sources including direct coal burning. With the use 
of ceramics, very high plant efficiencies can be achieved. Figure 3 
summarizes the results of a DOE study conducted by AiResearch. 



PLANT EFFICIENCY 

NOTE: COE EXPRESSED IN i sn  DOLLARS. 

FIGURE 3 

DOE/AIRESEARCH CLOSED CYCLE GAS TURBINE 
HEATER PROGRAM - TASK 1-SUMMARY- -- 
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Use of ceramics in a closed cycle gas turbine-can achieve high effi- 
ciency operation and low cost electricity at much lower temperatures 
than required for a coal gasification/open cycle system. 

2.3 Waste Heat Recovery 

Many industrial processes release large amounts of hot gases. 
Significant energy could be produced by using the waste heat from 
these processes to operate a turbine. In most cases the key compon- 
ent is a ceramic heat exchanger., Examples of two!systems are shown 
in Figures 4 and 5. . a' ? - -  
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CONCLUSIONS 

Ceramic materials provide the potential for large increases in 
the efficiency of power generation. However, candidate ceramic 
materials are still in the development stage and much basic tech- 
nology regarding properties as a function of temperature, slow crack 
growth under static and cyclic loading and environmental effects 
must be obtained by basic and appl.ied research. 

Energy applications are currently materials-limited -and sig- 
nificant progress will not occur until a major, long-range commit- 
ment is made to material development and characterization. 
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F i r s t  w a l l  and b l anke t  s t r u c t u r e s  p re sen t  one of t h e  most c r i t i c a l  design 
cha l l enges  of f u s i o n  r e a c t o r s .  The response and r e s u l t i n g  l i f e  of t h e s e  com- 
ponents,  ope ra t ing  i n  h igh  temperature and r ad i ) a t ion  environments, w i l l  have 
a  s i g n i f i c a n t  i n f luence  on t h e  economy of f u s i o n  power. F i r s t  w a l l  s t r u c t u r e s  
form t h e  vacuum w a l l  of t h e  r e a c t o r  plasma chamber and con ta in  a  c i r c u l a t i n g  
coo lan t .  Even a  very  smal l  l e a k  of a i r  o r  coolan t  i n t o  t h e  chamber w i l l  be  
cause  f o r  shutdown of t h e  r e a c t o r .  

S t r u c t u r a l  a n a l y s i s  s tud ie s*  have been d i r e c t e d  a t  developing an under- 
s t and ing  of t h e  response of f i r s t  w a l l  s t r u c t u r e s  t o  f u s i o n  r e a c t o r  environ- 
ments so t h a t  d i r e c t i o n  can be provided t o  f u t u r e  r e sea rch  e f f o r t s .  These 
s t u d i e s  have shown t h e  importance of f a t i g u e  c rack  growth and b r i t t l e  f r a c t u r e  
mechanisms. The growth of  flaws. t o  a  coolan t  l e a k  cond i t i on  have been i d e n t i -  
f  i e d  a s  a  c r i t i c a l  l i f e  determining f a i l u r e  mode. Neutron w a l l  loading  has  a  
major e f f e c t  on w a l l  l i f e  due t o  both t h e  increased  r a t e  of r a d i a t i o n  damage 
and h igher  s t r u c t u r a l  t empera tures  a s s o c i a t e d  wi th  h igher  neut ron  w a l l  loadings .  

I n e l a s t i c  ana lyses  have provided a n  i n d i c a t i o n  of t h e  very  complex n a t u r e  
of t h e  s t r e s s  h i s t o r i e s  i n  a  f i r s t  w a l l  s t r u c t u r e .  These s t u d i e s  have includ-  
ed e f f e c t s  of i r r a d i a t i o n  swel l ing ,  thermal  c reep ,  i r r a d i a t i o n  creep,  and 
p l a s t i c i t y  on s t r u c t u r a l  response.  R e s u l t s  show t h a t  r e s i d u a l  t e n s i l e  s t r e s -  
s e s  have a  s i g n i f i c a n t  impact on f i r s t  w a l l  l i f e .  These r e s i d u a l  s t r e s s e s  
r e s u l t  from creep r e l a x a t i o n  of s t r e s s e s  dur ing  t h e  plasma burn. 

Primary m a t e r i a l s  needs f o r  t h e  des ign  of f u s i o n  r e a c t o r  f i r s t  w a l l  and 
b l anke t  s t r u c t u r e s  i nc lude  f a t i g u e  c rack  growth r a t e  d a t a ,  f r a c t u r e  toughness 
d a t a ,  swel l ing  and creep  i n t e r a c t i o n  e f f e c t s ,  and r a d i a t i o n  s u r f a c e  and bulk  
damage i n t e r a c t i o n  e f f e c t s .  These must be obta ined  based on i n  s i t u  t e s t i n g  
i n  t h e  a p p r o p r i a t e  coolan t  environments f o r  a  v a r i e t y  of candida te  s t r u c t u r a l  
m a t e r i a l s .  The wide range of loading  cond i t i ons  and ope ra t ing  environments 
sugges t  t h e  importance of understanding t h e  complete range of e f f e c t s  includ-  
i n g  c y c l i c  frequency, hold t imes  and s t r a i n  r a t e s .  

Presented i n  t h e  fo l lowing  pages a r e  expanded d i scuss ions  of t h e  vu- 
graphs used a t  t h e  workshop. These address  some of t h e  key i s s u e s  i n  f u s i o n  
r e a c t o r s  a s  they  r e l a t e  t o  t h e  s u b j e c t  of t h i s  workshop-time dependent 
f r a c t u r e  a t  e l eva t ed  temperature.  

* Work repor ted  has l a r g e l y  been conducted under c o n t r a c t  w i th  t h e  E l e c t r i c  
Power Research I n s t i t u t e  and DOE c o n t r a c t  w i th  General Atomic Company. 



FUSION REACTOR CONCEPTS PROVIDE A WIDE RANGE 13-1171A 

OF ENVIRONMENTAL CONDITIONS 
MAGNETIC CONFINEMENT INERTIAL CONFINEMENT 

OHMIC HEATING (TOKAMAK) (SOLASE LASER REACTOR) 
AND EQUILIBRIUM 
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Seve ra l  concepts f o r  producing f u s i o n  power a r e  p r e s e n t l y  being s t u d i e d .  
These inc lude  magnetic confinement concepts  such a s  a Fokamak r e a c t o r  and 
i n e r t i a l  confinement concepts  such as t h e  SOLASE l a s e r ' r e a c t o r .  The f i r s t  
w a l l  and b l anke t  s t r u c t u r e s  o f  t h e s e  r e a c t o r s  a r e  s u b j e b ~ d d  t o  a wide range 
of loading  and environmental cond i t i ons  a t  e l eva t ed  temperature.  Therefore ,  
i t  is  d i f f i c u l t ,  a t  t h e  p re sen t  t ime, t o  e s t a b l i s h  s p e c i f i c  m a t e r i a l  requi re -  
ments f o r  f u s i o n  r e a c t o r  f i r s t  w a l l  and b l anke t  s t i r u c t u r e s d ~  

: i '  . i ) ~  

Shown i n  t h e  above f i g u r e  a r e  , t h e  major '  f e a t u r e s  of conceptual  tokamaks 
and l a s e r  f u s i o n  r e a c t o r s .  I n  t h e h c a s e  of a tokamak r e a c t o r ,  cond i t i ons  
inc lude  c y c l i c  thermal l bads  r e s u l t i n g  from t h e  cyc l i c ' p l a sma  burns.  Addi- 
t i o n a l l y ,  plasma d i s r u p t i o n s  r e s u l t  i n  a dynamic pu l se  load  i n  t h e  f i r s t  
w a l l .  An a l t e r n a t e  magnetic confinement f u s i o n  r h a c t o r  concept ,  t h e  mi r ro r  
machine, ope ra t e s  i n  e s s e n t i a l l y  a s t eady  s t a t e  nidde. T h e , f i r s t  w a l l  of a 
laser r e a c t o r  i s  sub jec t ed  to. r a p i d  pulsed 1oads:due t o  x-rays,  r e f l e c t e d  
l a s e r  l i g h t ,  b u f f e r  gas  b l a s t  wave, and charged p a r t i c l e s .  

, 

Operat ing environments w i l l  a f f e c t  s t r u c t u r a l  perfdrmance. Ma te r i a l s  i n  
f u s i o n  r e a c t o r  f i r s t  w a l l  and h l anke t  s t r u c t u r e s  w i l l  be  subjec ted  t o  i r r a d i a -  
t i o n  a t  e l eva t ed  temperatures .  Operat ing s t r u c t u r a l  temperatures  w i l l  be  a 
f u n c t i o n  of t h e  c a p a b i l i t y  of t h e  m a t e r i a l .  1nl : typical  s t -ainless  s t e e l  f i r s t  
w a l l s  f o r  conceptual  tokamak r eac to r s t ,  operat.ing'itemperatur.es have been over  
550°C. I n  a d d i t i o n  t o  exposure t o  t h e  plasma o r  p e l l e t  d e b r i s  on one s i d e  
of t h e  f i r s t  wa l l ,  t h e s e  s t r u c t u r e s  w i l l  b e  i n  con tac t  w i th  coo lan t s  which 
may a f f e c t  p r o p e r t i e s  such a s  f a t i g u e  c rack  growth. Leading candida te  cool- 
a n t s  f o r  f u s i o n  r e a c t o r  f i r s t  w a l l  and b lanket  s t r u c t u r e s  inc lude  helium, 
l i q u i d  l i t h ium,  molten s a l t s ,  and water .  
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Radia t ion  environments and complex loading  condi t ions  i n  a  f u s i o n  
r e a c t o r  r e s u l t  i n  a  v a r i e t y  of material phenomena . a t  e l eva t ed  temperature 
which w i l l  tend t o  degrade s t r u c t u r a l  performance. These phenomena inc lude  
bulk  e f f e c t s  such a s  i r r a d i a t i o n  swe l l i ng  and creep,  s t r e n g t h  changes due t o  
ma t r ix  hardening, helium embri t t lement ,  and s u r f a c e  e f f e c t s  such a s  s p u t t e r -  
i n g  and b l i s t e r i n g .  ,kThese e f f e c t s ,  t oge the r  w i th  h igh  temperature m a t e r i a l  
e f f e c t s , , m u s t  b e  inc,&uded i n  t h e  a n a l y s i s  of f u s i o n  r e a c t o r  f i r s t  w a l l  and 
b l anke t  s t r u c t u r e s .  

Shown i n  t h e  above f i g u z e  a r e  examples of some of the  r a d i a t i o n  e f f e c t s .  
Swelling of 20% cold worked 316 s t a i n l e s s  steel i s  s e n s i t i v e  t.0 temperature 
and i s  t ime dependent. This  phenomena has  been shown t o  i n c r e a s e  i n  t h e  
presence  of app l i ed  s t r e s s e s .  Perhaps t h e  g r e a t e s t  concern i n  f i r s t  w a l l  and 
b lanket  s t r u c t u r e s  a r e  l o s s  of uniform s t r a i n  t o  f a i l u r e  and inc reases  i n  
d u c t i l e - b r i t t l e  t r a n s i t i o n  temperatures .  Losses  i n  e longa t ion  t o  l e s s  than  
0.5% have been shown t o  r e s u l t  from i r r a d i a t i o n  a s  i nd ica t ed  i n  t h e  f i g u r e .  
I n  a d d i t i o n  t o  t h e  bulk  damage e f f e c t s  caused by h igh  energy neut rons ,  t h e  
f i r s t  w a l l  s u r f a c e  i s  subjec ted  t o  damage from charged p a r t i c l e s ,  neut rons ,  
n e u t r a l  atoms, and e lec t romagnet ic  r a d i a t i o n .  These cause s p u t t e r i n g  of 
atoms froni t h e  f r e e  su r f ace ,  b l i s t e r i n g  by implanta t ion ,  and t ransmuta t ions  ' 

as ind ica t ed  schemat ica l ly  i n  t h e  f i g u r e .  
. ", 

I n  s i t u  t e s t i n g  w i l l  b e  needed t o  adequate ly  a s s e s s  t h e  response of 
f i r s t  w a l l  s t r u c t u r e s .  Th i s  t e s t i n g  w i l l  i nc lude  r e p r e s e n t a t i v e  f i r s t  w a l l  
s t r e s s  cond i t i ons  and environmental cond i t i ons  and inc lude  coo lan t s  such a s  
helium, l i q u i d  l i t h ium,  and molten salts. Also, i n t e r a c t i o n s  between s u r f a c e  
and bu lk  damage w i l l  need t o  b e  assessed .  
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F i r s t  w a l l  s t r u c t u r e s  i n  commercial f u s i o n  r e a c t o r s  w i l l  be  sub jec t ed  
t o  combined e f f e c t s  of h igh  temperature,  s t r e s s e s  due t o  temperature 
g r a d i e n t s  and i n t e r n a l  c o n s t r a i n t s ,  s t r e s s e s  due t o  app l i ed  loads ,  thermal  
creep,  i r r a d i a t i o n ,  creep,  and i r r a d i a t i o n  swel l ing .  A l l  o f ' khese  w i l l  be  
t ime dependent. The complex n a t u r e  of t h e  r e s u l t i n g  s t r e s s . h i s t o r i e s  i n  a  
f u s i o n  r e a c t o r  f i r s t  w a l l  a r e  demonstrated i n  t h e  f i g ~ r e : ~ " '  

These r e s u l t s ,  shown a t  v a r i o u s  l e v e l s  of  neut ron  w a l l  loading,  a r e  
based on i n e l a s t i c  a n a l y s i s  and inc lude  e f f e c t s  of  t h e r m a l ~ c r e e p ,  i r r a d i a t i o n  . , 

swel l ing  and i r r a d i a t i o n  c reep .  The compressive s t r e s s e s ,  Ghich occur dur ing  
a  plasma burn, r e s u l t  from high  temperatures  a t  t h e  f i r s t  Q a l l  su r f ace  
ad jacen t  t o  t h e  plasma. The compressive s t r e s s e s  r e l a x  t o  , r e l a t i v e l y  low 
l e v e l s  w i th  t ime and inc rease  aga in  as swe l l i ng  i s  i n i t i a t e i l .  Furt.ber 
i nc reases  i n  t h e  compressive s t r e s s e s  a r e  prevented a s  i r r a d i a t i o n  c reep  
and swe l l i ng  o f f s e t  each o t h e r .  A s  a  r e s u l t  of r g l a x a t i o n ,  - s i g n i f i c a n t  
r e s i d u a l  s t r e s s e s ,  bo th  t e n s i l e  and compressive, occur  upon. reac tor  shutdown. 

Present  computer codes p r o v i d e ' c a p a b i l i t y  f o r  ana lyz ing  complex s t r u c -  
t u r e s ,  inc luding  t h e  non l inea r  e f f e c t s  of c reep  and p l a s t i c . i t y .  However, 
t h e  r e s u l t i n g  s t r e s s  and s t r a i n  h i s t o r i e s  a r e  func t ions  o f ' t h e  c o n s t i t u t i v e .  
equat ions  used and t h e  assumed r e l a t i o n s h i p s  desc r ib ing  matierial  behavior .  
This  c a p a b i l i t y  i s  l i m i t e d  even wi thout  t h e  addi tf2onal  comp'Xications of 
i r r a d i a t i o n  e f f e c t s .  C o n s t i t u t i v e  equat ions ,  which adequ&e"ly r ep re sen t  
m a t e r i a l  response,  must be  developed s o  t h a t  t h e  response of f i r s t  w a l l .  
s t r u c t u r e s  t o  r e a c t o r  environments can b e  b e t t e r  understood. This w i l l  
p rovide  a  b a s i s  f o r  development of s t r u c t u r a l  m a t e r i a l s  and f i r s t  w a l l  des ign  
concepts  t o  provide  long  f i r s t  w a l l  l i f e .  



ELASTIC STRESS DUE TO SWELLING IN 
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S t r e s s e s  i n  f u s i o n  r e a c t o r  f i r s t  w a l l  and b lanket  s t r u c t u r e s  w i l l  vary 
s i g n i f i c a n t l y  throughout a  module. Add i t i ona l ly ,  t h e  response of t h e s e  
s t r u c t u r e s  w i l l  vary  wi th  l o c a t i o n  i n  t h e  r e a c t o r  because t h e  neut ron  w a l l  
loading  gene ra l ly  y a r i e s ,  p a r t i c u l a r l y  i n  t h e  po lo ida l  d i r e c t i o n .  Because 
of t h i s  i t  is  v e r y . d i f f i c u l t  t o  a t t a i n  what might be  c a l l e d  a n  optimum 
geometry f o r  a  f i r s t  w a l l  des ign .  

Shnwn i n  t h e  f igu re  a r e  s t r e s s  d i s t r i b u t i o n s  i n  a  316 s t a i n l e s s  s t e e l  
c a n i s t e r  f i r s t  w a l l  con f igu ra t ion .  Temperatures i n  t h i s  example vary  from 
approximately 500°C a t  t h e  t i p  of t h e  c a n i s t e r  t o  350°C a t  t h e  i n t e r f a c e  
between t h e  hemispher ica l  dome and t h e  c y l i n d e r .  The peak temperature 
g rad ien t  through t h e  0.2 cm w a l l  t h i ckness  i s  50°C. This  occurs  a t  t h e  t i p  
of t h e  dome (@ = 0 ) .  It can b e  noted t h a t  t h e  major s t r e s s e s  i n  t h i s  ca se  
a r e  e s s e n t i a l l y  l i m i t e d  t o  t h e  hemispher ica l  dome. Both t e n s i l e  and com- 
p r e s s i v e  s t r e s s e s  oc-cur. The e f f e c t s  of change i n  s t r e s s  s t a t e  due t o  
r e l a x a t i o n  have novf -. been included i n  t h i s  a n a l y s i s .  Addi t iona l  sources  
of s t r e s s  such a s  , those due t o  coo lan t  p re s su re  and temperature v a r i a t i o n s ,  
which a l s o  have no.t'lbken included he re ,  must b e  included i n  t h e  f i n a l  
a n a l y s i s .  
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S t r e s s e s  i n  f u s i o n  r e a c t o r  f i r s t  w a l l  and b lanket  s t r g E t u r e s  w i l l  

g ene ra l ly  be  c y c l i c .  I n  a tokamak r e a c t o r ,  c y c l i c  stresses r e s u l t  from 
changes i n  temperatures  and temperature d i s t r i b u t i o n s  between plasma burn 
and nonburn po r t ions  of t h e  cyc l e .  I n  l a s e r  r e a c t a r s ,  p e l l e t  micro- 
explosions cause r a p i d  c y c l i c  temperature and shock waves. :Even i n  t h e  case  
of a s teady  s t a t e  mi r ro r  r e a c t o r ,  p e r i o d i c  shutdowns w i l l  be  requi red .  I n  
a l l  of t h e s e  r e a c t o r s  l o c a l  coolan t  p r e s s u r e  f l u c t u a t i o n s  can b e  expected 
and time dependent v a r i a t i o n s  i n  t h e  neut ron  w a l l  loading  may occur.  

Shown i n  t h e  f i g u r e  i s  a c y c l i c  s t r e s s  h i s t o r y  f o r  an Inconel  625 
plasma chamber f o r  t h e  Power Generat ing Tokamak Fusion Reactor concept of 
a n  Engineering Tes t  F a c i l i t y  (ETF). The s t r u c t u r a l  con f igu ra t ion  is a sand- 
wich w i t h  r i b s  between i n s i d e  and o u t s i d e  s k i n s  forming channels  f o r  t h e  
coo lan t .  The o v e r a l l  w a l l  depth  i s  4 . 8  cm. The s t r e s s  spectrum shown i s  
f o r  t h e  o u t s i d e  s k i n  where t h e  thermal  s t r e s s e s  a r e  t ens ion .  The i n i t i a l  
s t r e s s  i s  compression due t o  t h e  one atmosphere e x t e r n a l  p re s su re .  Tempera- 
t u r e  v a r i a t i o n s  between burn and nonburn (30 seconds each)-cause c y c l i c  
t e n s i l e  thermal  s t r e s s e s  i n  t h e  o u t s i d e  sk in .  I n  t h e  study, i t  was assumed 
t h a t  a f u l l  power plasma d i s r u p t i o n  occurred each t e n  burn cyc le s .  The 
d i s r u p t i o n  pu l se  causes  a c y c l i c  dynamic response of t h e  s t r u c t u r e .  Due t o  
t h e  r e l a t i v e l y  s h o r t  ope ra t ing  t k e  requi red  (approximately 0 . 2  years )  f o r  
t h i s  test r e a c t o r  and t h e  r e l a t i v e l y  low temperature (Q 130°C) at t h e  o u t s i d e  
s k i n ,  c reep  and r a d i a t i o n  e f f e c t s  such a s  swel l ing  were n o t  included.  Resu l t s  
w i l l  be f u r t h e r  complicated i n  a commercial r e a c t o r  where s t r e s s  l e v e l s  w i l l  
be  t i n e  dependent. 
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Flaw growth t o  a  coolan t  l e a k  i s  a  c r i t i c a l  l i f e  determining f a i l u r e  
mode i n  tokamak f i r s t  w a l l  s t r u c t u r e s .  Shown i n  t h e  f i g u r e  a r e  r e s u l t i n g  
l i f e  p r e d i c t i o n s  f o r  a  s t a i n l e s s  s t e e l  f i r s t  w a l l  i n  a tokamak r e a c t o r  having 
a  plasma burn period of n i n e t y  minutes and a  non burn per iod  of s i x  minutes .  
These r e s u l t s  a r e  Ba8ed on  l i n e a r  e l a s t i c  f r a c t u r e  mechanics ana lyses  us ing  
t h e  t ime dependent s t r e s s  h i s t o r i e s  shown previous ly .  

The reduct ion ' in  l i f e  wiith i nc reas ing  neut ron  w a l l  l oad  i s  due t o  both 
t h e  i n c r e a s i n g  s t r u c t u r a l  temperatures  and inc reas ing  r a d i a t i o n  damage. 
L i f e  a t  low w a l l  loadings  tends  t o  be c o n t r o l l e d  by s t r e s s e s  dur ing  t h e  
plasma burn. A t  h igher  w a l l  loadings  t h e  s t r u c t u r a l  l i f e  tends  t o  be  con- 
t r o l l e d  by r e s i d u a l  t e n s i l e  s t r e s s e s  p re sen t  dur ing  t h e  non burn per iod .  
B r i t t l e  f r a c t u r e  due t o  h igh  r e s i d u a l  s t r e s s e s  w i l l  be  p a r t i c u l a r l y  l i k e l y  
a t  high neut ron  w a l l  l oads .  These s t u d i e s  r e s u l t e d  i n  an  i n d i c a t i o n  t h a t  
w a l l  l i f e  u s ing  316 s t a i n l e s s  s t e e l  a s  t h e  s t r u c t u r a l  m a t e r i a l  may be very  
s h o r t .  However, t h i s  is  based on a  des ign  t h a t  r e s u l t s  i n  c o n s t r a i n t s .  
P r e d i c t i o n s  f o r  l e s s  cons t ra ined  s t r u c t u r a l  con f igu ra t ions  have r e s u l t e d  i n  
longer  p red ic t ed  l i v e s .  

The i n t e r a c t i n g  mechanisms a s s o c i a t e d  wi th  t h e  f u s i o n  environment and 
t h e  v a r i e t y  of system ope ra t ing  parameters  a r e  very  complex. Therefore,  it 
is  d i f f i c u l t ,  a t  the. p re sen t  time, t o  p l ace  q u a n t i t a t i v e  s c a t t e r  bands on 
t h e  r e s u l t i n g  l i f e  p r e d i c t i o n s  based on even t h e  most complex of s t r u c t u r a l  
ana lyses .  It i s  important  t o  develop cumulat ive damage concepts ,  i nc lud ing  
e f f e c t s  of c reep ,  c rack  i n i t i a t i o n ,  add c rack  growth, a p p l i c a b l e  t o  f u s i o n  
r e a c t o r  environments, t o  provide  a  b a s i s  f o r  adequate ly  a s s e s s i n g  f i r s t  
w a l l  and b l anke t  l i f e .  



LIQUID-METAL FAST BREEDER REACTOR STRU TURAL 
MATERIALS DESIGN CONSIDERATIONS* F 

Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

Introduction 

The purpose of this paper is to provide DOE workshop participants with' 
a brief overview of key structural materials design considerations for fis- 
sion reactors and in particular for the "liquid-metal fast breeder reactor 
(LMFBR)" planned for construction on the Clinch River in Oak Ridge, Tennessee. 
Although there are some 72 operating power reactors in the United States, the 
Clinch River LMFBR, if completed, will be the first large-scale breeder reac- 
tor in this country. The light-water reactor (LWR) is the basic power reac- 
tor utilized throughout the United States today. This review will cover fis- 
sion reactor operating temperatures and pressures to show the trend towards 
significantly higher temperature levels, and for the LIITE'BR, sill also cover 
basic components, key design problems, high-temperature matesials and envi- 
ronments, and approximate materials performance bounds. 

Temperature and Pressure Levels 
,$ " -. 

Some of the key design parameters for the LIPBR and LWR 'are compared in 
Table 1. Thermal design conditions for the CRBRP~ and FFTFC are signifi- 
cantly more severe than for a typical LWR with the coolant temperature leav- 
ing the core of the LMFBR at approximately 593OC (1100°F) as ,:compared to 
343OC (650'~) in a typical LWR: Two other important thermal design parame- 
ters which play a key role in our materials problems are the coolant tempera- 
ture rise during passage through the reactor core and the thermal transient 
magnitudes which can be introduced by operational events. The design thermal 

*Research sponsored by the Division of Reactor Research and Technology, 
U.S. Department of Energy under contract W-7405-eng-26 with the Union Car- 
bide Corporation. 

'work performed under DOE/RRT 189a 0~048, High-Temperature . a ,  Structural 
Design. 

u J. J. Blass, ORNL, presented the paper in the.absence:of the author. 
b 
CRBRP denotes the375 megawatt Clinch River Breeder Reactor Plant to 

be constructed in Oak Ridge, Tennessee. 
C FFTF denotes the Fast Flux Test Facility under construction at the 

Hanford Engineering Development Laboratory. This facility is very similar 
to the CRBRP except that the power generating components are omitted. 



i n c r e a s e  i n  coolant  temperature i n  pass ing  rhrougli ~11t: cute of the breeder  
[ i . e . ,  1 5 6 " ~  ( 2 8 0 ' ~ )  i n  t h e  CRBRP] i s  approximately 3.5 t imes t h a t  i n  t h e  
LWR. Furthermore, a t  t h e  c o r e  o u t l e t ,  coolan t  stream-to-stream thermal 
v a r i a t i o n s  a r e  expected t o  approach t h e  f u l l  thermal i nc rease  through t h e  
core .  This  can r e s u l t  i n  c y c l i c  thermal v a r i a t i o n s  of 156°C (280°F) i n  t h e  
CRBRP a s  compared t o  44OC ( 8 0 ' ~ )  i n  t h e  LWR. Due t o  ope ra t iona l  o r  duty 
c y c l e  even t s ,  design thermal t r a n s i e n t  r a t e s  ( thermal  shocks) of 1 7  t o  1g0C/ 
s e c  (30 t o  3 5 ' ~ / s e c )  a r e  r equ i r ed  i n  t h e  breeder  as compared t o  r a t e s  of 
about  3"C/sec ( 5 " ~ / s e c j  f o r  t h e  LWR. 

Water s e r v e s  a s  t h e  primary coolant  i n  t h e  LWR wi th  des ign  pressures  of 
15.5 MPa (2250 p s i )  being about t e n  times t h a t  necessary  f o r  t h e  l i q u i d -  ~ , sodium-cooled breeder .  

Design l i f e  f o r  bo th  t h e  CRBRP' and t h e  LWR i s  shown a s  30 yea r s  i n  
Table 1 al though design l i f e  f o r  t h e  CRBRP i s  a c t u a l l y  40 yea r s  w i th  75% 
a v a i l a b i l i t y .  

Looking f u r t h e r  i n t o  t h e  f u t u r e ,  o t h e r  advanced r e a c t o r  systems a r e  
under s tudy  such a s  t h e  HTGR (high-temperature gas-cooled r e a c t o r )  and t h e  
VHTR (very high-temperature r e a c t o r  f o r  genera t ing  both process  steam and 
power). Both have h igher  proposed co re  o u t l e t  temperatures  than t h e  LMFBR. 
A temperature of 85Q:~ (1562 '~ )  is  under s tudy  f o r  t h e  HTGR gas t u r b i n e  cy- 
c l e  and a temperatuze of 950°C (1742°F) under cons ide ra t ion  f o r  t h e  VHTR. 

Basic  LMFBR Design 

A conceptual  drawing of t h e  CRBRP is  given i n  Fi'g. 1 wi th  a simplifi 'ed 
flow schematic  shown i n  Fig.  2. The b a s i c  CRBRP design inc ludes  t h r e e  hea t  
t r a n s p o r t  loops  c o n s i s t i n g  of a low p res su re  primary loop pass ing  sodium 
coo lan t  through the:5''reactor" and t h e  " in te rmedia te  h e a t  exchanger (IHX)," a 
s l i g h t l y  h ighe r  pre,ssure secondary loop pass ing  sodium coolant  through t h e  
" I H X I '  and t h e  "steam genera tor , "  and a steam-water loop pass ing  through t h e  
11 , s t e a m  generator"  and t h e  "turbine-condenser system." Temperatures shown i n  
F ig .  2 r ep re sen t  ope ra t ing  t a r g e t s  a s  opposed t o  t h e  des ign  temperatures  
given i n  Table 1. For s a f e t y  reasons t h e  sodium p res su re  i n  t h e  secondary 
loop i s  h igher  than  i n  t h e  primary loop t o  ensure  t h a t  any leakage w i l l  be  
toward the  primary s i d e .  

I Key s t r u c t u r a l ~ c o m p o n e n t s  i n  t h e  LMFBR inc lude  (1) a r e a c t o r  v e s s e l  and 
a s s o c i a t e d  i n t e r n a l  components, (2) an in t e rmed ia t e  h e a t  exchanger f o r  t r ans -  
po r t  of h e a t  between t h e  primary and secondary sodium, ('3) two evapora tors  
and a superhea ter  which u t i l i z e  h e a t  i n  t h e  secondary sodium t o  gene ra t e  
steam, (4) a steam t u r b i n e  and condenser system t o  d r i v e  power genera t ion  
equipment, and (5) Large pumps f o r  c i r c u l a t i o n  of t h e  h e a t  t r a n s p o r t  f l u f d s .  

LMFBR .Environments 

LMFBR components o p e r a t e  i n  four  main environments which a r e  summarized 
i n  Table 2. These inc lude  sodium (with t h e  i m p u r i t i e s  no ted ) ,  steam, a i r ,  



and irradiation. The neutron radiation fluence shown represents that for non- 
replaceable components. Replaceable components in the reactor core area such 
as cladding and ducts will see much higher fluences ranging up to 3 x 

n/ cm2. 

Key Design Problems 

LMFBR components are designed to withstand a range of in-service load- 
ings, including such loadings as internal pressure, thermal heat-up, thermal 
transients, fluid momentum, vibration, and seismic. Design experience with 
FFTF and CRBRP components has shown that the most critical design problems 
arise from the thermal transient loadings. As a result of the relatively se- 
vere thermal transient events included in the design of the LMFBR, materials 
are expected to undergo cyclic stress-strain ranges with significant levels 
of both short-time plastic and time-dependent creep strain. It has been nec- 
essary for LMFBR designers to resort to rather complex and costly inelastic 
finite-element analysis methods to solve many of these thermal transient prob- 
lems in order to show component compliance with ASME nuclear code rules (Code 
Case N-47-13). 

It is impossible in this short paper to cover all the LMFBR components 
and structural problems in any detail; what will be done in the balance of 
this paper is to review two thermal transient problems arising in two selected 
components. These can serve to illustrate the type of high-temperature mate- 
rials problems that typically arise. Then, taking a broader view encompassing 
most of the key structural problems, an attempt has been made to place "bounds" 
on required material behavior to meet the range of problems anticipated in 
the LMFBR. 

The first problem which will be described occurs in the "upper internals 
structure" of the reactor as a result of what is termed "thermal striping 
transients." A schematic of the CRBRP reactor vessel and internals is given 
in Fig. 3 for reference. During steady reactor operation as the sodium cool- 
ant flows upward through the many coolant passages in the reactor core, each 
sodium stream exits at the top of the core with a different temperature. As 
noted earlier in Table 1, the bulk temperature in the exit plenum is approxi- 
mately 593'~ (1100"~); however, stream-to-stream temperature differences as 
they exit from the core can run as high as 156"~ (280'~) .in the CRBRP. As 
these streams mix, a complex, fluctuating temperature condition is generated. 
Transient frequency is estimated to be of the order of 1 cps with the tem- 
perature anticipated to fluctuate through the full 156'~ stream-to-stream 
difference. Some thermal lag will exist between the cyclic fluid and compo- 
nent temperatures depending.on several factors including component thickness 
and surface heat-transfer coefficient. However, over a 30-yr lifetime, ma- 
terials of construction can be expected to undergo up to 10' to lo1' cycles 
at strain ranges up to 0.5% and possibly higher in some areas. These ther- 
mal striping transients are expected to generate significant levels of.high- 
cycle fatigue damage in critical areas. The current material solution to 
this problem will be described subsequently in this paper. Additional 
information can be obtained from a recently completed DOE-sponsored study of 
the thermal striping problem with recommendations for needed research and 
development. 



The second thermal t r a n s i e n t  problem s e l e c t e d  f o r  review a r i s e s  a t  t h e  
"primary i n l e t  nozzle" attachment t o  t h e  in te rmedia te  hea t  exchanger i n  t he  
FFTF. This  attachment nozz le  i s  s i m i l a r  t o  t h e  one shown i n  F ig .  3 and a t -  
t aches  t h e  hot- leg p ip ing  t o  t h e  IHX v e s s e l .  Trans ien t  events  which occur 
i n  a  r e a c t o r  a r e  ca tegor ized  a s  arZsing from Normal, Upset, and Emergency 
condi t ions  i n  accordance wi th  Sec t ion  I11 of t h e  ASME Boi l e r  and P res su re  
Vessel code. S p e c i f i c  events  r e s u l t  i n  severe  changes i n  temperature,  pres-  
su re ,  and flow r a t e .  I n  c r i t i c a l  a r e a s  such a s  nozz le  at tachments ,  t h e s e  
events  l e a d  t o  both c y c l i c ,  short- t ime p l a s t i c  deformation and time-dependent 
c reep  deformation. I n  gene ra l ,  most of t h e  major events  of t h i s  type  a r e  
expected t o  occur  ~ 2 0 0  t imes over a  30-yr l i f e  span and r e s u l t  i n  s t r a i n  
ranges gene ra l ly  <0.5%. There a r e ,  however, some t r a n s i e n t  events  such a s  
smal l  load  f l u c t u a t i o n s  which a r e  expected t o  occur a s  many a s  40,000 t o  
50,000 t imes ,  b u t  obviously wi th  much lower s t r a i n  ranges.  

Design s p e c i f i c a t i o n s  f o r  t h e  FFTF I H X  primary i n l e t  nozz l e  inc lude  
more than  t e n  d i f f e r e n t  k inds  of t r a n s i e n t  events  dur ing  i ts  des ign  l i f e t i m e .  
These events  vary  i n  both i n t e n s i t y  and frequency. There may b e  a s  many a s  
725 Upset and Emergency t r a n s i e n t  events  and 118 Normal heat-ups and cool- 
downs. These events  occur i n  random sequences and a t  unpred ic t ab le  i n t e r v a l s .  
The a n a l y s t  must t h e r e f o r e  make c e r t a i n  assumptions i n  o rde r  t o  make t h e  ana l -  
y s i s  f e a s i b l e .  A technique known a s  t r a n s i e n t  replacement o r  "umbrellaing" 
i s  g e n e r a l l y  used .'%n so lv ing  t h e s e  types  of design problems. B a s i c a l l y  t h i s  
e n t a i l s  a  review of t h e  a n t i c i p a t e d  t r a n s i e n t s  by t h e  des igne r ,  and on t h e  
b a s i s  of t h e i r  f r equenc ie s  a n d - i n t e n s i t i e s  i t  is  assumed t h a t  t h e s e  t r a n s i e n t s  
can be s a f e l y  lumped toge the r  i n t o  only one, two, o r  a t  most a  few t r a n s i e n t s  
f o r  a n a l y s i s  purposes.  Care must be exe rc i sed ,  however, t o  avoid overconser- 
va t i sm and a l s o  t h a t  a l l  f a i l u r e  modes which may be a f f e c t e d  by t h e  umbrel- 
l a i n g  process  a r e  considered.  

The umbrel laing technique was u t i l i z e d  by Gangadharan, P a i ,  and ~ e r m a n ~  
i n  t h e i r  a n a l y s i s . o f  t h e  e f f e c t s  of thermal t r a n s i e n t s  on t h e  primary i n l e t  
nozz le  t o  t h e  IHX. Pre l iminary  work l e d  them t o  t h e  s e l e c t i o n  of a  sequence 
of two upse t  t r a n s i e n t  events  f o r  a n a l y s i s .  The f i r s t  of t h e s e  denoted a s  
"U2" r e p r e s e n t s  a  s a f e t y  o r  c o n t r o l  rod drop acccdent ,  wh i l e  t h e  second de- 
noted a s  "~1" r e p r e s e n t s  a  r e a c t o r  scram. Thermal and p re s su re  histograms 
r ep resen t ing  t h e s e  two t r a n s i e n t  even t s  a r e  summarized i n  Fig.  4. To demon- 
s t r a t e  Code compliance i t  was necessary  t o  do an i n e l a s t i c  f in i te -e lement  
a n a l y s i s .  The r e s u l t i n g  c i r c u m f e r e n t i a l  s t r e s s - s t r a i n  loops f o r  t h e  most c r i t -  
i c a l  f i n i t e  element a r e  summarized i n  F ig .  4. 

S i g n i f i c a n t  p l a s t i c  s t r a i n i n g  r e s u l t s  dur ing  t h e  seve re  U2 thermal down- 
shock [ p o i n t s  20-40, downshock of -5.6"C/sec (-10"F/sec) ] whereas much l e s s  
p l a s t i c  s t r a i n  occurs  dur ing  t h e  l e s s  s eve re  U 1  downshock [ p o i n t s  63-73, 
downshock of -2.2"C/sec ( - -4"~/sec) ] .  A t o t a l  i n e l a s t i c  s t r a i n  range of 
0.289% r e s u l t s .  Maximum s t r a i n i n g  w a s  found t o  occur i n  t h e  f i r s t  U2/Ul 
load  cyc le ;  hence, no s t r a i n  r a t c h e t t i n g  i s  a n t i c i p a t e d  and t h e  0.289% s t r a i n  
range obta ined  r e p r e s e n t s  t h e  maximum range f o r  t h e  component design l i f e .  
The component was found t o  s u s t a i n  n e g l i g i b l e  c reep  damage due t o  t h e  156-hr 
holds  a t  5 6 6 " ~  ( 1 0 5 0 " ~ ) .  S t r a i n  l e v e l s ,  c reep  damage, and f a t i g u e  damage a l l  
f a l l  w i th in  ASME Code requirements .  



High-Temperature Materials 

There are only a limited number of materials currently approved by the 
ASME Code for application at temperatures above 427"~ (800°F) in nuclear re- 
actor components. These materials are summarized in Table 3. The tempera- 
ture associated with an allowable stress of 41.4 MPa (6 ksi) was extracted 
from ASME Code Case N-47-13 to provide a general indication of the relative 
useful maximum temperature for each material. These numbers are summarized 
in Table 3 along with operating temperatures for each of the four materials 
in the CRBRP components shown. These comparative numbers provide a general 
indication of the degree to which the thermal capability of each material is 
utilized in the CRBRP. 

Inconel 718 also noted in Table 3 is the current choice for solution of 
the thermal striping problems in the reactor upper internals. For use in 
components undergoing 1 cps thermal cycling transients for 30 years, the 
computed maximum 'coolant temperature fluctuation for use with 316 stainless 
steel and Inconel 718 components is compared in Fig. 5. For this type of 
service analysis indicates that Inconel 718 can operate at a cyclic AT of 
238'~ (429°F) as compared to only 31°C (56"~) for 316 stainless steel. As 
previously mentioned, cyclic AT'S of 156'~ (280°F) are expected to. exist in 
the CRBRP reactor upper internals. Inconel 718 is not without its problems, 
however, as it has poor weld integrity, and components must-be mechanically 
fastened to meet ASME Code rules. Both creep and fatigue data for Inconel 
718 also need to be added to ASME Code Case N-47-13. These data are currently 
being generated. 

Materials Performance Bounds 

The two problems described should give some perspective on typical de- 
sign problems, how they are solved, and the associated material performance 
needed. Although the two problems reviewed resulted primarily in fatigue dam- 
age, it should be pointed out that creep damage is the dominant damage compo- 
nent in many of the critical design problems. You as material scientists 
are interested in the range of conditions a material must encounter in a de- 
sign such as the CRBRP encompassing all high-temperature components and load- 
ings. Such bounds are difficult to generate; however, a review of available 
information led to the approximate bounds summarized in Table 4. 

Summary 

In summary, this paper has attempted to give a brief overview of the 
LMFBR, to describe its key components, to address two key structural prob- 
lems, to review high-temperature materials utilized, and finally attempt to 
place bounds on expected operating conditions. The current status of mate- 
rials utilization in the LMFBR might be summarized as. follows: 

With the exception of the reactor upper internals, design needs 
for the LMFBR can be met with currently approved Code materials. 



Inconel 718 can po ten t ia l ly  solve t he  thermal s t r i p i n g  problems i n  
t h e  reac tor  upper in te rna l s .  

Temperature, s t ress - s t ra in  l eve l s ,  and design l i f e t ime  of t h e  LMFBR 
push cur ren t ly  approved Code mater ia ls  toward t h e i r  l i m i t s  of 
usefulness. 
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Table 1. Comparison of design condi- 
t i ons  f o r  t he  liquid-metal East 
breeder react* (FFTF and CRBRP) 

Table 2. Liquid-metal f a s t  breeder 
reactor  environments 

and t h e  liglit-water reac tor  

DESOW WDITIOW SODIUM (-OF, 175 PSI) 
PARAMETER LWR. FFTB CRBRP~ 

TEMPERATURE l b ~ )  
O2 < 1 PPM CI < 30 

CORE OUTLET m 1100 row C < 3 0  Li < 5  
REACTOR OUTLET 660 1060 1016 B < 25 

PRESSURE (FIA) 
K < 1000 

REACTOR OUTLET P80 16 16 (he 10 s < l o  
W M P  DISCHARGE a7Q 1W 200 u < 0.01 

TRANSIENTS 
CO6E OUTLET AT (OF) ID s60 20 
RATE (OPISEC) 6 36 30 

STEAM (90!j°F, 1450 PSI) 

COOLANT WATER SODIUM WOIUM AIR (900-995O~, 1 ATM) 
DESIGN LIFE . a  20 30 

'LIOHT WATER REACTOR IRRADIATION - 
bFUr FLUX T M  FIWLIW 
% 1 ~  RIVER lRrrOER RE*CTOR PLANT FLUENCES OF < 1020 NEUTRONSICM* 

(E < 0.1 MeV OVER COMPONENT LIFETIME) 



Table 3. ASME Code approved materials 
for nuclear reactor components oper- 

ating above 4 2 7 ' ~  (800'~)  

LMFOR  AS$^^^,","^ g,"ESS OPERATING TEMPERATURE 

ISMT) OF 6 KSI REACTOR 
MATERIALS 1 (OF1 VESSEL IHX GENERATOR 

2 114 Cr-1 Mo STL - 850 - - 

ALLOY 800H -1175 - - 838 

INCONEL 718- NEEDED FOR THERMALSTRIPING IN REACTOR UPPER INTERNALS 

Table 4 .  Summary of  approximate 
thermal loadings and material 
s t r e s s  and s tra in  response 

i n  CRBRP components 

THERMAL TRANSIENT LOADINGS 

- MOST < 1Q# CYCLES IN 30 YEARS - 
- USUALLY 20-30 CYCLES IN 30 YEARS WITH SHOCKS 

OF -lO°F/SEC AND AT OF < 2800F 
- BALANCE OF TRANSIENTS ABOUT -4OFISEC OR 

LESS WITH AT < 280a~ 

THERMAL STRIPING TRANSIENTS 

- 400 TO W F B E C ,  1 CPS, < 1 9  CYCLES, AT < <F 

MATERIAL STRAIN RANGE RESPONSE 

- USUALLY<MTOEWW 

- s€LbDM >am 
, a 

MATERIAL STRESS RESPO&E 
- SHORT TERM StRESSES USUALLY < 2 X YIELD 
- (LONG TERM STRESSES .DUE TO PRIMARY LOADINGS 

USUALLY < Q& X YIELD1 

Fig. 1. Clinch River Breeder Reactor Plant 





Fig. 4 .  Results of a typical thermal transient analysis (FFTF primary 
inlet nozzle analysis for U2 and U1 thermal transient events; 304 stainless 
steel material) 

REQUIRED CYCLES 
FOR 1 CPS,STRIPING 

I INCONEL 718 AT 
GRAIN SIZE 5 TO 8 

a 
7 - 
3 0.1 

MAXIMUM ALLOWED 

t, 
ATF ' M°F FOR 316 - 
STAINLESS STEEL 

0.01 loe I 
107 10s 10s 1010 1011 

CYCLES TO FAILURE 

Fig. 5. A comparison of the relative resistance of Inconel 718 and 316 
stainless steel to 1 cps thermal striping transients. 
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TIME DEPENDENT FATICUR-PHENOMENOLW 
AND LIFE PREDICTION 
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General E l e c t r i c  Co. 
Schenectady, NY 

I. INTRODUCTION 

Fa t igue  a t  e l eva t ed  tempera tures ,  a l s o  c a l l e d  time-dependent f a t i g u e ,  
may have d i f f e r e n t  meanings t o  each person who encounters  t h e  problem, 
depending on t h e i r  previous t r a i n i n g ,  c u r r e n t  i n t e r e s t s ,  and p ro fe s s iona l  
r e s p o n s i b i l i t i e s .  H i s  work may involve  him i n  a narrow p a r t  of t h e  problem 
f o r  which he seeks  h ighly  s p e c i f i c  answers,  whether i t  be t h e  understanding 
of f a t i g u e  c r a c k  i n i t i a t i o n ,  o r  t h e  de te rmina t ion  of t h e  des ign  l i f e  of 
a p re s su re  v e s s e l .  To encourage a broader  app rec i a t ion  of t h e  problem and 
t o  a t tempt  t o  lower t h e  communication b a r r i e r s ,  i t  is  a p p r o p r i a t e  t o  cons ider  
t h e  s e v e r a l  phys i ca l  a s p e c t s  of t h e  problem, and t o  examine t h e  many 
d i s c i p l i n e s  t h a t  a r e  brought t o  bear  e i t h e r  t o  understand t h e  problem, t o  
prevent  i t  from occur r ing ,  t o  des ign  around i t s  complexi t ies ,  o r  t o  l i v e  
wi th  it. Refer r ing  t o  F ig .  1, we imagine an  engineering s t r u c t u r e  con- 
t a i n i n g  a notch.  The , s t r u c t u r e  might b e  a t u r b i n e  r o t o r ,  o r  a p re s su re  
ves'sel, loaded c e n t r i f u g a l l y ,  o r , b y  i n t e r n a l  p re s su re ,  and i t  presumably 
has some temperature g r a d i e n t  a c t i n g  i n  t h e  notch  reg ion .  The c e n t r i f u g a l ,  
p r e s su re ,  o r  thermal  stresses a r e  cyc led ,  most commonly from zero t o  
t e n s i o n  by s t a r t - s t o p  o r  load-unload ope ra t ion  of t h e  equipment. We then  
envisage  t h e  f a t i g u e  process  t o  occur  i n  t h r e e  s t a g e s :  f i r s t ,  nuc l ea t ion  
and e a r l y  growth of c r acks  'within t h e  p l a s t i c  zone developed a t  t h e  notch  
r o o t ;  second, c r ack  propagat ion of a s t a b l e  c r ack  through t h e  p l a s t i c  zone; 
t h i r d ,  propagat ion of t h e  c r ack  through t h e  e l a s t i c  zone, t h e  c r ack  
gene ra t ing  i t s  own p l a s t i c  zone, u n t i l  f r a c t u r e  of t h e  s t r u c t u r e  r e s u l t s ,  
e i t h e r  by sudden f r a c t u r e ,  l eakage ,  o r  by excess  v i b r a t i o n  o r  deformation. 
These s t a g e s  a r e  shown i n  Fig.  1. 

Also i n  F ig .  1 we i d e n t i f y  some of t h e  many d i s c i p l i n e s  which must be  
brought t o  bear  on t h e  problem. Consider f i r s t  t h e  p l a s t i c  zone. I d e n t i f i -  
c a t i o n  of t h e  a p p r o p r i a t e  s t r e s s e s  and s t r a i n s  a r e  r equ i r ed  through 
a n a l y t i c a l  t o o l s ,  such as f i n i t e  element ana lyses .  Th i s  r e q u i r e s  t h e  
s e l e c t i o n  of a p p r o p r i a t e  m a t e r i a l  information and c o n s t i t u t i v e  equat ions ,  h e a t  
t r a n s f e r  a n a l y s i s ,  e t c .  With t h e  a i d  of a p p r o p r i a t e  f a i l u r e  c r i t e r i a ,  t h e  
cond i t i ons  f o r  t h e  occurrence of microcracks o r  f o r  nuc lea t ion  and e a r l y  
growth can b e  s p e c i f i e d .  ~ l a s t o ~ l a s t i c  a n a l y s i s  f u r t h e r  a i d s  i n  t h e  spec i -  
f i c a t i o n  of cond i t i ons  f o r  c r ack  growth through t h e  p l a s t i c  zone, aga in  
coupled wi th  a n  a p p r o p r i a t e  f r a c t u r e  c r i t e r i o n .  F i n a l l y ,  e l a s t i c  s t r e s s  
a n a l y s i s  and f r a c t u r e  mechanics concepts  a l low t h e  de te rmina t ion  of c r ack  
growth i n  t h e  e l a s t i c  regime. 

Along t h e  way we can i d e n t i f y  s e v e r a l  a d d i t i o n a l  d i s c i p l i n e s .  Included 
a r e  environmental e f f e c t s  on nuc lea t ion  and growth, manufacturing techniques 
f o r  s u r f a c e  p repa ra t ion  i n  t h e  c r i t i c a l  a r e a ,  choice  of m a t e r i a l ,  t e s t i n g  



methods f o r  developing f a i l u r e  c r i t e r i a ,  low-cycle f a t i g u e  s t u d i e s ,  de- 
velopment of high- and low-s t ra in  c r ack  growth r u l e s ,  t ime dependency, 
f rac tography,  e t c .  Groups of t h e s e  and o t h e r  d i s c i p l i n e s  a r e  lumped 
toge the r  i n t o  such a c t i v i t i e s  a s  l i f e  p r e d i c t i o n ,  des ign ,  code develop- 
ment, e t c .  There is  a l s o  a  whole s t r u c t u r e  of d i s c i p l i n e s  d i r e c t e d  
towards o t h e r  a s p e c t s  of t h e  problem such a s  meta l  phys ics ,  co r ros ion  
and e l ec t rochemis t ry ,  phys i ca l  and process  meta l lurgy ,  s t a t i s t i c s ,  and 
o t h e r s .  

To o b t a i n  some semblance of o r d e r  among t h i s  confusion of disc.i,- 
p l i n e s ,  it is  necessary  t o  keep t h e  phys i ca l  p i c t u r e  of t h e  problem i n  
mind. Too o f t e n ,  i n  t h e  i n t e r e s t  of ob ta in ing  answers,  we f o r g e t  t h a t  
f a t i g u e  f a i l u r e  i s  p rog res s ive ,  s t a r t i n g  from a s i n g l e  g r a i n  o r  micro- 
scopic  f law,  g radua l ly  growing t o  a  s i z e  where i t  compromises t h e  
i n t e g r i t y  of t h e  s t r u c t u r e .  Our models o r  c r i t e r i a  should b e  c o n t i n u a l l y  
examined t o  be s u r e  t h a t ,  indeed, t h e  phys i ca l  a s p e c t s  of t h e  phenomenon 
have n o t  been l o s t  s i g h t  o f ,  o r  b e t t e r  y e t ,  a r e  t h e  bu i ld ing  b locks  f o r  
t h e  model o r  c r i t e r i o n .  

The concept descr ibed  i n  F ig .  1 where a t e s t  specimen, be  i t  a  smooth 
u n i a x i a l  low c y c l e  f a t i g u e  specimen f o r  determining f a t i g u e  i n i t i a t i o n  and 
e a r l y  growth o r  a  compact t ens ion  specimen f o r  determining c rack  growth, is  
used t o  s imu la t e  t h e  f a t i g u e  processes  i n  t h e  component under ' cons idera t ion ,  
provides  t h e  important connect ing l i n k  between l i f e  pred ic t ion?  f o r  t h e  
component on one hand and t h e  m a t e r i a l ' s  performance on t h e  o t h e r .  I n  t h e  
p re sen t  d i scuss ion  we s h a l l  cons ider  on ly  t h e  ques t ion  of i n i t i a t i o n  and 
e a r l y  growth s i n c e  t h i s  is  t h e  b a s i s  of most of t h e  codes and des ign  pro- 
cedures  i n  u s e  today n  t h i s  c a s e  t h e  concept i s  r e f e r  t o  a s  "smooth 
specimen simulat ion" z15f o r  t h e  " l o c a l  s t r a i n  approach." t8, 

The l o c a l  s t r a i n  concept is an  a t t r a c t i v e  one i n  t h a t  it permi ts  t h e  
massive body of smooth, u n i a x i a l l y  loaded f a t i g u e  d a t a  t o  be t r a n s f e r r e d  t o  
t h e  des ign  of t h e  s t r u c t u r e ,  bu t  i t  i s  no t  without  i t s  problems. The 
assumption i s  made t h a t  l a b o r a t o r y  specimen f a i l u r e  d a t a  a r e  equated t o  c r a c k  
i n i t i a t i o n  i n  t h e  a c t u a l  s t r u c t u r e .  This  may be  va l id .when t h e  p l a s t i c  zone 
is l a r g e  r e l a t i v e  t o  t he  specimen s i z e ,  o r  when t h e  s t r a i n  g r a d i e n t  i n  t h e  
notch is  small .  Also such f a c t o r s  a s  b i a x i a l i t y  of stress (p l ane  s t r a i n ) ,  
o r  s u r f a c e  roughness r ep re sen t  sources  of d i f f i c u l t y  w i t h  t h e  concept .  A 
r ecen t  paper by Dowling, (2) however, i n t e r p r e t s  t e s t  r e s u l t s  from an SAE 
round-robin test program w i t h  serv ice-s imula ted  loading app l i ed  t o  a  notched 
compact-tension specimen, us ing  t h e  l o c a l  s t r a i n  approach and f i n d s  s a t i s -  
f a c t o r y  p r e d i c t i v e  c a p a b i l i t y .  A t  h igh  temperature t h e  method has  been 
employed by Mowbray and ~ c ~ o n n e l e e ( ~ )  and by Coff in .  ( 4 )  

The l o c a l  s t r a i n  approach when app l i ed  t o  des ign  a s sumes - tha t  f a t i g u e  
l i f e  is determined by c r a c k  i n i t i a t i o n .  A s  i nd i ca t ed  above, many engineering 
s t r u c t u r e s  a r e  designed i n  t h i s  way. An a l t e r n a t i v e  approach which i s  
f ind ing  inc reas ing  support  w i th  t h e  advent of f r a c t u r e  mechanics concepts  
i n  des ign  is  t o  assume t h e  presence of a p re -ex i s t i ng  f law,  which negates  any 
c o n t r i b u t i o n  from c rack  i n i t i a t i o n  and assumes t h a t  l i f e  i s  a  r e s u l t  of t h e  
p l a s t i c  o r  e l a s t i c  c r ack  growth c y c l i c  l i f e .  Such procedures  a r e  warranted 
when t h e  p r o b a b i l i t y  o f . d e f e c t s  is  h igh  i n  c r i t i c a l l y  s t r a i n e d  reg ions .  
Welded s t r u c t u r e s  r ep re sen t  t h i s  s i t u a t i o n .  However, when t h e  number of 



s i m i l a r  p a r t s  being manufactured is high,  when m a t e r i a l  q u a l i t y  is  c a r e f u l l y  
c o n t r o l l e d  and when a p p r o p r i a t e  NDT techniques a r e  employed t o  reduce t h e  
p r o b a b i l i t y  of d e f e c t  i n i t i a t e d  f a t i g u e  t o  low l e v e l s ,  then  c rack  i n i t i a t i o n  
concepts  a r e  v a l i d .  

An in t e rmed ia t e  approach i s  t o  combine both  of t h e  above phi losophies .  
Every e f f o r t  is  taken t o  e n s u r e . t h a t  d e f e c t s  a r e  absent  from c r i t i c a l l y -  
s t r e s s e d  r eg ions  and t h e  s t r u c t u r e  i s  b a s i c a l l y  designed by crack  i n i t i a t i o n .  
However, t o  avoid t h e  chance s i t u a t i o n  of a  d e f e c t  s l i p p i n g  through t h e  
in spec t ion  process  a  c h a r a c t e r i s t i c  d e f e c t  is  assumed and t h e  l i f e  so 
c a l c u l a t e d .  This  q u a n t i t y  s e rves  a s  t h e  b a s i s  f o r  determining t h e  inspec- 
t i o n  frequency f o r  c r ack  d e t e c t i o n  of t h e  component. 

The po in t  of t h i s  d i scuss ion  r e l a t i v e  t o  t h e  more gene ra l  t h e s i s  of t h e  
paper is t h a t  we must be concerned w i t h  a l l  t h r e e  of t h e  elements shown i n  
F igu re  1 i f  we a r e  t o  develop a  t e c h n i c a l  background from which sound pre- 
d i c t i v e  procedures  can be der ived  f o r  t h e  r e l i a b l e  performance of r e a l  
s t r u c t u r e s  subjec ted  t o  complex loadings  and environments. 

11. PHENOMENOLOGY 

I n  t h i s  s e c t i o n  t h e  r a t h e r  ex t ens ive  obse rva t ions ,  ob ta ined  most ly from 
e l eva ted  temperature- low-cycle  f a t i g u e  tests ,  w i l l  be  reviewed a s  background 
f o r  t r e a t i n g  t h e  ques t ion  of l i f e  p r e d i c t i o n  i n  t h e  t ime dependent regime. 

A. S t r a i n  Rate  and Frequency 
The e f f e c t  of frequency and of s t r a i n  r a t e  on t h e  low-cycle f a t i g u e  

behavior  of me ta l s  a t  h igh  temperatures  has been ex tens ive ly  i n v e s t i g a t e d  
us ing  t e s t s  w i th  balanced loading  (equal  ramp r a t e s  i n  t e n s i l e  going and 
compressive go ing ) .  The e a r l i e s t  work of i n t e r e s t  was t h a t  by Eckel  on 
l ead (5 )  who c o r r e l a t e d  h i s  r e s u l t s  wi th  frequency of c y c l e  and f a i l u r e  t ime.  

. ., 
Ber l ing  and ~ l , o t ( ~ )  s tud ied  t h e  e f f e c t  cf temperature (703, 923, and 

1133 K) and s t r a i n  r a t e  (4 x 10-3, 4  x and 4 x 1 0 - ~ s - l )  on AISI 304, 
316, and 348 s t a i n l e s s  s t e e l ,  showing t h e  p rog res s ive  decrease  i n  cyc l i c -  
s t r a i n  f a t i g u e  r e s i s t a n c e  wi th  inc reas ing  temperature and dec re  ng s t r a i n  
r a t e .  Coff 'n  has  r epo r t ed  t h e  frequency e f f e c t  of Nickel  A ,  75f *286(8) 
Udimet 500 t9) and Rene 80 (") a t  e leva ted  temperatures  on smooth a n  
notched(l l f  ba r s .  From t h e s e  r e s u l t s  and those  of Ber l ing  and S l o t ,  ? 6 )  
Coff in  developed phenomenological r e p r e s e n t a t i o n s  f o r  t h e  f r e q u e n c y . e f f e c t  

(7) 

by combining t h e  Coffin-Manson equat ion  wi th  t h e  r e s u l t s  of Eckel.  (9,10,12J 

Weeks e t  a 1  ( I3)  g i v e  r e s u l t s  of ex t ens ive  t e s t i n g  of AISI 304 and 316 
over a  wide range of s t r a i n  r a t e s  and m e t a l l u r g i c a l  cond i t i ons .  The gene ra l  
conclus ion  from t h e s e  t e s t  r e s u l t s  and many o t h e r s  no t  c i t e d  he re  i s  t h a t  
p rog res s ive ly .  decreas ing  frequency degrades t h e  f  at . igue r e s i s t a n c e  of 
s t r u c t u r a l  a l l o y s  a t  e l eva t ed  temperatures  under f u l l y  reversed  c y c l i c - s t r a i n  
cond i t i ons  i n  a i r  environments. Accompanying t h i s  decrease  i n  l i f e  i s  a 
change i n  appearance of t h e  f r a c t u r e  s u r f a c e  from t h a t  of t r ansg  
f r a c t u r e  t o  i n t e r g r a n u l a r  a s  t h e  frequency of cyc l ing  decreases .  f8:~if' An 

important bu t  unanswered ques t ion  i s  whether eventua l  s a t u r a t i o n  i n  l o s s  of 
l i f e  occurs  a t  even lower f r equenc ie s .  



To g i v e  an  example of t h e  e f f e c t  of c y c l i c  f requency,  notched b a r  
f a t i g u e  tests of A-286 were i n v e s t i g a t e d  wi th  t h r e e  s p e c i f i c  aging h e a t  
t r ea tmen t s  designed t o  a l t e r  t h e  y '  s i z e  and t h e  homog n e i t y  of deforma- 
t i o n .  These hea t  t r ea tmen t s  a r e  i d e n t i f i e d  elsewhere. 711) 

The r e s u l t s o f n o t c h e d  f a t i g u t  t e s t s  a t  593OC on specimens wi th  
K = 3 t e s t i n g  a t  A U / ~  = 414 MN/M (60,000 p s i )  a t  t h r e e  f r equenc ie s  are 
skown i n  F igure  2 .  The dashed l i n e  f o r  t h e  s tandard  t rea tment  r e p r e s e n t s  
a r e g r e s s i o n  a n a l y s i s  of r e s u l t s  of t e s t s  under a v a r i e t y  of notches and 
s t r e s s  l e v e l s .  A s t rong  frequency dependence of l i f e  i s  apparent  below 
about  5 cpm f o r  a l l  h e a t  t rea tments .  However, t h e  l i v e s  a r e  s u b s t a n t i a l l y  
d i f f e r e n t  a t  a g iven '  frequency f o r  t h e  d i f f e r e n t  h e a t  t r ea tmen t s .  A 
double aging t rea tment  (t3) i n  p a r t i c u l a r  shows much l e s s  frequency 
s e n s i t i v i t y  than  t h e  s i n g l e  lower temperature t rea tments .  

S ince  f o r  A286 f a i l u r e  a t  low f r equenc ie s  was i n t e r g r a n u l a r ,  e l imina-  
t i o n  of t r a n s v e r s e  g r a i n  boundaries  might be  expected t o  i n c r e a s e  t h e  
l i f e  i n  t h e  low-cycle regime. Accordingly, two notched specimens wi th  
Kt  = 3.0 were prepared from remelted s t o c k  which had been d i r e c t i o n a l l y  
s o l i d i f i e d .  C lea r ly  .a s u b s t a n t i a l  improvement was obta ined  a s  seen i n  
F igure  2 .  

I f  t h e  t r a n s v e r s e  g r a i n  boundaries  a r e  r e t a i n e d  but  t h e  environment 
is  e l imina ted  i n  A286, t h e  h igh  vacuum t e s t  p o i n t  shown on Figure  2 a t  
v = 1 . 6  x Hz i n d i c a t e s  a f u r t h e r  improvement.   his coni irms t h a t  most 
of t h e  frequency dependence observed i n  a i r  t e s t s  is  r e l a t e d  t o  t h e  in -  
f l u e n c e  of ox ida t ion  processes  a t  t h e  c r ack  t i p .  The f a i l u r e  of t h e  
d i r e c t i o n a l l y  s o l i d i f i e d  specimens t e s t e d  i n  a i r  t o  l a s t  as long a s  t h e  
vacuum t e s t  may be a t t r i b u t e d  i n  p a r t  t o  t h e  c a s t  s t r u c t u r e  An which 
t r a n s v e r s e  d e n d r i t e  boundaries  become p r e f e r r e d  c rack  propagat ion s i t e s .  

r. 

T e s t s  were a l s o  performed a t  h igher  f r equenc ie s  (up t o  30cpm). From 
t h e  view t h a t ,  a t  high f r equenc ie s ,  t h e r e  would be  l i t t l e  t ime f o r  environ- 
mental a t t a c k ,  curves  were cons t ruc t ed  t o  i n d i c a t e  a common ~ ~ n v e r g e n c e  
po in t  a t  1000 cpm. Above t h i s  frequency t h e  m a t e r i a l  can  be  expected t o  
be environmental ly  i n s e n s i t i v e  and independent of f requency.  For frequen- 
c i e s  approaching t h i s  convergence po in t  t h e  f r a c t u r e  s u r f a c e s  would be 
expected t o  be l a r g e l y  t r ansg ranu la r .  Fractographs of t h e  30 cpm t e s t  
supported t h i s  view. 

B . Environment 
Recognit ion of t h e  important  r o l e  of en ironment on f a t i g  e amage i s  

evidenced b t h e  e a r l y  work of Achter e t  a l .  ?14) and of White. ?15? McMahon 
and Coff in ,  f16)  i n  examining t h e  f a t i g u e  r e s u l t s o f  Udimet 500 i n  a i r ,  found 
s t rong  evidence t h a t  l o c a l i z e d  ox ida t ion  was c r i t i c a l l y  important t o  t h e  
f a i l u r e  process  and concluded t h a t  l i f e  deg rada t ionwas  more a r e s u l t  of 
"oxidat ion" f a t i g u e  (analogous t o  co r ros ion  f a t i g u e )  t'han of c reep  damage 
processes .  This  work was followed by i n v e s t i g a t i o n s  of comparative. 
e f f e ~ t s ( ~ 9 ~ ' )  i n  a i r  and i n  vacuum [1.33 ~ a ( l 0 - ~  t o r r ) ]  i n  which t e s t i n g  
was conducted under f u l l y  reversed  s t r a i n s  and equal  ramp r a t e s  on a v a r i e t y  
of m a t e r i a l s .  From t h e s e  experiments i t  was concluded t h a t  t h e  degrada- 
t i o n  processes  were most ly environmental,  s i n c e  room temperature (time- 
independent) behavior  could be produced by t e s t i n g  i n  vacuum r a t h e r  than  



i n  a i r  a t  e l eva t ed  temperature.  Evidence f o r  t h i s  conclus ion  was seen  by 
t h e  occurrence  of t r a n s g r a n u l a r  f r a c t u r e ,  and by f a t i g u e  l i v e s  comparable t o  
t hose  found a t  room temperature (based on p l a s t i c  s t r a i p  c o n s i d e r a t i o n s ) ,  
and independent of frequency and temperature.  F igure  3' is  an  example ~f 
t h i s  behavior  f o r  A286. Fu r the r  work was done on t h e  e f f e c t  of low frequen- 
c i e s  on AISI 304 s t a i n l e s s  s t e e l ( 1 7 )  t o  show t h a t  i n  h igh  vacuum l i v e s  were 
unaf fec ted  by decreas ing  f r equenc ie s  and f r a c t u r e  was s t i l l  t r ansg ranu la r  
a t  923 K a t  f r equenc ie s  of 166 Hz (0.01 cpm). Other i n v e s t i g a t o r s  have 
r epor t ed  t h a t  i n e r t  environments s i g n i f i c a n t l y  improve t h e - f a t i g u e  l i f e  
over t h a t  i n  a i r ,  a s  r epo r t ed ,  f o r  example, by Andrews and K i r s c h l e r  on 
2 114 C r  - 1 Mo s t e e l  i n  sodium.(18) 

C. Waveshapes 
Laboratory tests can be  c a r r i e d  o u t  using a  v a r i e t y  of waveshapes and 

t h e  f i n d i n g s  from t h e s e  experiments a r e  extremely important  t o  t h e  p re sen t  
d i scuss ion .  Some t y p i c a l  waveshapes a r e  shown i n  F igs .  4 and 5 and inc lude  
t e n s i l e  s t r a i n  hold [F ig .  4 ( b ) ] ;  s t r e s s -ho ld  and s t r a i n  l i m i t ,  t h e  so- 
c a l l e d  CP c y c l e  [Fig.  4 ( e ) ] ;  equal-equal s low-fast  and fas t - s low (Fig .  5 ) .  
Over t h e  y e a r s ,  a  l a r g e  amount of t e s t i n g  experience has  shown t h a t  de- 
c r eas ing  frequency of t h e  c y c l e  degraded t h e  l i £  e ,  9 20) and t h a t  waveshape 
had a n  important  i n f luence  on l i f e .  S t ra in-hold  t ime s t u d i e s  on a u s t e n i t i c  
s t a i n l e s s  s tee ls (21)  and m a t e r i a l s  of s i m i l a r  s t r e n g t h  and d u c t i l i t y  r e v e a l  

I t h a t  t e n s i l e  s t r a i n , h o l d s  a r e  t h e  most damaging mode f o r  equ iva l en t  per iods .  
O n t h a o t h e r  hand, f o r  t h e  c a s  n i c  el-based supe ra l loys ,  compressive s t r a i n -  
hold t e s t s  a r e  most damaging. F22-2h T e s t s  on carbon and l o  l oy  s t e e l s  
show t h a t  f requency,  bu t  no t  waveshape, i n f luences  t h e  Yigf A dis-  
cus s ion  of t h e s e  waveshape e f f e c t s  i s  g iven  elsewhere. tf::25) 

I n  t e n s i l e  s t r a in -ho ld  t i m e  t e s t s  on AISI 304 s t a i n l e s s  s t e e l ,  (21,261 

s i g n i f i c a n t  d i f f  e r e i i h  i n  f r a c t u r e  morphology and i n  l i f e  a r e  found when 
.compared t o  combined t e n s i i e  and compressive holds.  F r a c t u r e s  f o r  t h e  
former w e r e  l a r g e l y  i n t e r g r a n u l a r  wh i l e  a d d i t i o n s  of compression hold t imes 
of s h o r t e r  d u r a t i o n  cause  l a r g e l y  t r ansg ranu la r  f r a c t u r e  and increased  l i f  
S imi l a r  f i n d i n g s  ha'ire been r epor t ed  r e c e n t l y  f o r  AISI 304 s t a i n l e s s . s t e e 1 .  727) 

I n t e r n a l  c a v i t i e s  have a l s o  been noted i n  2 0 ~ r / 2 5 ~ i / 0 . 7 N b  s t a i n l e s s  steel a t  
1023 K ( ~ ~ )  and on a 1 CrMoV s t e e l  a t  838 K . ( ~ ~ )  

Other t ypes  of unbalanced loop tests r e v e a l  s i m i l a r  degrada t ion  on 
l i f e  and changes i n  f r a c  u r e  morphology. These inc lude  f u l l y  reversed  
c reep  a t  cons t an t  s t r e s s  f30,31) of AISI 316 s t a i n l e s s  s t e e l  a t  977 K , s t r a i n  
range  p a r t i t i o n i n  .waveshapes such a s  CP loops ,  f (25) thermal  mechanical 
t e s t s  on A286 (32 a t  868 K .  The common f e a t u r e  of a l l  of t h e  above tests 
was t h e  s i g n i f i c a n t  decrease  i n  l i f e  and t h e  appearance of i n t e r g r a n u l a r  
c racking  and i n t e r i o r  c racking  and c a v i t y  formation when t h e  t ime f o r  
which t e n s i l e  s t r e s s e s  were app l i ed  exceeded t h e  t ime spent  under com- 
p r e s s i v e  s t r e s s  i n a g i v e n  cyc le .  

D . Waveshape - Environment I n t e r a c t  i ons  
An u n c e r t a i n t y  would appear  t o  e x i s t  between t h e  degrading e f f e c t s  

found f o r  unbalanced loop tests conducted i n  a i r  and t h e  i n s e n s i t i v i t y  t o  
time-dependent damage when balanced loop tests a r e  conducted i n  h igh  
vacuum. For t h i s  reason ,  unequal strain-rate tests were c a r r i e d  o u t  bo th  



on A286 and AISI 304 s t a i n l e s s  s t e e l  i n  high vacuum. Resu l t s ,  shown i n  
Fig.  8 f o r  A286, r ev  a pronounced waveshape e f f e c t  on l i f e  i n  t h i s  en-. 
vironment. S h e f f l e r  ) a l s o  noted t h i s  behavior ,  but h i s  r e s u l t s  were 
somewhat obscured by t h e  thermomechanical n a t u r e  of h i s  t e s t s .  Looking 
p a r t i c u l a r l y  a t  t h e  s t a i n l e s s  s t e e l  r e s u l t s  a t  923°K i n  Table I ,  no te  t h a t  
t h e  slow-fast t e s t  c a r r i e d  o u t  i n  vacuum is nea r ly  a s  damaging a s  t h e  
corresponding a i r  test ,  while  f o r  balanced loops (equal  t imes i n  t e n s i l e  
and compressive going) t h e  vacuum environment produces a nea r ly  sevenfold 
inc rease  i n  l i f e  over t h a t  i n  a i r .  Fractography r e v e a l s  t h a t  both t h e  a i r  
and vacuum slow-fast t e s t s  f a i l e d  by i n t e r g r a n u l a r  f r a c t u r e ,  and,  i n  
a d d i t  ion ,  ex tens ive  i n t e r i o r  g r a i n  boundary cracking is  observed. This  
i n d i c a t e s  t h a t  i n t e r i o r  damage processes a r e  unaffected by t h e  e x t e r n a l  
environment, but  appear t o  be s t rong ly  influenced by t h e  waveshape. Support 
of t h i s  pos i t ion  is  found i n  t h e  r e s u l t s  of t h e  a i r  v s  vacuum equal s t r a i n -  
r a t e  t e s t s  where no i n t e r i o r  damage was observed. On t h e  o the r  hand, 
f a t i g u e  cracks  o r ig ina ted  a t  t h e  su r face  and were t r ansgranu la r  i n  vacuum 
but in t e rg ranu la r  i n  a i r ,  showing environmental involvement. Of p a r t i c u l a r  
i n t e r e s t  were t h e  fast-s low test r e s u l t s  on AISI 304 s t a i n l e s s  s t e e l  a t  
both 923 and 1083°K. F a i l u r e s  occurred away from t h e  d iametra l  c o n t r o l  
pos i t ion  from a r a t c h e t t  n - i n s t a b i l i t y  process.  D e t a i l s  of t h i s  behavior 
a r e  discussed elsewhere. t39) 

Unequal s t r a i n  r a  e t e s t i n g  has a l s o  been performed on two copper- 
based a l l o y s  a t  811°K. t34) Alloys were examined, i d e n t i f i e d  a s  1 /2  hard 
AMZIRC and NARloy 2. Rates considered w e r e  1 0 - ~ / 4  x 10-~s-l ( t e n s i l e  
going/compressive going) 4 x 10-411 x 10"~s-I f o r  t h e  AMZIRC copper, and 
1 0 - ~ / 4  x ~ o - ~ s - ~ ,  4 x l ~ - ~ / l  x ~ o - ~ s - ~ ,  4 x 10-511 x and 7 x 10-611 x 
10-2s-I f o r  . t h e  NARloy Z a l l o y .  Resul t s  obtained f o r  t h i s  a l l o y  a r e  r e -  
produced i n  Fig. 9 and r e v e a l  t h e  s t r i k i n g  degradat ion i n  f a t i g u e  l i f e  wi th  
increas ing  s t r a i n  r a t e  unbalance slow-fast t e s t i n g .  Mean,,stresses were 
noted i n  t h e  h y s t e r e s i s  loop, a behavior commonly found i n  unbalanced loop 
t e s t s .  (25,331 

A wide v a r i e t y  of p r e d i c t i v e  approaches have been developed over t h e  
years ,  f o r  a p p l i c a t i o n  t o  designs f o r  high em e r a t u r e  s e r v i c e .  Many of 
t h e s e  have been reviewed from time t o  time. t1yP5) Because of t h e  evolving 
phys ica l  understanding and phenomenology, t h e  s t a t e  of p r e d i c t i v e  metho- 
dology i s  one of change and improvement. Here we w i l l  d i scuss  t h e  cu r ren t  
procedure and f i v e  of t h e  newer methods c u r r e n t l y  under a c t i v e  s tudy and 
evalua t ion .  

A. Present  ASME Creep-Fatigue Rules and Procedures 
The present  Code r u l e s  e s t ab l i shed  i n  Case 1592 of t h e  ASME Boi ler  and 

Pressure  ~ e s s e l . a r e  predicated on a l i n e a r  damage summation between f a t i g u e  
damage and creep.  I n  t h e  c a s e  of c feep ,  time f o r  stress t o  r u p t u r e  i s  used. 
The procedures a r e  ou t l ined  i n  more d e t a i l  i n  F igures  10  and 11. The pre- 
d i c t i v e  c r i t e r i o n  used here ,  namely t h e  l i n e a r  summation of damage introduced 
by f a t i g u e  and by monotonic c reep ,  is  f a r  removed from t h e  a c t u a l  damage 
processes encountered i n  time-dependent f a t i g u e ,  a s  discussed above. For 
t h i s  reason, o the r  l i f e  p red ic t ion  approaches have been developed. Some of 



them a r e  descr ibed  below. 

B. Frequency Modified Fa t igue  Equat ions and Thei r  Appl ica t ions  
It is  d i f f i c u l t  i n  t h e  space  a l l o t t e d  t o  t h i s  t o p i c  t o  adequately 

d e s c r i b e  t h e  complex phenomenology developed f o r  t h e  c y c l i c  s t r e s s - s t r a i n  
and f a t i g u e  processes  a t  e leva ted  temperatures .  One a t tempt  was t o  
fo rma l i ze  t h i s  complex behavior  through t h e  u s e  of t h e  so-ca l led  frequency- 
modified f a t i g u e  equat ions ,  which r ep re sen t  t h e  m a t e r i a l  behavior  through 
t h e  u s e  of t h e  p l a s t i c  C ine l a s t i c )  s t r a i n  range and t h e  frequency of t h e  
cyc l e .  These equat ions  a r e :  

J ' 

5 

The c o e f f i c i e n t s  f o r  ?these equat ions  a r e  determined from r e g r e s s i o n  
a n a l y s i s  procedures  u t i l i z i n g  a v a i l a b l e  t e s t  d a t a  from smooth, u n i a x i a l l y  
loaded specimens test .ed a t  s p e c i f i c  tempera tures ,  s t r a i n  ranges and 
f r equenc ie s  . s p e c i f i c  f e a t u r e s  and a p p l i c a b i l i t y  of t h e s e  equat ions  are 
descr ibed  e l s e w h e r e . ( l ~ ~ )  Examples of m a t e r i a l  behavior ,  descr ibed  i n  
more d e t a i l  i n  r e f e ren& [ I ] ,  can be  c i t e d ,  inc luding  t h e  c y c l i c  s t r e s s -  
s t r a i n  behavior a s  a*unct ion  of temperature f o r  AISI 304 s t a i n l e s s  s t e e l ,  
F igu re  12 .  Note t h a t  t h e  frequency i s  accounted f o r  by t r a n s f e r r i n g  i t  t o  
t h e  l e f t  hand s i d e  of equat ion (2) and p i ~ t t i n g  t h i s  parameter a s  t h e  
o r d i n a t e  i n  F igure  12 .  Of i n t e r e s t  is  t h e  dec rease  i n  s t r e s s  range  and 
c y c l i c  s t r a i n  hardening exponent w i t h  inc reas ing  temperature,  and t h e  
inc reas ing  in f luence  of t h e  frequency of cyc l ing  on t h e  r e s i s t a n c e  t o  c y c l i c  
deformation.  Equation (2) can a l s o  be  expressed i n  t e r m s  of t h e  s t r a i n  
r a t e  f o r  c a s e s  of equal  and cons t an t  ramp r a t e s  f o r  each l e g  of t h e  loop.  
Here 

where B = A/2kl, n i  =. n'-k and m = kl. Equation (2) o r  (4) may b e  u s e f u l  i n  
1 

a n a l y t i c a l  procedurescfor  e l a s t o - p l a s t i c  c y c l i c  s t r e s s - s t r a i n  s o l u t i o n s .  

The frequency-modified Coffin-Manson equat ion ,  equat ion  (1) i s  u s e f u l  
i n  c h a r a c t e r i z i n g  h igh  temperature low-cycle f a t i g u e  behavior .  It has  been 
found convenient  aga in  t o  t r a n s f e r  t h e  frequency term t o  t h e  l e f t  s i d e  i n  
equat ion  (1) and d e f i n e  t h i s  parameter a s  t h e  frequency-modified p l a s t i c  
s t r a i n  range. Equation ( 3 ) ,  c a l l e d  t h e  frequency-modified Basquin 
equat ion ,  can be  s i m i l a r l y  t r e a t e d .  Appl ica t ion  of equat ion (1) and (3) a r e  



shown i n  F igure  1 3  f o r  test d a t a  on AISI 304 s t a i n l e s s  t e e 1  cont inuous ly  
cycled a t  t h r e e  s t r a i n  r a t e s  and a t  t h r e e  temperatures .  76) 

Seve ra l  f e a t u r e s  a r i s i n g  from t h e  e f f e c t  of i nc reas ing  temperature on 
f a t i g u e  phenomenology a r e  observed i n  t h i s  f i g u r e .  We s e e  t h e  inc reas ing ly  
nega t ive  s l o p e  and t h e  decreas ing  l i f e  of t h e  p l a s t i c  s t r a i n - c y c l e s  t o  
f a i l u r e  r ep re sen ta t ion .  Inc reas ing  temperature and concomitant so f t en ing  
causes a p rog res s ive  dec rease  i n  t h e  e l a s t i c  s t r a i n  ( o r  s t r e s s  r a n g e / e l a s t i c  
modulus). With inc reas ing  temperature t h e  t r a n s i t i o n  f a t i g u e  l i f e  N ( t h e  

t l i f e  where t h e  e l a s t i c  and p l a s t i c  s t r a i n  ranges a r e  equal)  s h i f t s  t o  lower 
va lues  of l i f e .  The r o l e  of t h e  t r a n s i t i o n  f a t i g u e  l i f e  i n  d i  t i ngu i sh ing  
between low-cycle and high-cycle f a t i g u e  is  t r e a t e d  elsewhere.  T4) Also 
n o t e  t h a t  i nc reas ing  temperature has a s m a l l  e f f e c t  on t h e  exponent 6 '  
which d e f i n e s  t h e  s l o p e  of t h e  e l a s t i c  s t r a i n - c y c l e  l i f e  l i n e .  From an  
engineering des ign  viewpoint t h e  t o t a l  s t r a i n  range  A €  i s  a more commonly 
used q u a n t i t y  s i n c e  from i t  i s  der ived  t h e  pseudo-stress  EAE.  This  can be 
found by combining equat ion  (1) and ( 3 ) .  Combining t h e  e l a s t i c  and l a s t i c  
l i n e r  of F i  u r e  1 3  f o r  two s p e c i f i c  f r equenc ie s ,  0.16 and 0.16 x 10-9 Hz 5 (10 and 10' CPM), and t h e  t h r e e  temperatures  F igure  14 r e s u l t s .  Note t h e  
inc reas ing ly  s t r o n g  frequency e f f e c t s  a s  t h e  tempera ture  is  r a i s e d  and t h e  
l a r g e  d i f f e r e n c e s  i n  l i f e  a s  t h e  t o t a l  s t r a i n  range is  decreased .  For 
example, a t  a s t r a i n  r a n  e of 0.003, t h e  l i f e  a t  0.16 Hz decreases  from 9 5 x l o 5  c y c l e s  t o  7 x 1 0  a 70 f o l d  dec rease  f o r  a change in tempera ture  
from 450 t o  816OC. A t  0.16 x ~ O - ~ H Z  on t h e  o t h e r  hand t h e  l i v e s  a r e  
5 x l o 5  c y c l e s  and 260, a 1900 f o l d  decrease .  A t  t h i s  same s t r a i n  range ,  
changing t h e  frequency by a f a c t o r  of a 1000 causes  a 27 f o l d  dec rease  i n  
l i f e .  It should be pointed o u t  t h a t  t h e s e  comparisons a r e  based on an  
e x t r a p o l a t i o n  of t h e  t e s t  d a t a  t o  lower f r equenc ie s  on t h e  assumption t h a t  
t h e  frequency exponents of equat ions  (1-3) a r e  independent of f requency.  

": - " 

The frequency-modified f a  i ue equat ion  can be  used t o  p r e d i c t  hold 
times. It has been suggested,  t28) t h a t  holdt ime behavior  could be pre- 
d i c t e d  from Eq. 1-3 by assuming t h a t  

t 

where t '  is  t h e  t ime f o r  s t r a i n  r e v e r s a l  and t i s  t h e  hold period f o r  each c h 
cyc l e .  Using t h e  a p p r o p r i a t e  c o e f f i c i e n t s  g iven  i n  Ref. 1 good agreement 
w i th  a format proposed by Conway e t  a 1  (21) r e p r e s e n t a t i o n  of which is  
shown i n .  Fig.  15. 

C. S t r a i n  range p a r t i t i o n i n g  
Th i s  approach(L'r3L) i s  b u i l t  around a s e r i e s  of experiments t o  

e s t a b l i s h  i n e l a s t i c  s t r a i n - c y c l e  l i f e  r e l a t i o n s h i p s  f o r  a g iven  m a t e r i a l  
and temperature.  Four s e t s  of c y c l i c  l i f e  experiments a r e  requi red  
i d e n t i f i e d  a s  PP, CC,  CP and PC t e s t s  (F ig .  16)  where P symbolizes 
p l a s t i c i t y  and imp l i e s  a r a p i d ,  cons t an t  'ramp r a t e  t e s t s ,  wh i l e  C sym- 
b o l i z e s  c r eep  and impl ies  t e s t i n g  a t  cons t an t  load .  Thus a PP t e s t  i s  one 
which i s  f a s t ,  balanced and cont inuous ly  cyc led ,  wh i l e  a CC t e s t  i s  conducted 



under reversed  c reep  cond i t i ons  a t  f i x e d  t e n s i l e  and compressive loads .  I t  
too ,  is  balanced. Tlie CP.and PC t e s t s  a r e  mixed, c o n s i s t i n g  of one l e g  (C) 
of a h y s t e r e s i s  loop a t  cons t an t  l o a d ,  t h e  reversed  l e g  (P) a t  a r ap id  
cons t an t  ramp r a t e .  These two loops  b r ing  i n  t h e  element of loop unbalance. 

A procedure is  involved whereby a g iven  complex h y s t e r e s i s  loop is  
broken down i n t o  components of t h e  f o u r  b a s i c  loops .  Then us ing  an  
approximate l i n e a r  damage r u l e ,  c a l l e d  t h e  i n t e r a c t i o n  damage r u l e ,  a 
p r e d i c t i o n  of t h e  l i f e  f o r  t h e  complex loop i s  made from t h e  l i v e s  of t h e  
component loops.  The procedure is  shown i n  F ig .  17. The method is  assumed 
t o  have broader  a p p l i c a b i l i t y  than  t o  i so thermal  cond i t i ons ,  based on t e s t s  
performed a t  v a r i o u s  temperatures  i n  which t h e  CC,  CP and PC b a s e l i n e  
f a i l u r e  d a t a  show an  i n s e n s i t i v i t y  t o  temperature.  The assumption is  then  
made t h a t  t h e  b a s e l i n e  d a t a  a r e  temperature independent,  such t h a t  thermo- 
mechanical loading  cond i t i ons  can be  included i n  t h e  p r e d i c t i v e  scheme. 
The method has  been used f o r  l i f e  p r e d i c t i o n  i n  a l a r g e  number of ca ses .  

D. Method of Os tergren .  
Ostergren (35) has  r e c e n t l y  proposed t h a t  hold t ime and frequency 

e f f e c t s  a t  e l eva t ed  temperature can be accounted f o r  by a damage func t ion  
based on t h e  n e t  t e n s i l e  h y s t e r e s i s  energy. Th i s  damage measure i s  approxi-  
mated by t h e  q u a n t i t y  utAcp where at is  t h e  maximum s t r e s s  i n  t h e  c y c l e  and 
A E  i s  t h e  i n e l a s t i ?  s t r a i n  range. The t e n s i l e  h y s t e r e s i s  energy is  

P employed t o  account  f o r  t h e  f a c t  t h a t  low c y c l e  f a t i g u e  i s  e s s e n t i a l l y  a 
c r ack  growth process ,  and t h a t  c r ack  growth and damage occurs  only  dur ing  
t h e  t e n s i l e  p a r t  of t h e  cyc l e .  The u s e  of t h e  t e n s i l e  s t r e s s  q u a n t i t y  i n  
conjunct ion  wi th  t h e  p l a s t i c  s t r a i n  range  provides  a means f o r  accounting 
f o r  loop unbalance,, ,since, f o r  t h e  same i n e l a s t i c  s t r a i n ,  a p o s i t i v e  mean 
stress g i v e s  a g r e a t e r  t e n s i l e  h y s t e r e s i s  energy than  a compressive mean 
stress. 

I n  o rde r  t o  determine f a t i g u e  l i f e ,  t h e  method r e q u i r e s  t h e  s u b s t i t u t i o n  
of atAEp i n  equat ion  (1) . Addi t iona l ly ,  two c a s e s  a r e  t r e a t e d ,  one where 
time-dependent damage is  independent of wave shape,  t h e  o t h e r  where damage 
is dependent on wave'shape. The c a s t  n i c k e l  base  supe ra l loys  a r e  considered 
t o  be  i n  t h e  former c l a s s  s i n c e  i n  gene ra l  k = 1 f o r  t h i s  c l a s s  of m a t e r i a l s  
(48) , i n d i c a t i n g  no frequency e f f e c t  i n  equat ion  (1) . For most o t h e r  
m a t e r i a l s  t h e  c r i t e r i o n  becomes 

where 

v = l / ( r o  + T~ - T ~ )  f o r  T > T 
t C 

and 

v = l1.r f o r  T < T 
0 t C 

49 



where ro i s  t h e  t ime per  c y c l e  of cont inuous cyc l ing ,  r t  i s  t h e  t e n s i o n  hold 
t ime and rc i s  t h e  compression hold time. F igu re  18  shows t h e  c o r r e l a t i o n  
of equat ion  (6) w i t h  t e s t  d a t a  on AISI 304 s t a i n l e s s  s t e e l .  

Th'e method is  q u i t e  new and un te s t ed  f o r  wave shapes such as those  pro- 
duced by CP o r  PC procedures  o r  by fast-s low o r  s low-fast  t e s t i n g .  

E. Frequency s e p a r a t i o n  
Frequency s e p a r a t i o n  is  ano the r  r e c e n t l y  developed approach f o r  p r e d i c t i n g  

high temperature f a t i g u e  (36,37).  It is  a n  ex tens ion  of t h e  frequency-modified 
f a t i g u e  a ~ p r o a c h  descr ibed  e a r l i e r .  The frequency-modified f a t i g u e  equat ions  have 
been used a s  a b a s i s  f o r  l i f e  , p r ed ic t ion  (1) by assuming t h a t  t h e  per iod  of t h e  
c y c l e  but  no t  t h e  wave shape in f luences  f a t i g u e  l i f e .  S u f f i c i e n t  evidence has  
been presented  h e r e  and elsewhere t o  show t h a t  t h e  assumption of wave shape 
independence on f a t i g u e  behavior  is u n s a t i s f a c t o r y .  Accordingly two procedures  
have been introduced t o  c o r r e c t  f o r  t h i s  inadequacy. Each a r e  b u i l t  around t h e  
concept expressed above t h a t  f a t i g u e  damage a r i s e s  from t h e  t ens ion  going ( i . e .  
where 6 > 0) p a r t  of t h e  h y s t e r e s i s  loop ,  and hence s e p a r a t i o n  of each l e g  of 
t h e  h y s t e r e s i s  loop  i n t o  t ens ion  going and compression going w a s  r equ i r ed .  

The f i r s t  of t h e s e  procedures  i s  very  s imple,  r e q u i r i n g  only  t h a t  t h e  
frequency term i n  equat ion  (1) is rep laced  by t h a t  a s s o c i a t e d  w i t h  damage, i .e.  
t h e  tension-going frequency. Actua l ly ,  it is more s t r a igh t fo rward  t o  d e a l  
wi th  t ime q u a n t i t i e s  r a t h e r  than  f requencies .  Thus i n  equat ion  (11, 
r = l / v  = r t  + rC where rt and rc a r e  t h e  t e n s i o n  and compression going t imes.  
S ince  t h e  c o e f f i c i e n t s  i n  equat ions  (1-3) have been determined f o r  balanced 
loop cond i t i ons ,  then  r t  = rc. By d e f i n i t i o n  r t  = l / v t ,  rc = l / vc .  Thus f o r  
balanced loop cond i t i ons  l / v  = 2/vt o r ,  equat ion  ( I ) ,  v = vt/2.  For any o t h e r  
loop,  t h e  t e n s i o n  going t i m e  r t  is found, such t h a t  v = 1/ (-2 'rt) and t h i s  i s  
used i n  equat ion  (1) .  

The second procedure is more involved s i n c e  t h e  f i r s t  procedure does no t  
adequate ly  p r e d i c t  s e v e r e l y  unbalanced loop  shapes.  Reference i s  made t o  t h e  
loops  and nomenclature show i n  F igure  5. It is  assumed t h a t  t h e  a c t u a l  stress 
range f o r  loops  of unequal bu t  cons t an t  ramp rates can be determined from t h e  

I mean of t h e  stress range  f o r  each l e g  of t h e  loop .  Thus AuSF = AaFS = 
(Bas + A a a ) / 2 ,  where t h e  s u b s c r i p t  r e f e r s  t o  slow and f a s t .  Applying 
equat ion  (2) of t h e  frequency-modified f a t i g u e  equat ions  t o  o b t a i n  t h e  stress 
range f o r  each frequency,  one g e t s  

1 

It is next  assumed t h a t ,  i f  t h e  stress range  is  Gown, , t he  l i f e  can  be  
determined, us ing  equat ion  ( 3 ) .  S u b s t i t u t i n g  equat ion  (9) &to equat ion  (3)  
t o  determine t h e  f a t i g u e  l i f e ,  one f i n d s  



Note t h a t  t h e  c o e f f i c i e n t s  A ' ,  k i  and f3' a r e  obta ined  from sniooth b a r ,  
equal  ramp rate tests as ind ica t ed  e a r l i e r .  

The a p p l i c a b i l i t y  of t h e  method t o  a  v a r i e t y  of experiments on wave shape 
e f f e c t s  a t  h igh  temperature i s  r epor t ed  elsewhere (36) .  Shown i n  F igure  19 
is a comparison of t h e  method w i t h  hold t ime d a t a  of J a s k e  et  a l .  

F. Damage r a t e  equat ion  
Another very  r e c e n t  a d d i t i o n  t o  t h e  growing fami ly  of h igh  temperature 

f a t i g u e  p r e d i c t i o n  approaches is  t h a t  of Majumdar and Maiya ( 3 9 ) .  The 
b a s i s  f o r  t h e  approach i s  c r a c k  growth and t h e  s e p a r a t i o n  of t h e  growth 
processes  i n t o  two d i s t i n c t  r e l a t i o n s ,  depending on whether t h e  e x t e r n a l l y  
app l i ed  stress i s  t e n s i o n  o r  compression. These r e l a t i o n s  a r e :  

f o r  compression stress 

TC 
r 

For cont inuous cyc l ing ,  equat ion  (11) i s  i n t e g r a t e d  over  a  g iven  p l a s t i c  
s t r a i n  range. When E is  ' cons t an t ,  equat ion  (11) and equat ion  (1) a r e  found 
t o  be i d e n t i c a l .  ~he'method has  been used t o  p r e d i c t  f a t i g u e  l i v e s  f o r  
Type 304 s t a i n l e s s  s t e , e l  under v a r i o u s  monotonic and c y c l i c  loading con- 
d i t i o n s .  A r e f  inemenia;of t h e  method has  r e c e n t l y  been in t roduced  t o  inc lude  
t h e  a d d i t i o n a l  e f f e c t s  "of bu lk  c a v i t y  damage under unbalanced h y s t e r e s i s  
loop cyc l ing .  

IV. SUMMARY 

I n  t h i s  paper  t h e  time-dependent f a t i g u e  behavior  of m a t e r i a l s  used o r  consid- 
e r ed  f o r  u s e  i n  p r e s e n t  and advanced systems f o r  power genera t ion  i s  ou t l i ned .  A 
p i c t u r e  i s  f i r s t  p resented  t o  show how b a s i c  mechanisms and phenomenological 
in format ion  r e l a t e  t o  t h e  performance of t h e  component under cons ide ra t ion  
through t h e  so-ca l led  l o c a l  s t r a i n  approach. By t h i s  means l i f e  p r e d i c t i o n  
c r i t e r i a  and des ign  r u l e s  can  be formulated u t i l i z i n g  l abo ra to ry  t e s t  i n fo r -  
mation which is  d i r e c t l y  t r a n s l a t e d  t o  p r e d i c t i n g  t h e  performance of a  
component. The body of phenomenological information r e l a t i v e  t o  time- 
dependent f a t i g u e  i s  reviewed. Included a r e  e f f e c t s  of s t r a i n  range,  s t r a i n  
r a t e  and frequency,  environment and wave shape,  a l l  of which a r e  shown t o  b e  
important i n  developing both an  understanding of and des ign  base  f o r  t ime 
dependent f a t i g u e .  Using t h i s  body of in format ion ,  some of t h e  c u r r e n t  methods 
being considered f o r  t h e  l i f e  p r e d i c t i o n  of components are review. These 
inc lude  t h e  c u r r e n t  ASME code case ,  frequency-modified f a t i g u e  equat ions ,  
s t r a i n  range  p a r t i t i o n i n g ,  t h e  damage func t ion  method, frequency s e p a r a t i o n  
and damage rate equat ions .  From t h i s  review,  i t  is  hoped t h a t  a  b e t t e r  



pe r spec t ive  on f u t u r e  d i r e c t i o n s  f o r  b a s i c  m a t e r i a l  s c i e n c e  a t  h igh  tempera ture  
can be achieved.  
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TABLE I 

Air 

Vacuum 

Fast-slow 
Equsl 
Slow-fast 
Fast-slow 
Equal 
Slow-fast 

Equal 
Slow-fast 
Slow-fast 
Fast-slow 

Frcqmq-+purtion t e a  (AISI 304 shinlev steel) 

' I  '+- 
(min) (man) Nf  

TY ~e 

Air. Ozp=0.02. T=81@C.v=O.I32cpm 

0.075 7.5 >374O - Fast-slow 
3.75 3.75 162 Equil 
7 J 0.075 5 2 Slow-fast 

Air. bep = 0.02. T = 650°C, v = 0.1 cpm I> 

10 0.1 148 Slow-fast 
10 10 1407 Equal 

O~ailed off cpnter. 
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Fig .  9  - Slow-fast  and fas t - s low 
s t r a i n - r a t e  rests on copper a l l o y  

-NARloy Z t 811°K, a f t e r  Conway 
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Vd , r d  . Code Case 1292 equat ion ( 5 )  
1.1 *.: 

where 

D = t o t a l  c reep- fa t igue  damage (see F ig .  T-1420-2.) 

n  = number o f  app l iea  cyc les  o f  load ing  condit i0n.J 

Nd = number o f  des ign  a l lowab le  cyc les  o f  load ing  cond i t ion ,  J. 
from the f a t i g u e  curves corresponding t o  the Mximum 
metal temperaiure dur ing  the cyc les  f o r  the equ iva len t  
s t r a i n  range. 

t = t ime d u r a t i o n  o f  the load  cond i t ion ,  k  

Td - a l lowab le  t ime a t  a  g iven  s t ress  i n t e n s i t y  ( f o r  e l a s t i c  ana lys is )  
o r  a t  a  g iven  e f f e c t i v e  s t ress  ( f o r  i n e l a s t i c  ana lys is )  from 
load. k. Td values a re  obtained by en te r ing  the s t ress- to - rup tu re  
curve a t  a  s t r e s s  value equal t o  the ca lcu la ted  s t ress  ( f rom load  k )  
d i v i d e d  by the  fac to r  KI = 0.9. 

Fig .  11 - Linear  cumulat ive c r eep  
and f a t i g u e  damage r e l a t i o n  used i n  
Code Case 1592, ASME B o i l e r  and 
P r e s s u r e  Vessel Code. 
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i n t e r a c t i o n  of f requency and stress 
range  i n  p l a s t i c  s t r a i n  range  f o r  
s e v e r a l  temperatures .  (1) 
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HIGH TEMPERATURE FRACTURE OF CERAMIC MATERIALS 

S. M. Wiederhorn 
National Bureau of Standards 
Washington, D. C. 20234 

Abstract 

This report presents a review of fracture mechanisms and methods uf 
lifetime prediction in ceramic materials. Techniques of lifetime prediction 
are based on the science of fracture mechanics. Application of these 
techniques t6 structural ceramics is limited by our incomplete understanding 
of fracture mechanisms in these materials, and by the occurrence of flaw 
generation in these materials at elevated temperatures. Research on 
flaw generation and fracture mechanisms is recommended as a way of 
improving the reliability of structural ceramics. 



Because of 'national goals for energy self-sufficiency, ceramic 
materials are being considered for high-temperature, structural 
applications. Potential uses of ceramic materials include coal conversion 
systems where ceramics will be used in high-temperature applications: 
linings of reactors, cyclones,and transfer lines; components of gas 
turbines; structural members in regenerative and recuperative heat 
exchangers; let-down valves in synthetic liquid fuel plants; and lock- 
hopper valves in coal gasification plants. Hence an understanding-of 
the critical factors that determine the mechanical integrity of ceramic 
materials at elevated temperatures is important. At somewhat lower 
temperatures, an understanding of the mechanical properties of cer?mics 
is important for safe disposal of nuclear wastes, and for the construction 
of reliable ceramic components for fuel cell operation and solar energy 
production. By impqoving our understanding of the mechanical behavior 
of ceramics it will be possible both to improve the lifetime of ceramics 
in current applications and to .introduce ceramics into new applications 
that will lead to greater efficiency in energy production. 

For greater efficiency, coal conversion facilities will require 
long-term operation between scheduled closings for maintenance and 
repair. Two to five,year maintenance cycles, which are. standard for oil 
refineries in the pqtrochemical industry, will be required as a standard 
of performance for the coal conversion industry. 'To achieve this level 
of reliability, techniques of lifetime prediction will be needed for 
ceramic materials to assure trouble free operation between maintenance 
periods. Even more,stringent requirements are needed for nuclear waste 
disposal, for ~hich~projected lifetimes of safe operation are of the 
order of lo3 years. ' 

2. Lifetime Prediction Techniques 

Current techniques of lifetime prediction for ceramic materials are 
deterministic in nature (1-3). Ceramics are believed to fail as the 
result of crack propagation from preexisting flaws. Consequently, 
techniques for lifetime prediction require information on flaw growth 
and on the size of the preexisting flaws. The flaws that act as nuclei 
for crack growth are often introduced by machining and grinding during 
finishing operations, and by impurities and foreign particles accidently 
included in powder batches during manufacturing operations. When ceramics 
are subjected to reactive environments at elevated temperatures, flaws 
can also nucleate as a consequence of chemical reactions at the surface 
of the ceramic. Once introduced into the ceramic, these flaws grow into 
c~acks when a component is subjected to an applied stress of sufficient 
magnitude. Subcritical crack growth continues until the cracks reach a 
critical size, at which point failure occurs. Failure can occur a 
considerable period,after full load has been applied, so that a time 
delay to failure is a typical occurrence for structural ceramics. 



2.1 I n i t i a l  Flaw' S i ze  

L i f e t ime  p r e d i c t i o n  techniques f o r  ceramic m a t e r i a l s  a r e  based on 
t h e  assumption t h a t  t h e  engineering l i f e t i m e  of a  s t r u c t u r a l  component 
can be  determined from t h e  i n i t i a l  s i z e  of t h e  c r i t i c a l  f law and the  
time requi red  f o r  t h i s  f law t o  grow t o  a  c r i t i c a l  s i z e .  The i n i t i a l  
f law s i z e  i n  a  ceramic component can be  e s t a b l i s h e d  by t h r e e  techniques:  
non-destruct ive eva lua t ion ;  proof t e s t i n g ;  and s t a t i s t i c s .  A s  implied 
by t h e i r  names, each of t hese  techniques measures t h e  i n i t i a l  f law s i z e  
i n  a  d i f f e r e n t  way. Non-destructive eva lua t ion  techniques ,  such a s  x- 
ray  radiography o r  u l t r a s o n i c s ,  are used f o r  d i r e c t  measurement of f law 
s i z e .  I n  t h e  p a s t ,  non-destruct ive eva lua t ion  techniques were not  
capable of r e so lv ing  t h e  100 pm f laws t h a t  account f o r  s t r e n g t h  l o s s  i n  
ceramics.  However r ecen t  advances i n  t h e  f i e l d  of u l t r a s o n i c s  (4)  show 
t h a t  f o r  dense s t r u c t u r a l  ceramics,  t h i s  technique is  now capable  of 
r e so lv ing  f laws a s  smal l  a s  50 pm. Because of t h e s e  advances, u l t r a -  
son ic s  i s  being app l i ed  t o  t h e  screening  of b lades  f o r  ceramic t u r b i n e  
engines.  S u b s t a n t i a l  advances have been made r e c e n t l y  wi th  regard t o  
f law type  c h a r a c t e r i z a t i o n  and e s t ima t ion  of t h e  e r r o r s  a s soc i a t ed  wi th  
the  a p p l i c a t i o n  of u l t r a s o n i c s  techniques (5 ) .  

Proof t e s t i n g  i s  used t o  e s t ima te  t h e  l a r g e s t  f law p resen t  i n  a  
s t r u c t u r a l  ceramic (6 ,7) .  To b e  e f f e c t i v e ,  t h e  proof t e s t  load dupl i -  
c a t e s  t h e  a c t u a l  load on t h e  s t r u c t u r a l  component. Once a component has  
been subjec ted  t o  a  proof t e s t ,  t h e  l a r g e s t  flaw i n  t h e  component cannot 
exceed a  maximum s i z e  given by t h e  proof t e s t  l e v e l .  From t h i s  e s t ima te  
of t h e  maximum s i z e  f law,  a  minimum l i f e t i m e  can b e  ca l cu la t ed  f o r  t h e  
s t r u c t u r a l  component. Provided t h a t  t h e  component i s  no t  damaged by 
subsequent t rea tment  o r  by handl ing,  proof t e s t i n g  provides a  r e l i a b l e  
method of l i f e t i m e  assurance.  A cons ide rab le  amount of r e c e n t  r e sea rch  
has been conducted t o  c l a r i f y  va r ious  a s p e c t s  of t h e  technique (such a s  
weakening dur ing  t h e  proof t e s t ,  2 ,8 ,9) .  Proof t e s t i n g  has  been appl ied  
s u c c e s s f u l l y  i n  a  number of a p p l i c a t i o n s :  space c r a f t  windows (10, l l ) ,  
o p t i c a l  f i b e r s  (12), v i t r e o u s  gr inding  wheels (13) and ceramic t u r b i n e  
b lades  (14).  ' 5  

S t a t i s t i c s  i s  probably t h e  o l d e s t  technique of c h a r a c t e r i z i n g  t h e  
s t r e n g t h  of ceramic m a t e r i a l s .  Most o f t e n ,  des igners  use  s t a t i s t i c s  t o  
quan t i fy  t h e  s t r e n g t h  d i s t r i b u t i o n  so  t h a t  s a f e t y  f a c t o r s  can b e  estab-  
l i s h e d  f o r  p r a c t i c a l  app l i ca t ion .  It i s  only r e c e n t l y  t h a t  s t r e n g t h  
s t a t i s t i c s  have been combined wi th  c rack  growth c h a r a c t e r i s t i c s  t o  
p r e d i c t  l i f e t i m e s  a s  a  f u n c t i o n  o,f i n i t i a l  f law si!ze p r o b a b i l i t y  (2,6,8,15) . 
This  method of combining s t a t i s t i c a l  in format ion  on s t r e n g t h  w i t h  f law 
growth k i n e t i c s  was f i r s t  developed i n  Great  B r i t a i n ,  (15) and i s  now 
widely used i n  t h a t  country a s  a  means of improving s t r u c t u r a l  r e l i a b i l i t y .  

13' 

2.2 Crack Propagat ion Rates  . . , .- , , .  

r r  _.n 
The crack  growth information needed f o r  p r e d i c t i o n  of,,cornponent 

l i f e t i m e  can be  obtained by t h r e e  experimental  techniques:  c rack  growth 
techniques;  s t r e s s  r u p t u r e  techniques;  and s t r e s s i n g  r a t e  techniques.  



Crack growth techniques a r e  t h e  most d i r e c t  means of determining crack 
growth parameters  (16).  F rac tu re  mechanics specimens a r e  used t o  
determine both t h e  app l i ed  s t r e s s  i n t e n s i t y  f a c t o r ,  K , and t h e  c rack  
v e l o c i t y ,  v ,  a s soc i a t ed  wi th  KI .  For ceramic m a t e r i a l s ,  t he  v e l o c i t y  is  
found t o  be  a s t r o n g  func t ion  of KI,  and f o r  p r a c t i c a l  purposes,  t h i s  
r e l a t i o n s h i p  i s  given by a power func t ion ,  

where A and n a r e  u sua l ly  determined from a l e a s t  squares  f i t  t o  experi-  
mental d a t a .  Because n is  usua l ly  g r e a t e r  than  10 f o r  ceramic m a t e r i a l s ,  
o t h e r  func t ions  can a l s o  be  used t o  desc r ibe  the  r e l a t i o n  between v and 
K (17): 

v = v exp (bKI) 
0 

. (2) 

Equations 1-3 o f t e n  f i t  experimental  crack growth d a t a  w i th  equal  accuracy 
over t h e  range of t h e  da t a .  However s i n c e  l i f e t i m e  p r e d i c t i o n s  o f t e n  
r e q u i r e  e x t r a p o l a t i o n  of c rack  growth behavior  beyond t h e  range of t h e  
d a t a ,  t h e  accuracy of long-term l i f e t i m e  p r e d i c t i o n s  have r e c e n t l y  been 
quest ioned and t h e ~ ~ n e e d  f o r  an improved understanding of t h e  process  of 
c rack  growth has  b,een s t r e s sed . .  

Data on c rack  v e l o c i t i e s  can a l s o  b e  obtained by t h e  use  of s t r e s s  . 

rup tu re  techniques ,  i n  which a l oad ,  a ,  i s  appl ied  t o  a component,.and 
t h e  time t o  f a i l u r e ,  t ,  2s  measured a s  a func t ion  of t h e  app l i ed  load .  Data 
obtained by t h i s  technique can be represented  by t h e  fol lowing s imple 
equat ion  (18) : , I  

where n i s  obta ined  from a l e a s t  squares  f i t  of experimental  d a t a .  
T h e o r e t i c a l l y ;  i t  can be shown t h a t  n i n  equat ions  1 and 4 is t h e  same 
phys i ca l  parameter,  and t h a t  B i s  r e l a t e d  t o  A of t h e  equat ion  1 and t o  
t h e  c r i t i c a l  s t r e s s  i n t e n s i t y  f a c t o r  KIC [ ~ I B = ( ~ - ~ ) A Y ~ K ~ ~ " - ~ / ~ ] .  S .  is 

1 
t h e  s t r e n g t h  of a specimen measured i n  an i n e r t  environment where 
s u b c r i t i c a l  c rack  growth does no t  precede f r a c t u r e .  S .  can be c a l c u l a t e d  
from KI and t h e  f law s i z e ,  a: S i = K T C / y 6 ,  where Y i$ a geometric 
constang f o r  c rack  shape. For practical a p p l i c a t i o n ,  B can be used 
d i r e c t l y  i n  equat ions  f o r  p r e d i c t i n g  l i f e t i m e  ( 2 ) ,  so t h a t  i t  i s  not  
necessary  t o  eva lua t e  A from B when s t r e s s  r u p t u r e  techniques a r e  used 
t o  o b t a i n  c rack  growth d a t a .  A s  i n  t h e  ca se  of t h e  c rack  growth techniques,  
e x t r a p o l a t i o n  beyond t h e  range of experimental  d a t a  i s  o f t e n  necessary 
i n  many p r a c t i c a l  a p p l i c a t i o n s  f o r  l i f e t i m e  p r e d i c t i o n s ,  so  t h a t  an 
understanding of t h e  c rack  growth mechanism is  of paramount importance 
f o r  r e l i a b l e  p r e d i c t i o n  of l i f e t i m e .  F i n a l l y ,  t h e  c l o s e  r e l a t i o n s h i p  
between equat ions  1 and 4 should be noted. Equation 4 i s ,  i n  f a c t ,  
based on t h e  assumption t h a t  v i s  a power func t ion  of K (equat ion 1 ) .  
General t h e o r i e s  of f a i l u r e  t h a t  r e l a t e  f a i l u r e  time t o  a r b i t r a r y  c rack  
v e l o c i t y  equat ions ,  v=f(KI),  have not  been developed. 



Crack v e l o c i t y  d a t a  can a l s o  be obtained from s t r e n g t h  experiments 
i n  which t h e  s t r e n g t h  is  measured a s  a func t ion  of s t r e s s i n g  r a t e  (18) .  
Data obta ined  by t h i s  technique can b e . r e p r e s e n t e d  by an equat ion  t h a t  
is  s i m i l a r  t o  equat ion  4:  

where t i s  t h e  time t o  f a i l u r e  i n  a cons t an t  s t r e s s i n g  r a t e  experiment,  
and a is  t h e  specimen breaking s t r e s s .  From t h e  form of t h e s e  two 
equat ions  we s e e  t h a t  a t  a n  equiva len t  breaking s t r e s s ,  t h e  time-to- 
f a i l u r e  i n  a s t r e s s i n g  r a t e  experiment exceeds t h a t  f o r  a s t r e s s  rup tu re  
experiment: t ( s t r e s s i n g  r a t e ) =  (n+l) t ( s t r e s s  rup tu re )  (15) .  The exper i -  
mental cons t an t s  given i n  equat ion  5 a r e  used i n  much t h e  same way a s  
those  given i n  equat ion  4 .  Again, e x t r a p o l a t i o n  of t h e  s t r e n g t h  d a t a  
beyond the  range of experimentat ion i s  o f t e n  necessary f o r  purposes of 
long-term l i f e t i m e  p red ic t ion .  Consequently,  a fundamental understanding 
of t h e  f a i l u r e  mechanism is  needed f o r  accu ra t e  p r e d i c t i o n  of l i f e t i m e .  

3.0 Mechanisms of Crack Growth 

From t h e  d i scuss ion  presented above, t he  need f o r  a b a s i c  under- 
s t and ing  of mechanisms of f r a c t u r e  is  apparent .  S ince  t h e  f u n c t i o n a l  
dependence of c rack  growth r a t e  on s t r e s s  i n t e n s i t y  f a c t o r  i s  no t  known 
wi th  s u f f i c i e n t  accuracy,  long-term f a i l u r e  p r e d i c t i o n s  cannot be  made 
wi th  confidence a t  t h e  p re sen t  time. By s tudying and understanding t h e  
mechanisms t h a t  c o n t r o l  f r a c t u r e ,  i t  may be p o s s i b l e  t o  develop schemes 
t h a t  accu ra t e ly  ex rapo la t e  d a t a  so  t h a t  reasonable  p r e d i c t i o n s  of l i f e -  
time can be  made f o r  s t r u c t u r a l  ceramics.  I n  t h e  remainder of t h i s  
r e p o r t ,  mechanisms of f r a c t u r e  and t h e i r  a p p l i c a t i o n  t o  high temperature 
f r a c t u r e  problems w i l l  b e  d iscussed .  The d i scuss ion  w i l l  be, organized 
i n  terms of r e l a t i v e  complexity of t h e  f r a c t u r e  process:  s imple m a t e r i a l s  
such a s  g l a s s e s  and s i n g l e  c r y s t a l s  w i l l  b e  d iscussed  f i r s t ;  e f f e c t s  of 
environment and mic ros t ruc tu re  w i l l  be  d iscussed  nex t ;  thenLproblems 
a r i s i n g  from f law genera t ion  w i l l  b e  presented  and d iscussed  w i t h  regard 
t o  modern s t r u c t u r a l  ceramics such a s  S i c  and S i  N 3 4 '  

3.1 F r a c t u r e  of Homogeaeous Mate r i a l s :  I n e r t  Condit ions 

Homogeneous m a t e r i a l s  such a s  c e r t a i n  normal g l a s s e s  and some 
s i n g l e  c r y s t a l  ceramics a r e  known t o  e x h i b i t  s u b c r i t i c a l  c rack  growth i n  
vacuum. In  t h e s e  cases  f r a c t u r e  is known t o  be temperature s e n s i t i v e  
and crack  propagat ion can  be  f i t t e d  t o  an  a c t i v a t e d  process .  For g l a s s ,  
t h e  a c t i v a t i o n  energy f o r  c rack  growth ranges from 100 t o  200 ~ c a l / m o l e ,  
which i s  about  t h e  same range a s  t h a t  obtained f o r  v i scous  flow a t  
e l eva t ed  temperatures  (19) .  A similar a c t i v a t i o n  energy is  observed f o r  
s i n g l e  c r y s t a l  A1203 (20) .  I n  c o n t r a s t  t o  t h e  a c t i v a t e d  crack growth 
observed i n  t h e s e  m a t e r i a l s ,  slow crack growth does not  occur i n  s i l i c o n  
(21) ,  magnesium oxide  (22) ,  o r  i n  h igh  s i l i c a  g l a s s e s  t h a t  show anomolous 
e l a s t i c  behavior  (19).  The reasons  f o r  t h i s  dependence of crack growth 
behavior on s t r u c t u r e  a r e  no t  understood. 



Seve ra l  mechanisms of c rack  growth have been suggested t o  e x p l a i n  
t h e  f r a c t u r e  behavior  of s o l i d s  i n  i n e r t  environments (23) .  These mechanisms 
may be  d iv ided  i n t o  t h r e e  broad c a t e g o r i e s :  d u c t i l e  f r a c t u r e ;  d i f f u s i o n ;  
and b r i t t l e  f r a c t u r e .  Duc t i l e  f r a c t u r e  involves  t h e  gene ra t i on ' and  propaga- 
t i o n  of a p l a s t i c  zone from t h e  c rack  t i p .  I n  l i n e  wi th  t h i s  view, t h e  
f r a c t u r e  of g l a s s  has  been explained by a q u a n t i t a t i v e  theory  t h a t  
r e l a t e s  t h e  hardness  of g l a s s  t o  t h e  c rack  growth r a t e  a s  measured by 
f r a c t u r e  mechanics techniques (24,25,26) .  The theory  s u c c e s s f u l l y  
p r e d i c t s  t h e  s t r e s s  dependence of t h e  c rack  growth r a t e .  I n  c o n t r a s t  t o  
t h e s e  r e s u l t s ,  recent '  t ransmiss ion  e l e c t r o n  microscopy s t u d i e s  of c rack  
t i p s  have shown t h a t  t h e r e  a r e  no s l i p  d i s l o c a t i o n s  a s s o c i a t e d  w i th  
a r r e s t e d  c r acks  i n  b r i t t l e  c r y s t a l l i n e  m a t e r i a l s  ( A ~ ~ O ~ ,  S i ,  Ge, S ~ C )  
w i t h i n  a r e s o l u t i o n  of %1 nm, sugges t ing  t h a t  c racks  i n  t h e s e  m a t e r i a l s  
p ropaga te  wi thout  t h e  b e n e f i t  of p l a s t i c  deformation (27) .  These r e s u l t s  
c l e a r l y  i n d i c a t e  a need f o r  f u r t h e r  s tudy  of c rack  t i p  phenomenon 
occu r r ing  du r ing  c r ack  propagat ion i n  i n e r t  environments. 

D i f fu s ion ,  a s  a c rack  growth mechanism, has  been suggested t o  
e x p l a i n  c rack  motion a t  e l eva t ed  temperatures  (28, 29) .  Here i t  i s  
be l i eved  t h a t  m a t e r i a l  d i f f u s e s  from t3e p ro j ec t ed  p lane  of t h e  c r ack  
l e a v i n g  a p l ane  of vacanc ies  behind t h a t  a s s i s t s  c rack  propagat ion.  
Equat ions de r ived  f o r  t h i s  mechanism have been shown t o  f i t  experimental  
d a t a  taken  on cerami 'd-mater ia ls  a t  e l eva t ed  temperatures .  However, t h i s  
mechanism probably chnnot be  used t o  exp la in  c rack  motion a t  room tempera- 
t u r e  where t h e  atoms of most ceramic m a t e r i a l s  a r e  immobile. Glass  
con ta in ing  a l k a l i  i o n s  may be  an except ion  t o  t h i s  g e n e r a l i z a t i o n ,  
because a l k a l i  i o n s ' a r e  mobile a t  room temperature .  Seve ra l  au tho r s  
have suggested a l k a l i  i o n  d i f f u s i o n  a s  a p o s s i b l e  cause of s t r e s s -  
co r ros ion  c rack ing  o f  .'glass a t  room temperature  (23) .  

m r 

With regard  t o  b r i t t l e  f r a c t u r e ,  l a t t i c e - t r a p p i n g  has  been r e c e n t l y  
proposed a s  a mechanism of c r ack  propagat ion (30-32). The concept of 
l a t t i c e  t r app ing  t akes  i n t o  account t h e  a tomic i ty  of s o l i d s  t o  modify 
t h e  G r i f f i t h  Thomson theory of f r a c t u r e  (30-32). When t h i s  i s  done i t  
can b e  shown t h a t  t h e r e  i s  a c r i t i c a l  stress i n t e n s i t y  f a c t o r ,  K , f o r  
c r ack  growth, and ano the r ,  a t  a much lower va lue  of K I ,  f o r  cracH hea l ing .  
The c l a s s i c a l  G r i f f i t h  cond i t i on  f o r  c rack  proaga t ion  l i e s  between t h e s e  
two l i m i t s .  A t  s t r e s s e s  g r e a t e r  than t h e  G r i f f i t h  s t r e s s ,  c rack  growth 
can occur  by a thermal ly  a c t i v a t i o n  process .  Conversely,  a t  s t r e s s e s  l e s s  
than t h e  G r i f f i t h  stress, c rack  h e a l i n g  can occur  by a thermally a c t i v a t e d  
p roces s .  F u l l e r  and Thomson (33) have r e c e n t l y  devised a n a l y t i c a l  
models o f ' c r a c k  growth t h a t  p r e d i c t  t h e  temperature  and stress dependence 
of s u b c r i t i c a l  c rack  growth i n  c r y s t a l l i n e  m a t e r i a l s .  

F r u i t f u l  a reas . 'o f  r e sea rch  on t h e  f r a c t u r e  of homogeneous m a t e r i a l s  
i n  i n e r t  environment sr i nc lude  :- 

o C h a r a c t e r i z a t i o n  of c r i t i c a l  a s p e c t s  of t h e  atomic s t r u c t u r e  of 
s o l i d s  t h a t  permi ts  s u b c r i t i c a l  c rack  growth. 



o Comparison of crack growth and crack healing data with atomic 
models of lattice trapping to evaluate the validity of.this fracture 
theory. 

o Collection of crack growth data in vacuum on a variety of 
crystalline materials to serve as a data base for fracture theories. 

o Apply high resolution transmission electron microscopy to 
further ascertain the structure of cracks in brittle solids. 

1 3 . 2  Fracture of Homogeneous Materials : Active ~n'vironments 

First observed in glass and sapphire, subcritical crack growth in 
ceramic materials was attributed to water vapor in the environment. 
Recent studies indicate that water is a stress-corrosion agent for many 
'structural ceramics. Because subcritical crack results from a stress 
enhanced chemical reaction, materials that undergo stress corrosion 
cracking exhibit a strong dependence on temperature in the low tempera- 
ture range <500°c. Chemical attack on ceramic materials is also important 
at elevated temperatures for other systems that interact with their 
environments. The fracture of nitride and carbide ceramics,' for example, 
which oxidize at elevated temperatures, >100O0~, is known to be sensitive 

2' 
to oxygen in the environment ( 3 4 ) .  

When external environments are important, subcritical 'drack growth 
can be controlled by a number of important factors: composition of the 
ambient environment; rate of transport of the environment to the crack 
tip; possibilities of chemical reaction between the environment and the 
crack walls as the environment moves to the crack tip; and bond breaking 
processes such as chemical reactions or diffusion that occ"3r at the 
crack tip (23). At high or low temperature, these conside?r"~tions add . 

complexity to the process of fracture that greatly increase the task of 
understanding the basic fracture process. 

1 

i ,  '11 

The complexity of the fracture process in the presence of a chemical 
environment can be illustrated for glass at room temperature ( 2 3 ) .  
Glass exhibits subcritical crack growth because of water in the environment. 
In nitrogen gas, fracture mechanics studies suggest three distinct 
mechanisms that control crack growth. At low cra~k velocities, fracture 
is controlled by the rate at which the water can react with'the strained 
silicon-oxygen bonds at the tip of the crack. At higher velocities, 
transport of water to the crack tip is a critical step limiting the 
growth of cracks, while at still higher velocit'ies transport is so slow 
that fracture is controlled by an environment free process. In water, 
the fracture process in glass can be complicated by cavitadion of the 

' > 0- 

water, and by changes in the chemical composition'of the water as it 
moves to the crack tip. At this time, the exact 'mechanismJ ' 

1 
of bond rupture is not fully understood in glass. . Because'of these 
complexities in the fracture process, considerable additional work will 
be needed to fully understand the fracture of glass. 



Because the base of experimental data is smaller, our understanding 
of fracture is less developed for.ceramic materials other than glass. 
However, many of ,the same fundamental 'considerations that have been 
applied to glass will be applicable in formulating an understanding of 
fracture in other systems. The importance of viscous flow and cavitation 
of glass at grain boundaries in hgt-pressed Si3N4 (35) has been noted. 
Important factors that control crack growth in Si3N4 include: the 
chemical composition of the glass at the grain -boundary; the rate of 
transport of oxygen through the glass to the Si3N4 grains; and the rate 
of reaction between oxygen and the Si3N4. As in the case of stress 
corrosion cracking of soda-lime-silicate glass, multi-region crack 
growth processes have also been observed at elevated temperatures for 
hot-pressed silicon nitride (36). Clarification of these processes will 
require basic experimental studies on creep and crack propagation in 
ceramic materials at elevated temperatures. Fo,r greatest effect these 
studies should be conducted in conjunction with appropriate theoretical 
modeling of high tehperature stress-corrosion processes, and studies of 
the elementary processes (diffusion, thermodynamics, chemical kinetics, 
etc.) that contribute to subcritical crack growth. 

In the area of environmental effects on high temperature crack 
growth, the followi.ng. area of research are pertinent to understanding 
the fracture process: 

o Experimental data is needed on nitride and carbide ceramics in 
order to clarify the types of chemical reactions that are important to 
crack growth. 

1- ' 

o The importance of crack tip plastic deformation and diffusion 
should be el~cidat~diin order to characterize the factors that control 
the formation and propagation of the process zone at the crack tip. 

o The effect of stress on surface chemistry should be elucidated 
for a fundamental understanding of stress corrosion cracking. 

o Theoretical work on £hid flow in narrow channels should be 
conducted to establish rates of transport to crack tips, conditions for 
cavitation and effects of fluid viscosity on KI. 

3.3 Effects of ~icrostructdte on Crack Growth 

Our understanding of crack growth in ceramic materials is 'further 
complicated by the'fact that most ceramics are not homogeneous. At room 
temperature, the microstructure (grain size, second phases, inclusions, 
porosity, etc.) of .fhe ceramic interacts with the crack tip, forcing the 
crack to follow a,<tortuous path, so that the crack surface is no longer 
flat. As a consequence, the.*value of the fracture energy for instantaneous 
failure is increased"'by a factor of %2 (37). Microcracking in front of the 
propagating crack increases the surface area even more, and consequently 
may also contribute significantly toward increasing the fracture toughness 



of ceramic materials (38). Thermal expansion anisotropy may also play 
an important role in increasing fracture toughness, because of the 
development of internal stresses when ceramics are cooled from processing 
temperatures. Resulting from thermal expansion mismatch between adjacent 
grains, these internal stresses retard crack motion and hence increase 
the fracture energy (39). Finally, a toughening mechanism of great 
current interest involves phase transformations that are triggered by 
the advancing crack (40,41). This so called "transf ormation tougheningff 
has been shown to double the critical stress intensity factor of partially 
stabilized zirconia. 

At elevated temperature (>lOOO°C), the fracture of most polycrystalline 
ceramics is governed by increased,mobility of the microstructure. 
Diffusion, plastic deformation, and sliding at grain boundaries cause 
the material in the vicinity of the crack tip undergo permament deformation. 
In many ceramic materials, creep cracking is a dominant mode of fracture 
at elevated temperatures. Crack branching as a consequence of void 
formation in front of the crack tip is an important fracture process 
(42). Crack propagation in ceramic materials at elevated temperatures 
is similar in many ways to that occurring in metals at lower temperatures. 
The recent discovery that most polycrystalline ceramic materials have a 
thin layer of glass at the grain boundary (43-45) suggests that grain 
boundary sliding is the dominant mode of deformation near th'e crack tip. 
When structural ceramics are exposed to corrosive environments at elevated 
temperatures, the chemical composition of the glass at the grain boundary 
can be modified, and deterioration (or enhancement (46)) of mechanical 
properties can occur. Thus, the mechanical properties of structural 
refractories are observed to deteriorate dramatically in the presence of 
low viscosity slag (47). 

. t  

Areas of research that will enhance our understanding orfl high 
temperature fracture of polycrystalline ceramic materials include the 
following : 

o Measurement of the energy required to fracture grain boundaries 
(grain boundary fracture is one of the elementary process in the fracture 
of polycrystalline ceramics, and as such, should be characterized). 

o Development of models of fluid penetration along grain boundaries 
in ceramic materials, since intergranular glass appears to be the rule 
rather than the exception in'ceramic materials. 1' 

o Development of relations between creep and fracture in polycrystalline 
materials. 

* : 

o Investigate the possibility of transformation toughening as a 
method of improving the fracture properties of ceramic materials at 
elevated temperatures. 



o Quantify the influence of microstruct.ure on fracture toughness 
of brittle ceramics (no creep). 

3.4 Effect of Flaw Generation on Fracture 

As noted in section 2 of this review, crack growth from pre-existing 
flaws is an underlying assumption developed for ceramic materials. If 
.the crack growth rate, and the original crack size can be quantified, 
the lifetime of a structural component can be predicted. Recentstudies 
on structural nitrides and carbides, however, indicate.-that flaw generation 
at elevated temperatures may intervme to invalidate failure prediction 
schemes that are based on crack growth (48,49). Studies on magnesia 
doped, hot-pressed silicon nitride have shown the principle cause of 
failure in certain grades of this material to be pits that grow into the 
surface of the silicon nitride as a consequence of high temperatur'e 
oxidation (48-51). Although it is believed that pit formation depends 
on local impurities in the silicon nitride, the identity, of the impurities 
are at present uncertain. Similar results are obtained in yttria doped, 
hot-pressed silicon nitride, which cracks spontaneously at elevated 
temperatures (800 to 1000°C) as a result of precipitation at grain 
boundaries (52). The cause of the precipitation is not fully understood. 

Structural f-ailures of the type reported for hot-pressed silicon 
nitride suggest a:,,need to deepen our understanding of the type of chemical 
reactions and phase transformations that occur in these materials at 
elevated temperatures. Thermodynamic stability of the structure relative 
to the environment and temperature should be established. Since similar 
effects may occur in other high temperature ceramic materials, general 
.studies of this type are warrented. In this way, flaw generation as a 
cause of material failure can be better understood and possibly be 
eliminated. If £4-aw generation, and microstructural changes are not 
unavoidable, then techniques of predicting failure that take these 
processes into account will be necessary. 

In view of the above discussion the following research is recommended 
to improve the high temperature mechanical behavior of ceramic materials: 

o Clarify the causes for pit formation and microstructural deteriora- 
tion in structural ceramicp. 

o Investigate the dynamics,of crack healing as a way of improving 
structural integrity of ceramic materials. 

o Develop techniques of failure prediction that can be used to 
establish the useful lifetime of structural ceramics when flaw generation 
is a problem. 

, ~A 

4. Summary 

In this report a review is presented of failure mechanisms and 
methods of lifetime prediction in ceramic materials. Current failure 
predi.ction techniques for ceramic materials are based on the science of 



fracture mechanics. These techniques are limited by our lack of under- 
standing of failure mechanisms in ceramic materials, and by our inability 
to predict failure when flaw generation is a major problem. In a review 
of failure mechanisms in ceramic materials a number of topics were 
suggested for research to enhance our understanding of fracture of 
ceramic materials. Theoretical modeling and experimental investigations 
were recommended. Areas of study include: atomic and molecular processes 
in homogeneous ceramics; effects of environment on fracture; influence 
of microstructural effects on fracture toughness; role of high temperature 
cavitation and creep on crack growth; and effects of flaw generation on 
lifetime prediction schemes. The goal of this research is the development 
of ceramic materials for high strength structural applications at elevated 
temperatures. 
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CREEP MECHANISMS AND CONSTITUTIVE RELATIONS IN PURE METALS 

W. D. Nix 
Stanford University, Stanford, California 94305 

The current status of our understanding of the mechanisms of creep of pure 
metals is briefly reviewed. The review is divided into two parts: (I) Steady 
state flow mechanisms, and (11)' Non-steady state flow mechanisms and constitutive 
relations. 

Creep by diffusional flow is now reasonably well understood, with theory 
and experiment in good agreement. The closely related phenomenon of Harper-Dorn 
creep can also be understood in terms of diffusion between grown-in disloca- 
tions. These diffusional creep mechanisms are briefly reviewed. 

Power law creep almost surely involves the climb of edge dislocations con- 
trolled by lattice self diffusion. Theoretical treatments of this process in- 
variably give a power law exponent of 3. This natural creep law is compared 
with the data for FCC and BCC metals. It is suggested that diffusion controlled 
climb is the controlling process in BCC metals at very high temperatures. At 
lower temperatures, other processes are also involved. It is also suggested 
that stacking fault energy effects may preclude the possibility that creep is 
controlled entirely by lattice self diffusion in some FCC metals. The subject 
of power law breakdown is presented as a natural consequence of the transition 
to low temperature flow phenomena. The role of core diffusion in this transi- 
tion is briefly discussed. 

The recent activity in the field of constitutive equations centers mainly 
on the development of equations to predict non-steady state flow behavior. The 
results of load drop and load relaxation experiments are described. The basic 
framework for constitutive equations in terms of structure parameters is 
reviewed and the particular forms suggested by Hart, Kocks andJMiller are 
described. 

INTRODUCTION 

In the present paper we review the mechanisms by which pure metals creep 
at elevated temperatures. While most of this review deals with the mechanisms 
of steady state flow, some discussion is devoted to creep flow under non-steady 
state conditions. This latter topic is discussed in connection with the devel- 
opment of constitutive equations for describing plastic flow in metals. 

Because of limitations of space, this review will be extremely brief. The 
reader is therefore encouraged to refer to the several excelrent and extensive 
reviews of high temperature creep that have been published during the last few 
years. These include the review papers by Sherby and Burke [I], Mukherjee, Bird 
and Dorn [2], Mukherjee [3], and Takeuchi and Argon [4]. An excellent treatment 
of recent developments in constitutive equations can be found in the book edited 
by Argon [5]. The reader is also referred to the original literature on the 
grounds that review papers, such as the present one, can be misleading. 



PART I: STEADY STATE FLOW MECHANISMS -- - . .--- -- . 

DIFFUSIONAL CREEP 

The simplest,and best understood mechanism of creep flow is one developed 
originally by Nabarro [6] and Herring [7]. In this process, vacancies flow from 
grain boundaries under tension tb nearby grain boundaries under compression. As 
a consequence, .individual crystals elongate in the direction of the tensile axis 
as vacancies are created and destroyed at the grain boundaries. At very high 
temperatures, vacancies flow mainly through the c'rystal lattice and lattice self 
diffusion is the rate limiting process. The creep rate depends linearly on the 
applied stress and inversely on the square of the grain size. 

At low temperatures or for very fine grain sizes, the diffusional flow 
process can occur along the grain boundaries. ~oble [8] was the first to extend 
the diffusional creep mechanism to the case of boundary diffusion. In his anal- 
ysis the rate of creep is proportional to the grain boundary self diffusion co- 
efficient and varies inversely with the cube of grain size. While the lattice 
and boundary diffusional creep processes are probably not strictly additive, the 
overall rate of diffusional creep can be approximated by: 

In this equation and throughout this paper the terms are defined as follows: 

steady state tensile creep rate 

usual gi&ning - - .  . . 

Burgers vector . 

shear niodulus 

grain diameter 

tensile stress 

lattice self diffusion coefficient 

grain boundary self diffusion cdefficient 

It should be mentioned 'that some grain boundary sliding (GBS) must accom- 
pany diffusional flow. If each crystal in a polycrystalline solid were per- 
mitted to change its shape by diffusional flow alone, the crystals would no 
longer fit together perfectly. To maintain compatibility it is necessary to 
slide the crystals slightly with respect to each other. Thus, one can consider 
diffusional flow to be accommodated by GBS. An alternate but equivalent view 
is that creep deformation occurs by GBS and is accommodated by diffusional flow. 
This interrelationship has been discussed in a number of papers [9,10]. 

Burton [ll] has observed that polycrystalline copper containing A1203 par- 
ticles at the grain boundaries creeps more slowly than the diffusional flow 
theory predicts. It may be that the particles inhibit the motion of grain 
boundary dislocations and thus limit the overall creep rate. Here the kinetics 



of boundary s l i d i n g  might be important  and t h e  process  might n o t  be c o n t r o l l e d  
e n t i r e l y  by d i f f u s i o n .  

HARPER-DORN CREEP 

About 20 yea r s  ago Harper and Dorn [12] r epo r t ed  t h a t  c r eep  of aluminum 
becomes l i n e a r l y  v i s cous  a t  very  h igh  temperatures  and t h a t  t h e  temperature  de- 
pendence i s  t h e  same a s  t h a t  f o r  l a t t i c e  s e l f  d i f f u s i o n .  The phenomenon has  
been observed i n  s i n g l e  c r y s t a l s  and cannot be expla ined  i n  terms of Nabarro- 
Herr ing d i f f u s i o n a l  creep. .  It a l s o  has  been observed i n  A1-Mg, Pb, Sn and Ag. 
It i s  t h e r e f o r e  considered t o  be a generic c reep  mechanism [13] .  The most 
p l a u s i b l e  exp lana t ion  of Harper-Dorn c r eep  i s  t h a t  suggested by Mohamed e t  a 1  
[13] .  They poin ted  ou t  t h a t  Harper-Dorn c r e e p ' o f  A 1  occu r s  when the  s t r e s s e s  
are. so  low t h a t  t h e  grown-in d i s l o c a t i o n ' d e n s i t y  exceeds t h e  d i s l o c a t i o n  d e n s i t y  
expected from t h e  r e l a t i o n  p = ( a l a ~ b ) ~ .  Indeed, t h e  Harper-Dorn c r eep  r a t e  can 
be  a c c u r a t e l y  descr ibed  by cons ide r ing  c reep  t o  occur  by vacancy f low between 
d i s l o c a t i o n s .  La t e r  i n  t h i s  paper w e  develop a n a t u r a l  c r eep  equa t ion  ( s e e  Eq. 
(12))  which i s  based i n  p a r t  on a stress dependent s t r u c t u r e .  For t h e  s p e c i a l  
c a s e  of a f i x e d  d i s l o c a t i o n  d e n s i t y  t h i s  r e l a t i o n  can be w r i t t e n  a s  

where po i s  t h e  stress independent grown-in d i s l o c a t i o n  d e n s i t y .  Th i s  r e l a t i o n  
a c c u r a t e l y  d e s c r i b e s  t h e  Harper-Dorn c reep  p roces s  i n  A l .  I f  t h i s  i n t e r p r e t a -  
t i o n  is c o r r e c t ,  i t  should be p o s s i b l e  t o  avoid Harper-Dorn c r eep  by t e s t i n g  
c r y s t a l s  having extremely low d i s l o c a t i o n  d e n s i t i e s .  

POWER LAW CREEP 

The most important  b,ut l e a s t  understood mechanism of h igh  temperature  
c reep  i s  power law creep .  Here t h e  c reep  r a t e  o f t e n  v a r i e s  a s  t h e  5 t h  power of  
t h e  a p p l i e d  stress. Many experiments  c l e a r l y  show t h a t  l a t t i c e  s e l f  d i f f u s i o n  
i s  t h e  dominant p roces s  du r ing  h igh  tempera ture  power law c reep .  I n  p a r t i c u l a r  
t h e  a c t i v a t i o n  energy f o r  c reep  o f t e n  co inc ides  e x a c t l y  w i th  t h a t  f o r  l a t t i c e  
s e l f  d i f f u s i o n  even over temperature  ranges  where phase changes occur [14] .  I n  
a d d i t i o n ,  t h e  t r u e  a c t i v a t i o n  volume f o r  c reep  corresponds w i th  t h a t  f o r  l a t t i c e  
s e l f  d i f f u s i o n  [15] ,  a g a i n  showing t h a t  s e l f  d i f f u s i o n  i s  s u r e l y  t h e  most impor- 
t a n t  p rocess  c o n t r o l l i n g  c reep  a t  h igh  temperatures .  These c o r r e l a t i o n s  are 
o f t e n  descr ibed  empi r i ca l l y  wi th  what i s  now known a s  t h e  Dorn equa t ion  

7 where n = 5 and A i s  about  1 0  f o r  FCC meta l s .  

The most widely accepted mechanism of power law c reep  i s  edge d i s l o c a t i o n  
climb c o n t r o l l e d  by l a t t i c e  s e l f . d i f f u s i o n .  However, i t  has  n o t  been p o s s i b l e  
t o  d e r i v e  t h e  ~ o r n  equa t ion ,  w i th  i t s  5 t h  power stress dependence, on t h e  b a s i s  
of d i f f u s i o n  c o n t r o l l e d  climb a lone .  A s  Weertman [16] has  po in ted  o u t ,  a l l  
t h e o r e t i c a l  t r ea tmen t s  of d i s l o c a t i o n  cl imb c o n t r o l l e d  by l a t t i c e  s e l f  d i f f u s i o n  



l e a d  t o  t he  same creep  equat ion,  which he  c a l l s  t h e  n a t u r a l  creep law. It is, 
i n  our  n o t a t i o n  

Weertman has  suggested t h a t  i t  i s  necessary t o  fudge t o  d e r i v e  t h e  Dorn Equation 
wi th  a 5 t h  power s t r e s s  dependence. It i s  p o s s i b l e  t o  i d e n t i f y  a "swindle" i n  
a l l  t r ea tmen t s  of creep which do not  r e s u l t  i n  t h e  n a t u r a l  c reep  law, provided 
they a r e  based on d i f f u s i o n  con t ro l l ed  climb o r  some l i k e  process .  

While t h e r e  a r e  many ways t o  d e r i v e  t h e  n a t u r a l  c reep  law, . a l l  a r e  essen- 
t i a l l y  equiva len t .  This  is  analogous t o  t h e  s i t u a t i o n  i n  t h e  theory  of s t r a i n  
hardening where t h e r e  a r e  many appa ren t ly  d i f f e r e n t  ways t o  d e r i v e  the  Taylor 
hardening r e l a t i o n .  One popular d e r i v a t i o n  of t h e  n a t u r a l  c reep  law was f i r s t  
developed by Bai ley  [17] and Orowan [18] and has  been used by many au tho r s  s ince .  
This  t reatment  w i l l  be  presented  he re  not  only a s  a d e r i v a t i o n  of t h e  n a t u r a l  
c reep  law but  a l s o  t o  provide  a b a s i s  f o r  a d i scuss ion  of c o n s t i t u t i v e  equat ions  
i n  t h e  l a s t  p a r t  of t h i s  paper.  

The c e n t r a l  i d e a  of power law creep i s  t h a t  t h e  creep r a t e  a t  a given 
temperature depends on both t h e ' a p p l i e d  s t r e s s ,  a ,  and t h e  c u r r e n t  va lue  of a t  
l e a s t  one s t r e n g t h  parameter,  T: 

I n  t h e  p re sen t  t reatment  we assume t h a t  T depends only  on t h e  d i s l o c a t i o n  d e n s i t y  
through 

Under cons tan t  s t r e s s  t h e  c reep  r a t e  depends on how t h e  s t r e n g t h  parameter 
changes i n  t h e  course  of creep.  Bai ley  and Orowan have suggested t h a t  s t r a i n  
hardening and recovery se rve  t o  i n c r e a s e  and decrease  r r e s p e c t i v e l y  and t h a t  
a t  s t eady  state t h e  r a t e  of i n c r e a s e  due t o  s t r a i n  hardening i s  equal  t o  t h e  
r a t e  of decrease  due t o  recovery.  This  concept l e a d s  t o  t h e  fol lowing evolu- 
t i o n a r y  law f o r  t h e  s t r u c t u r e  (or  s t r e n g t h  parameter) dur ing  creep:  

This  p a r t i c u l a r  form of t h e  theory e x p l i c i t l y  assumes t h a t  we have only 
s t a t i c  recovery. Many experiments have ind ica t ed  t h a t  recovery i s  t y p i c a l l y  
much f a s t e r  when deformation i s  occurr ing  and t h i s  sugges ts  t h a t  t h e  p re sen t  
t rea tment  should be extended t o  inc lude  dynamic recovery.  

It i s  common p r a c t i c e  t o  a s s o c i a t e  a ~ / a &  wi th  t h e  r a t e  of s t r a i n  hardening 
dur ing  s t a g e  I1 hardening of FCC c r y s t a l s .  Thus we approximate t h i s  a s  

a ~ .  - G - - -  a~ l o o  



I n  w r i t i n g  t h i s  we assume i m p l i c i t l y  t h a t  no recovery occu r s  dur ing  Stage  I1 
hardening, a reasonable  assumption i n  view of t h e  temperature and s t r a i n  r a t e  
independence of t h a t  process .  - 

We assume t h a t  recovery involves  t h e  d i f f u s i o n  c o n t r o l l e d  climb and 
a n n i h i l a t i o n  of o p p o s i t e l y  s igned edge d i s l o c a t i o n s .  Following a  t rea tment  
g iven  by F r i e d e l  [19] t h i s  l e a d s  t o  

A t  s t eady  s t a t e  t h e  competing e f f e c t s  of s t r a i n  hardening ( d i s l o c a t i o n  m u l t i p l i -  
c a t i o n )  and recovery ( d i s l o c a t i o n  a n n i h i l a t i o n )  a r e  expected t o  n u l l i f y  each 
o the r ,  w i th  t h e  consequence t h a t  t h e  d i s l o c a t i o n  d e n s i t y ,  p,  o r ,  equ iva l en t ly ,  
t h e  shear  s t r e n g t h   parameter,.^, reaches  a s t eady  s t a t e  va lue .  Thus a t  s t eady  
s t a t e  we r e q u i r e  d~  = 0 and from Eqs. (7-9), w e  write 

I n  t h i s  simple form of t h e  theory ,  t h e  app l i ed  shea r  s t r e s s  must be j u s t  equa l  
t o  t h e  shear  s t r e n g t h  of t h e  s o l i d  e s t a b l i s h e d  by t h e  c.ompetttion between s t r a i n  
hardening and recovery. Thus, we write 

." 

! i 

and t ake  f  = 1. I f  f  were sma l l e r  than  1 then  f low could only  occur  by thermal  
a c t i v a t i o n  of d i s l o c a t i o n s  p a s t  each o t h e r .  Indeed, a l lowing  f  t o  be less than  
u n i t y  may be a  way t o  i nc lude  t h e  e f f e c t s  of thermal ly  a c t i v a t e d  s l i p  on c reep .  
However, i n  t h e  p re sen t  t r ea tmen t  w e  r e s t r i c t  our  a t t e n t i o n  t o  t h e  c a s e  i n  which 
c reep  f low i s  con t ro l l ed  e n t i r e l y  by l a t t i c e  s e l f  d i f f u s i o n .  I n  t h i s  l i m i t ,  
f low would not  occur i f  f  were l e s s  than 1 and T would have t o  be decreased by 
recovery before  f low could occur .  

Using t h e  above r e l a t i o n s ,  t h e  n a t u r a l  c r eep  l a w  f o r  d i f f u s i o n  c o n t r o l l e d  
climb i s  

where A z 1. A s  noted above, t h i s  same r e s u l t  has  been der ived  by a  number of 
workers i n  many appa ren t ly  d i f f e r e n t  ways. Because of i t s  p e r s i s t e n c e  i t . m a y  be 
concluded t h a t  i t  does r ep re sen t  t h e  c reep  'law of d i f f u s i o n  c o n t r o l l e d  climb. 

It i s  widely recognized t h a t  t h e  n a t u r a l  c r eep  l a w  does  n o t  compare favor-  
a b l e  wi th  t h e  e x i s t i n g  body of experimental  evidence. This  i s  shown i n  Fig.  1 
f o r  t h e  case  of s e v e r a l  FCC meta ls .  It should be noted t h a t  t h e  power law expo- 
nent  f o r  FCC me ta l s  is  about  5 i n s t e a d  of 3 ,  I n  a d d i t i o n ,  most o f  t h e s e  FCC 



meta l s  c reep  more slowly than  t h e  p r e d i c t i o n  of t h e  n a t u r a i  law. It i s  a l s o  
ev ident  from t h e  d a t a  that '  Ag c r eeps  much more slowly than  A l ,  w i th  Au, Cu and 
N i  showing in t e rmed ia t e  c reep  r a t e s .  A s  shown f i r s t  by B a r r e t t  and Sherby [20] ,  
t h i s  v a r i a t i o n  i n  c reep  r a t e  c o r r e l a t e s  s t r o n g l y  wi th  s t ack ing  f a u l t  energy, 
YSFE . S i l v e r  has  a  p a r t i c u l a r l y  low YSFE, e s p e c i a l l y  compared t o  A l .  A conse- 
quence i s  t h a t  Shockley p a r t i a l s  i n  Ag a r e  much more widely s epa ra t ed  than i n  A l .  
I t  is  r ea sonab le  t o  expec t  t h a t  t h i s  would i n h i b i t  t h e  climb p roces s  and t h u s  
reduce t h e  c r eep  r a t e .  Following t h i s  l i n e  of reasoning ,  B a r r e t t  and Sherby 
[20]  and o t h e r s  have proposed t h a t  t h e  Dorn c reep  'equation be w r i t t e n  a s  

The power exponent of 3 .5  i s  t h e  r e s u l t  of t h e  c o r r e l a t i o n  between c reep  r a t e  
(p rope r ly  normalizedcLwith r e s p e c t  t o  a, G and DL) and s t a c k i n g  f a u l t  energy. 

The d isc repancy  between t h e  n a t u r a l  c r eep  law and t h e  Dorn equa t ion  has  
been recognized f o r  many yea r s .  I n  g e n e r a l  we have assumed t h a t  t h e  assumptions 
under ly ing  t h e  d e r i v a t i o n  of t h e  n a t u r a l  c reep  law a r e  e i t h e r  wrong o r  incom- 
p l e t e ,  and we have sought t o  modify t h e  t heo ry  t o  be c o n s i s t e n t  wi th  t h e  empiri-  
c a l  equa t ion ,  t h u s  f a r  without  success .  It may be t h a t  we have been mis led  by 
t h e  d a t a  c ~ r r e l a t i o n ~ ~ o f  Fig.  1. It i s  p o s s i b l e  t h a t  power law creep  i s  n o t  con- 
t r o l l e d  e n t i r e l y  by I j a t t i c e  s e l f  d i f f u s i o n , a t  l e a s t  f o r  some FCC meta l s .  Let  us  
cons ide r  t h e  extreme c a s e  of Ag where t h e  c reep  r a t e  f a l l s  f a r  below t h e  r a t e  
p r e d i c t e d  by t h e  n a t u r a l  theory .  Here i t  i s  reasonable  t o  a t t r i b u t e  t h i s  low 
creep  r a t e  t o  t h e  presence  of widely extended d i s l o c a t i o n s  which do no t  c l imb 
e a s i l y .  However, i t  may be  p o s s i b l e  f o r  t h e  climb r a t e  t o  be reduced by widely 
s epa ra t ed  p a r t i a l s  and s t i l l  n o t  c o n t r o l l e d  e n t i r e l y  by t h e  t r a n s p o r t  of vacan- 
s i o n .  I f  t h e  climb process  were c o n t r o l l e d  e n t i r e l y  by t h e  t r a n s p o r t  of vacan- 
c i e s  between d i s l o c a t i o n s ,  then t h e  process  of  vacancy abso rp t ion  o r  emmission 
a t  t h e  d i s l o c a t i o n  might be expected t o  be f a s t  by comparison. Thus, i f  s tack-  
i n g  f a u l t  e f f e c t s  d o ~ r e d u c e  tlie climb r a t e ,  then  they might a l s o  a f f e c t  t h e  r a t e  
c o n t r o l l i n g  process .  Indeed, Weertman's t heo ry  [21] of s t a c k i n g  f a u l t  energy 
e f f e c t s  on c r eep  i s  based on t h e  i d e a  t h a t  f low of vacanc i e s  a long  t h e  cl imbing 
d i s l o c a t i o n  becomes more d i f f i c u l t  a s  t h e  p a r t i a l s  become more widely s epa ra t ed .  
Thus i n  h i s  t rea tment  c o r e  d i f f u s i o n  ( a s  modif ied by t h e  presence  of s t ack ing  
f a u l t s )  e n t e r s  t h e  c reep  equa t ion  and t h e  p roces s  i s  no longer  c o n t r o l l e d  en- 
t i r e l y  by l a t t i c e  s e l f  d i f f u s i o n .  

The d i f f i c u l t i e s  a s s o c i a t e d  w i th  cl imb of extended d i s l o c a t i o n s  i n  FCC 
me ta l s  sugges t  t h a t  t h e  n a t u r a l  c r eep  law may be  more d i r e c t l y  a p p l i c a b l e  t o  BCC 
me ta l s  where s e p a r a t i o n  i n t o  p a r t i a l s  i s  much less seve re  and where t h e  assump- 
t i o n  t h a t  climb i s  c o n t r o l l e d  e n t i r e l y  by vacancy t r a n s p o r t  between d i s l o c a t i o n s  
may be more app rop r i a t e .  The n a t u r a l  c reep  law i s  compared wi th  some creep  d a t a  
f o r  BCC me ta l s  i n   fig.^ 2. Here i t  i s  noted t h a t  t h e  exper imenta l  c reep  r a t e s  
a r e  a lmost  a l l  fasteracthan t h e c p r e d i c t i o n s  of t h e  n a t u r a l  theory .  The average  
power law exponent i s  aga in  about  5  bu t  t h e  d a t a  f o r  Ta sugges t  t h a t  a t  h igh  
tempera tures  and low stresses t h e  stress exponent may be n e a r e r  3 .  It i s  cer -  
t a i n l y  w e l l  known t h a t  a t  lower tempera tures  and h igher  s t r e s s e s  t h e  power law 
exponent becomes ve ry  much l a r g e r  than 5. Th i s  so-ca l led  power law breakdown 
regime i s  n o t  shown i n  t h i s  f i g u r e .  



One might a rgue  t h a t  t h e  d a t a  f o r  BCC me ta l s  corresponds favorab ly  w i t h  
t h e  n a t u r a l  c reep  theory  a t  t h e  h i g h e s t  t empera tures  and lowest  stresses. To 
t e s t  t h i s  i d e a  one needs t o  have c reep  d a t a  a t  ve ry  h igh  temperatures .  The 
r e c e n t  work by Stang [22] on Fe - 3% S i  and Wray [23]  on 6 Fe provide such a 
test.  Thei r  d a t a  a long  wi th  o t h e r  d a t a  f o r  Fe o r  Fe - 3% S i  a r e  shown i n  F ig .  
3. Here one sees t h a t  t h e  c reep  d a t a  a r e  i n  e x c e l l e n t  agreement with t h e  
n a t u r a l  c reep  theo ry  a t  ve ry  h igh  tempera tures  and low s t r e s s e s .  Indeed, t h e  
rest of t h e  c reep  d a t a  appears  a s  a  ve ry  gradua l  t r a n s i t i o n  from a  power law 
exponent of  3  t o  t h e  ve ry  high stress exponents a s s o c i a t e d  wi th  low temperature  
flow. I n  t h . i s  d e s c r i p t i o n  t h e  power law exponents of 5  o r  6 do not  appear  a s  
fundamental exponents  but  merely a s  n a t u r a l  consequences of t he  t r a n s i t i o n  from 
high temperature  t o  low temperature  deformation.  

The remarks i n  t h e  above paragraphs should be taken  a s  s p e c u l a t i v e .  The 
views expressed h e r e  a r e  l i k e l y  t o  be  c o n t r o v e r s i a l  and may be wrong. I n  i t s  
s imp le s t  form t h e  sugges t ion  i s  t h a t  t h e  n a t u r a l  c r eep  law i s  v a l i d  a t  l e a s t  f o r  
BCC me ta l s  a t  very  h igh  temperatures .  A t  lower temperatures  o t h e r  thermal ly  
a c t i v a t e d  processes  may come i n t o  p l a y  t o  cause  t h e  c r eep  r a t e  t o  exceed t h i s  
n a t u r a l  law p r e d i c t i o n .  For FCC me ta l s  t h e  d i f f i c u l t i e s  a s s o c i a t e d  w i t h  cl imb 
of extended d i s l o c a t i o n s  may mean t h a t  c l imb and c reep  a r e  n o t  c o n t r o l l e d  en- 
t i r e l y  by l a t t i c e  s e l f  d i f f u s i o n  and t h a t  t h e  o t h e r  p roces se s  involved,  once 
understood,  w i l l  permit  u s  t o  r a t i o n a l i z e  t h e  observed c reep  behavior  of FCC 
meta l s .  

To be f a i r  i t  should be noted t h a t  some FCC metals wi th  h igh  s t a c k i n g  
f a u l t  e n e r g i e s  show a  cons t an t  stress exponent n  > 3 over  a  wide range of  stress 
o r  s t r a i n  r a t e .  I n  t h e  c a s e  of A l ,  f o r  example, t h e  power law exponent i s  4.5 
and t h e r e  i s  no i n d i c a t i o n  of cu rva tu re  i n  t h e  power l a w  p l o t .  The viewpoint  
being expressed h e r e  does n o t  p rovide  a  n a t u r a l  e x p l a n a t i o n , o f  t h a t  obse rva t ion .  

I n  

I n  t h e  above paragraphs i t  i s  suggested t h a t  when h ight ' t empera ture  c r eep  
i s  c o n t r o l l e d  e n t i r e l y  by s e l f  d i f f u s i o n  t h e  3rd  power n a t u r a l  c reep  law should 
be observed. Support f o r  t h i s  concept  was g iven  by Stocker  and Ashby [24] who 
s t u d i e d  t h e  c r eep  p r o p e r t i e s  of v a r i o u s  c l a s s e s  of c r y s t a l l i k e  s o l i d s  and showed 
t h a t  t h e  c o n s t a n t s  A and n  i n  t h e  Dorn equa t ion  (Eq. (3 ) )  can be r e l a t e d  empir i -  
c a l l y  a s  fo l lows  

n  = 3.0 + 0.3  l o g  A . (14) 

Thus, when A = 1, n = 3.0, i n  agreement w i th  t h e  n a t u r a l  c reep  law. Aside from 
c e r t a i n  d i f f u s i o n a l  c reep  r e s u l t s ,  a l l  of t h e  experimental  d a t a  examined by 
.Stocker  and Ashby f a l l s  i n  t h e  n 7 3.0 o r  A 7 1 . 0  regime. Th i s  obse rva t ion  i s  
c o n s i s t e n t  wi th  t h e  sugges t ion  above t h a t  t h e  n a t u r a l  c reep  law i s  a  l i m i t i n g  
kind of c reep  behavior  t h a t  may on ly  be approached i n  some m a t e r i a l s .  

POWER LAW BREAKDOWN 

The c reep  d a t a  i n  F igs .  1-3 show t h e  so-ca l led  power law regime of c reep .  
A t  stresses of t h e  o rde r  of a/G = and h i g h e r ,  t h e  observed c reep  r a t e s  be- 
come much f a s t e r  than  would be p red i c t ed  by s imple e x t r a p o l a t i o n  of t h e  power 
law. Th i s  d e v i a t i o n  a t  h igh  s t r e s s  i s  u s u a l l y  c a l l e d  power law breakdown. The 
power law func t ion  i s  o f t e n  rep laced  by exponen t i a l  o r  hyperbol ic  s i n e  f u n c t i o n s  
i n  t h i s  regime [25] .  I n  view of t h e  e a r l i e r  d i s c u s s i o n  i n  t h i s  paper i t  should 



be made c l e a r  t h a t  power law breakdown o r d i n a r i l y  r e f e r s  t o  d e v i a t i o n s  from a  
power law exponent of 5. A s  noted e a r l i e r ,  a t  1 e a s t . f o r  BCC meta ls ,  a  ca se  can 
be made f o r  n  = 3  being t h e  n a t u r a l  power law exponent, so  t h a t ' a n y  dev ia t ion  
from t h a t  behavior might a l s o  be termed power law breakdown. 

The mechanisms r e spons ib l e  f o r  power l a w  breakdown have been debated f o r  
many years .  Some a u t h o r s  have suggested t h a t  t h e  " f a s t e r  creep r a t e s "  a r i s e  
from t h e  e f f e c t s  of excess  vacancies  produced by deformation [1 ,26] ,  whi le  
o t h e r s  have argued t h a t  s h o r t  c i r c u i t  d i f f u s i o n  along d f s l o c a t i o n  c o r e s  i s  t h e  
primary cause [27].  It would appear  t h a t  n e i t h e r  of t h e s e  explana t ions  is  suf- 
f i c i e n t  t o  exp la in  t h e  observa t ions .  Surely t h e  most b a s i c  s ta tement  i s  t h a t  
power law breakdown i s  simply a  man i f e s t a t ion  of a  t r a n s i t i o n  from high tempera- 
t u r e  t o  low temperature flow. I t  i s  we l l  known t h a t  t he  f low s t r e s s  a t  low 
temperatures  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  s t r a i n  r a t e .  This ,  of course,  i s  
another  way of say ing  t h a t  t h e  flow r a t e  depends very  s t r o n g l y  on t h e  s t r e s s .  
Thus, t h e  h igh  s t r e s s  exponents a s soc i a t ed  wi th  power law breakdown a r e  
n a t u r a l l y  expected.  

While t h e  idea  of s h o r t  c i r c u i t  d i f f u s i o n  down d i s l o c a t i o n  co res  cannot 
f u l l y  d e s c r i b e  power law breakdown i n  meta ls ,  t h e r e  i s  l i t t l e  doubt t h a t  d i f f u -  
s i o n  can occur  along d i s l o c a t i o n s .  Thus, any model of c reep  based on d i s loca -  
t i o n  climb should account  f o r  t h e  f a c t  t h a t  d i f f u s i o n  may occur e i t h e r  i n  t h e  
l a t t i c e  o r  a long  d i s l o c a t i o n s .  ,Spingarn,  Barne t t  and Nix [28] have r e c e n t l y  
s tud ied  models of d i s l o c a t i o n  climb c o n t r o l l e d  by c o r e  d i f f u s i o n .  I n  t h e i r  
t rea tment  t h e  d i s l o c a t i o n s  a r e  not  regarded as simple p i p e s  f o r  d i f f u s i o n  a s  
had been done p rev ious ly  [29-301. Rather ,  t h e  d i s l o c a t i o n  along which d i f f u s i o n  
occurs  i s  allowed t o  a c t  a s  a  p e r f e c t  source o r  s i n k  f o r  vacancies .  I n  s p i t e  0 6  
t h i s  ref inement  t h e  c reep  equat ion  f o r  core  d i f f u s i o n  c o n t r o l l e d  climb i s  essen- 
t i a l l y  t h e  same a s  t h a t  found by o t h e r s  129-301. When allowance i s  made f o r  
both l a t t i c e  and d i s l o c a t i o n  c o r e  d i f f u s i o n  t h e  n a t u r a l  c reep  law becomes 

Notice t h a t  a t  h igh  s t r e s s e s  o r  when Dc 
" Dky 

t h e  second term dominates and a  
5 power c reep  law i s  n a t u r a l l y  p red ic t ed .  owever, i n  such l i m i t s  t he  ac t iva -  
t i o n  energy i s  t h a t  f o r  c o r e  d i f f u s i o n ,  no t  l a t t i c e  d i f f u s i o n .  I f  one i s  w i l l -  
i ng  t o  empi r i ca l ly  g e n e r a l i z e  Eq.  (15) t o  co inc ide  wi th  5  power l a t t i c e  d i f f u -  
s i o n  c o n t r o l l e d  c reep ,  then  t h e  fo l lowing  r e l a t i o n  would be expected t o  hold 

Here we see  a 7  power law can  be "predicted" a t  low temperatures  and high 
s t r e s s e s .  General ly  speaking t h i s  r e l a t i o n  pe rmi t s  one t o  r a t i o n a l i z e  t h e  c reep  
p r o p e r t i e s  of pure me ta l s  a t  i n t e rmed ia t e  temperatures .  The c reep  p r o p e r t i e s  of 
N i  a t  high and in t e rmed ia t e  temperatures  can be made t o  co inc ide  us ing  t h i s  re-  
l a t i o n .  However, c l o s e  examination of the  d a t a  f o r  s e v e r a l  meta ls  inc luding  N i  
shows t h a t  t h e  p r e d i c t i o n s  of t h e  c o r e  d i f f u s i o n  c o r r e l a t i o n  a r e  sometimes in- 
c o n s i s t e n t  wi th  experiment [28] .  



PART 11: NON-STEADY STATE FLOW MECHANISMS AND CONSTITUTIVE EQUATIONS 

I n  t h e  f i r s t  p a r t  of t h i s  paper our  a t t e n t i o n  was focused on the  p h y s i c a l  
mechanisms f o r  s t eady  s t a t e  f low i n  pure meta ls .  I n  t h i s  second p a r t  we addres s  
t h e  problem of non-steady s t a t e  f low and t h e  c l o s e l y  r e l a t e d  s u b j e c t  of cons t i -  
t u t i v e  equat ions .  Non-steady s t a t e  flow i s  important  because s t r u c t u r a l  mater i -  
a l s  almost never reach  s t eady  s t a t e  i n  s e r v i c e .  The s t r e s s  con t inua l ly  changes 
i n  s e r v i c e  wi th  t h e  r e s u l t  t h a t  non-steady s t a t e  f low i s  t h e  r u l e  r a t h e r  than 
t h e  except ion.  Non-steady s t a t e  flow phenomena a r e  a l s o  important  because they  
provide more s t r i n g e n t  tests of deformation models t han  do s t eady  s t a t e  d a t a  
a lone .  

A v a r i e t y  of d i f f e r e n t  k inds  of c reep  t r a n s i e n t s  a r e  exh ib i t ed  by me ta l s  
i n  t h e  power law creep  regime. Primary c reep  i t s e l f  i s  a c reep  t r a n s i e n t  t h a t  
i s  caused by changes i n  s t r u c t u r e  t h a t  occur  du r ing  c reep .  General ly  t h e  c reep  
r a t e  decreases  du r ing  primary c reep  a s  t h e  d i s l o c a t i o n  s t r u c t u r e  develops and 
becomes more r e f ined .  For heav i ly  co ld  worked o r  pre-s t ra ined  me ta l s ,  t h e  d i s -  
l o c a t i o n  s t r u c t u r e  n a t u r a l l y  coarsens  dur ing  c reep  and an inve r t ed  c reep  curve 
( a c c e l e r a t i n g  c reep)  i s  observed. 

Once s teady  s t a t e  i s  achieved, a new creep  t r a n s i e n t  i s  produced whenever 
t h e  s t r e s s  i s  changed. For a s t r e s s  r educ t ion ,  t h e  creep. r a t e  f a l l s  f a r  below 
t h e  s teady  s t a t e  r a t e  expected f o r  t h e  reduced s t r e s s  and then  g radua l ly  in- 
c r e a s e s  u n t i l  t h e  new s teady  s t a t e  i s  achieved.  The o p p o s i t k  occurs  when t h e  
s t r e s s  i s  increased .  Here t h e  c reep  r a t e  j u s t  a f t e r  t h e  s t r e s s  change exceeds 
t h e , s t e a d y  s t a t e  r a t e  a t  t h e  new s t r e s s  l e v e l  and g radua l ly  d e c l i n e s  i n  the  
course  of creep.  Again t h e  new s teady  s t a t e  i s  even tua l ly  achieved. 

Within t h e  p a s t  decade a number of new experimental  techniques have been 
developed f o r  s tudying  t h e  ncn-steady s t a t e  f low propertles"6f me ta l s  A number 
of t hese  techniques  a r e  based on t h e  a n a l y s i s  of c reep  t r a n s i e n t s  a s s o c i a t e d  
wi th  stress reduct ions .  A s  noted above, t h e  c reep  r a t e  j u s t  a f t e r  a s t r e s s  re-  
duc t ion  i s  t y p i c a l l y  much smal le r  than t h e  s t eady  s t a t e  c r e e p  r a t e  a t  t h e  re -  
duced s t r e s s .  Some a u t h o r s  r e p o r t  t h a t  t h e  c reep  r a t e  a f t e r  a smal l  stress drop 
i s  e s s e n t i a l l y  zero  [31-3.31, whi le  o t h e r s  c la im t h a t  a smal l  but  f i n i t e  c reep  
r a t e  i s  observed [34,35] .  One source of confusion i n  t h e  i n t e r p r e t a t i o n  of 
c reep  t r a n s i e n t s  a s s o c i a t e d  wi th  s t r e s s  changes a r i s e s  from t h e  d i f f i c u l t y  of 
making a c c u r a t e  measurements of ve ry  low creep r a t e s .  Some r ecen t  work by 
Gibel ing [36]  i n d i c a t e s  t h a t  t h e  foreward c reep  rates fo l lowing  stress reduc- 
t i o n s  i n  copper f a l l  a s  t h e  1 7 t h  power of t h e  remaining s t r e s s .  For moderate 
s t r e s s  r educ t ions  t h i s  might appear  a s  a zero  c reep  r a t e .  Another source  of 
e r r o r  a r i s e s  from t h e  a n e l a s t i c  back f low t h a t  i n v a r i a b l y  occurs  i n  meta ls  when 
s t r e s s  r educ t ions  a r e  made. I n  o rde r  t o  c h a r a c t e r i z e  t h e  so-ca l led  "cons tan t  
s t r u c t u r e "  c reep  r a t e  i t  is  necessary  t o  wai t  f o r  t h e  back flow e f f e c t s  t o  d i s -  
s i p a t e  before  measuring t h e  forward c reep  r a t e  a t  t h e  reduced s t r e s s  l e v e l .  

For me ta l s  such a s  aluminum t h e  c reep  r a t e  fo l lowing  a s t r e s s  r educ t ion  
i s  s u f f i c i e n t l y  l a r g e  t o  b s  e a s i l y  measurable and one can determine t h e  way i n  
which t h e  c reep  r a t e  v a r i e s  w i th  reduced s t r e s s  f o r  a n  o s t e n s i b l y  cons t an t  
s t r u c t u r e  [ 3 7 ] .  Such experiments t y p i c a l l y  show tha f  t h e  c r eep  r a t e s  under 

7 cons tan t  s t r u c t u r e  cond i t i ons  vary  approximately a s  e 'L a,. This  r e s u l t  c l e a r l y  
7 sugges ts  t h a t  t he  i s o s t r u c t u r a l  s t r e s s  dependence of t h e  c reep  r a t e ,  a,, is  

q u i t e  d i f f e r e n t  from t h e  o rd ina ry  (non- i sos t ruc tu ra l )  s t r e s s  dependence u ~ * ~ .  



Thi s  r e s u l t  p rovides  an  important  t e s t  f o r  c reep  models and i t  sugges ts  a  b a s i c  
.framework f o r  t h e  formulat ion of a  c o n s t i t u t i v e  equat ion .  

Hart,  L i  and co-workers [38,39] have used the  load r e l a x a t i o n  t e s t  t o  pro- 
v i d e  information about t h e  f low of meta ls  under "constant  s t r u c t ~ r e " * c o n d i t i o n s .  
Most of t h e i r  experiments have been conducted a t  r e l a t i v e l y  low temperatures  
compared t o  t h e  usua l  s teady  s t a t e  c reep  regime. During load r e l a x a t i o n  i n  an  
i n f i n i t e l y  hard t e s t i n g  machine t h e  e l a s t i c  s t r a i n  i n  t h e  sample i s  exchanged 
f o r  p l a s t i c  s t r a i n  a s  t h e  s t r e s s  r e l axes .  Thus t h e  creep r a t e - s t r e s s  r e l a t i o n  
can be s tudied  over.many o r d e r s  of magnitude of s t r a i n  r a t e  while  t h e  sample 
undergoes ve ry  l i t t l e  p l a s t i c  deformation. Th i s  r e l a t i o n  is taken t o  be t h a t  
f o r  a  f i x e d  s t r u c t u r e .  The e x t e n t  t o  which s t a t i c  recovery occurs  i n  t h e  course  
of t h e  r e l a x a t i o n  i s  t h e  e x t e n t  t o  which t h e  s t r u c t u r e  may no t  remain cons tan t  
dur ing  t h i s  kind of t e s t .  Th i s  e r r o r  would be expected t o  become important a t  
h igh  temperatures  where climb c o n t r o l l e d  s t a t i c  recovery i s  r e l a t i v e l y  f a s t .  

The cons t an t  s t r u c t u r e  experiments above c l e a r l y  i n d i c a t e  t h a t  t h e  r a t e  
of c reep  f low of me ta l s  a t  a given temperature depends n o t  on ly  on t h e  app l i ed  
s t r e s s  but  a l s o  on t h e  s t r u c t u r e .  The . s t eady  s t a t e  c reep  laws d iscussed  i n  
PART I of t h i s  paper cannot be used t o  d e s c r i b e  cons tan t  s t r u c t u r e  c reep  prop- 
e r t i e s  s i n c e  t h e  s t r u c t u r e  terms ( l i k e  T i n  Eq. (5 ) )  have been ass igned  t h e i r  
s t eady  s t a t e  v a l u e s  and a r e  t hus  expressed a s  func t ions  of t h e  s t r e s s ,  s t r a i n  
r a t e  and temperature.:,, To d e s c r i b e  non-steady s t a t e  flow behavior ,  i t  i s  neces- 
s a r y  t o  c l e a r l y  d i s t i n g u i s h  .-. between t h e  app l i ed  s t r e s s ,  a, on t h e  one hand and 
one o r  more s t r u c t u r g  s t r e n g t h  parameters,  TI ,  T Z ,  ... . This  provides  t h e  
fol lowing bas i c  framework f o r  c o n s t i t u t i v e  equat ions  
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. The s t r u c t u r e  p,arameters TI, -r2, T ~ ,  ... a r e  presumed t o  be r e l a t e d  t o  
i d e n t i f i a b l e  and measurable f e a t u r e s  of t h e  d i s l o c a t i o n  subs t ruc tu re ,  such a s  
t h e  average d i s l o c a t i o n  dens i ty ,  t he  c e l l  o r  subgra in  s i z e ,  o r  some o t h e r  fea-  
t u r e  of t h e  arrangeme,nt of d i s l o c a t i o n s  (pi le-ups i n  t h e  s imples t  c a s e ) .  

The most u n i v e r s a l l y  accepted s t r u c t u r e  parameter is  t h e  average d i s loca -  
t i o n  d e n s i t y ,  p. I n  PART I of t h i s  paper we assumed the  d i s l o c a t i o n  d e n s i t y  t o  
be t h e  s t r u c t u r e  parameter when we  used T = a Gb 6 t o  c h a r a c t e r i z e  t he  s t a t e  of 
a  deforming metal .  However, i n  t h a t  t rea tment  our  i n t e r e s t  was r e s t r i c t e d  t o  
t h e  s teady  state cond i t i on  a n d - i t  was not  necessary  t o  w r i t e  an  e x p l i c i t  equa- 
t i o n  f o r  t h e  creep r a t e  a s  a  func t ion  of both a and T .  Such a  r e l a t i o n  would 
r ep re sen t  a  gene ra l  c o n s t i t u t i v e  equat ion  and would i n  p r i n c i p l e  be a p p l i c a b l e  
t o  both s teady  s t a t e  and non-steady s t a t e  behavior .  

I n  t h e  l a s t  few yea r s  a  number of d i f f e r e n t  c o n s t i t u t i v e  equat ions  have 
been developed and used t o  desc-ribe non-steady . s t a t e  flow p r o p e r t i e s  of meta ls .  
The c o n s t i t u t i v e  equat ion  proposed by Har t ,  L i  and t h e i r  co-workers [38] has  
rece ived  a  g r e a t  d e a l  of a t t e n t i o n .  Their  equat ion ,  i n  i t s  s imples t  form, in-  
c ludes  a  s i n g l e  s t r u c t u r e  parameter t h a t  they  c a l l  t h e  hardness  and which i s  
denoted T i n  t h i s  paper.  By s tudying t h e  f u n c t i o n a l  form of t h e  s t r e s s - s t r a i n  
r a t e  r e l a t i o n  f o r  load r e l a x a t i o n  experiments they concluded t h a t  t h e  cons t i -  
t u t i v e  r e l a t i o n  should t a k e  t h e  fol lowing form 

c. * The t e r m  "constant  s t r u c t u r e , "  a s  used h e r e ,  r e f e r s  t o  one which remains in-  
v a r i a n t  w i th  changes i n  s t r e s s .  



where co i s  a func t ion  of t he  hardness  o r  s t a t e  parameter T through t h e  equa t ion  

The key idea  of t h i s  development i s  t h a t  t he  hardness  T uniquely c h a r a c t e r i z e s  
t h e  c u r r e n t  s t r u c t u r a l  s t a t e  of t h e  s o l i d .  It does not  change i n  t h e  cou r se  of  
t he  load r e l a x a t i o n  experiment,  f o r  example, and a l l  samples h a v i n g ' t h e  same 
hardness  would e x h i b i t  t h e  very same s t r e s s - s t r a i n  r a t e  r e l a t i o n .  

The hardness  as conceived by H a r t  i s  a s c a l a r  s t a t e  v a r i a b l e .  I n  micro- 
s cop ic  terms i t  i s  r e l a t e d  t o  t h e  average d i s l o c a t i o n  d e n s i t y  i n  t h e . u s u a 1  way. 
Such a s t r u c t u r e  parameter does no t  depend on t h e  d i r ec t ioA of deformation and 
i s  t h e r e f o r e  a s c a l a r  quan t i t y .  The observa t ion  of  a n e l a s t i c  back f low on un- 
loading  c l e a r l y  i n d i c a t e s  t h a t  a s i n g l e  s c a l a r  s t r u c t u r e  parameter .  i s  no t  suf -  
f i c i e n t  t o  desc r ibe  t h e  non-steady s t a t e  flow p r o p e r t i e s .  Thus, more r e c e n t l y  
Hart  [39] has  introduced a t enso r  s t a t e  v a r i a b l e ,  a , . . to . .account  f o r  t h i s  kind 
of behavior.  

We noted e a r l i e r  t h a t  t he  cons t an t  s t r u c t u r e  c reep  e-xperiment provides  t h e  
b a s i s  f o r  t h e  es tab l i shment  of c o n s t i t u t i v e  laws. Kocks [a01 has suggested t h a t  
t h e  form of t h e  c o n s t i t u t i v e  law should r e f l e c t  t h e  way i n  which d i s l o c a t i o n s  
surmount o b s t a c l e s  i n . t h e i r  s l i p  p l ane  dur ing  deformation.  ' T h e  cond i t i on  of 
f i x e d  s t r u c t u r e  can be considered a s  a cond i t i on  of  f i x e d  o b s t a c l e  s t r u c t u r e .  
By cons ider ing  the  s t a t i s t i c a l  a s p e c t s  of d i s loca t ion -obs t ac l e  i n t e r a c t i o n s  
Kocks [41] has  shown t h a t  t h e  a r e a  swept o u t  by a disloc?,tLion a f t e r  being suc- 
c e s s f u l l y  a c t i v a t e d  p a s t  a n  o b s t a c l e  is  a s t r o n g  functioZ3%f both t h e  app l i ed  
shear  s t r e s s ,  T 

ape ' and t h e  shear  s t r e n g t h  parameter ,  T. Following t h i s  he sug- 
ges t ed  a c o n s t i t u  i v e  r e l a t i o n  of t h e  form 

where aga in  E i s  d i r e c t l y  r e l a t e d  t o  t h e  s t r u c t u r e  parameter T through 
0 

I n  ~ o c k s '  development T i s  determined by an  evolu t ionary  :aw which inc ludes  both 
s t r a i n  hardening and recovery. Research a long  t h e s e  l i n e s a i s  cont inuing.  

-\ ' 
pe;haps t h e  most e l a b o r a t e  s e t  of c o n s t i t u t i v e  equa t ions  f o r  desc r ib ing  

non-e las t ic  deformation i s  t h a t  developed by Miller [42,43].  H i s  t rea tment  i s  
one i n  which t h e  b a s i c  forms of t h e  equat ions  are those  suggested by p h y s i c a l  
mechanisms but  t h e  c o n s t a n t s  and i n  some c a s e s  t h e  d e t a i l e d  forms a r e  ad jus t ed  
so t h a t  t h e  equat ions  can d e s c r i b e  t h e  observed deformation behavior .  For pu re  
meta ls ,  two s t r u c t u r e  parameters  a r e  def ined  andbused i n  t h e  equat ions :  

F ~ ~ ~ ,  



a n  i s o t r o p i c  s t r e n g t h  parameter analogous t o  T i n  t h e  p re sen t  paper and R ,  a 
t enso r  s t r u c t u r e  parameter included t o  model back f low e f f e c t s .  The b a s i c  form 
of t h e  equat ion  i s  

Both FDEF and R a r e  assumed t o  be governed by evo lu t iona ry  laws of t he  s t r a i n  
hardeninglrecovery type.  This  system of  equat ions  i s  c a l l e d  MATMOD on t h e  b a s i s  
of i t s  use  i n  m a t e r i a l s  modeling s t u d i e s .  The system of equat ions  being devel- 
oped can d e s c r i b e  a remarkable v a r i e t y  of d i f f e r e n t  k inds  of non-steady. s t a t e  
f low p r o p e r t i e s .  While t h e  equat ions  and terms a r e  ad jus t ed  t o  f i t  t h e  experi-  
mental d a t a ,  and thus  a r e  no t  capable  of p r e d i c t i n g  t o t a l l y  new phenomena, t h e  
t rea tment  dbes keep e x c e l l e n t  t r a c k  of t h e  deformation s t a t e  during complex 
loading  h i s t o r i e s .  The MATMOD equat ions  o f t e n  show t h a t  seemingly un re l a t ed  
deformation phenomena can have a comnon cause. I n  t h i s  way t h e  equa t ions ,  
though empir ica l ,  a c t . l a l l y  l ead  t o  improvements i n  our  understanding of t h e  
phys i ca l  mechanisms involved. 
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ABSTRACT 

Se rv ice  cond i t i ons  i n  which s t a t i c  and c y c l i c  loading occur i n  conjunc- 
t i o n  a r e  numerous. It i s  argued t h a t  an understanding of c y c l i c  c reep  and 
c y c l i c  deformat ion  a r e  necessary  bo th  f o r  des ign  and f o r  understanding 
creep- fa t  igue  f r a c t u r e .  Accordingly a b r i e f ,  and s e l e c t i v e ,  review of c y c l i c  
c r eep  and c y c l i c  deformat ion  a t  bo th  low and h igh  s t r a i n  ampli tudes i s  
provided. Cycl ic  loading  i n  conjunct ion  wi th  s t a t i c  loading  can l ead  t o  
c reep  r e t a r d a t i o n  i f  c y c l i c  hardening occurs ,  o r  c reep  a c c e l e r a t i o n  i f  s o f t -  
ening occurs .  Low s t r a i n  ampli tude c y c l i c  deformation i s  understood i n  te rms  
of d i s l o c a t i o n  loop pa tch  and p e r s i s t e n t  s l i p  band behavior ,  h igh  s t r a i n  
deformation i n  terms of d i s l o c a t i o n  c e l l - s h u t t l i n g  models. . While i n t e r e s t i n g  
advances i n  t h e s e  f i e l d s  have been made i n  t h e  l a s t  few yea r s ,  t h e  deforma- 
t i o n  mechanisms a r e  gene ra l ly  poorly understood.  ,. 

INTRODUCTION 

Serv ice  cond i t i ons  i n  which s t a t i c  and c y c l i c  loading  occur  i n  conjunc- 
t i o n  a r e  q u i t e  widespread, so  much so  t h a t  Coff in ,  i n  a p ioneer ing  paper 
dea l ing  w i t h  t h e  in f luence  of mean s t r e s s  on s h i f t s  i n  t h e  mechanical 
h y s t e r e s i s  loops of commercially pure aluminum ( I ) ,  s t a t e d  that they  were 
t o o  numerous t o  mention and r e f r a i n e d  from doing so.  However, t o  i l l u s t r a t e  
t h a t  t h e  problem of c reep- fa t igue  touches  many a s p e c t s  of our '  l i v e s ,  t h e  
fol lowing examples, t aken  from many documented by M i l l e r  ( 2 ) ,  a r e  c i t e d :  

1 )  High speed a i r c r a f t  - f l u c t u a t i n g  thermal  s t r e s s e s  due t o  speed 
v a r i a t i o n s  superposed on r e g u l a r  wing loading .  

2) P r e s s u r e  v e s s e l s  : sus t a ined  i n t e r n a l  p r e s s u r e  ope ra t e s  i n  conjunct  ion  
wi th  c y c l i c  thermal  s t r e s s e s  a s soc i a t ed  w i t h  terhperature .changes i n  t h e  
working f l u i d  . 

3) E l e c t r i c a l  motors: t h e  conductors  a r e  subjec ted  t o  mechanical and 
thermal  expansive loads .  

4) P r e s s u r e  p ip ing:  b i m e t a l l i c  j o i n t s  subjec ted  t o  slow temperature 
cyc l ing  c r e a t e  f a t i g u e  loading i n  conjunct  ion  w i t h  t h e  mean load.  

5) Two-phase m a t e r i a l s :  i f  such a m a t e r i a l  bears  a s e r v i c e  stress, 
and t h e  c o e f f i c i e n t s  of thermal  expansion of t h e  two phases-. 'are d i f f e r e n t  , 
t hen  tempera ture  cyc l ing  w i l l  cause  creep-f a t  igue  loading .  

6) Turbine b lades :  c e n t r i f u g a l  loading i s  combined w i t h  t h e  f a t i g u e  
e f f e c t s  of tempera ture  t r a n s i e n t s .  
I n  view of t h e s e  s e r v i c e  cond i t i ons ,  i t  i s  not  s u r p r i s i n g  that creep- 
f a t  igue  f r a c t u r e  processes  have been t h e  subj  e c t  of i n t e n s e  inves t  i g a t  i on  
(3, 4 ,  5 ) .  Creep-f a t  i gue  deformation,  however, i s  a r e l a t i v e l y  neglec ted  
f i e l d  . While s t u d i e s  of c reep  deformat ion  and c y c l i c  deformation a r e  
numerous, very  l i t t l e  c r o s s  f e r t i l i z a t i o n  has occurred.  The neg lec t  of 



creep-f a t  i gue  deformation is  u n f o r t u n a t e  because it is d i f f i c u l t  t o  understand 
many a s p e c t s  of f r a c t u r e  without  understanding t h e  def ormat ion  which precedes 
it and o f t e n  accompanies i t .  For example, our  present  i n a b i l i t y  t o  understand 
c rack  nuc lea t  ion i n  f a t i g u e  stems l a r g e l y  from our :ignorance (now happi ly  
d iminish ing)  of c y c l i c  deformat ion. Also, it  would have been d i f f ' i c u l t  t o  
have confidence i n  t h e  e x i s t e n c e  of a f a t i g u e  l i m i t  i n  f  . c .c .  and o t h e r  t ypes  
of me ta l s  (6) , without  c r i t  i c a l  developments i n  understanding c y c l i c  def orma- 
t i o n  ( f o r  review,  s e e  ( 7 ) ) .  

One reason  f o r  t h e  neg lec t  of c reep- fa t igue  deformation l i e s  i n  i t s  
complexity.  Creep deformation ope ra t e s  i n  many d i f f e r e n t  mechanis t ic  
v a r i a n t s ,  e .g . ,  Herring-Nabarro, Coble, and creep  p l a s t i c i t y ,  (3 ,  8-11) 
depending on t h e  cond i t i ons ,  and when t h e s e  a r e  combined wi th  f a t i g u e ,  i n  
i t s e l f  mechan i s t i ca l ly  complicated enough, a l s o  depending on t h e  e x t e r n a l  and 
m i c r o s t r u c t u r a l  v a r i a b l e s ,  t h e  sum of t h e  two can be daunt ing.  There i s  t h e  
a d d i t i o n a l  complexity of dec id ing  how t h e  combination should (or  does) occur ,  
e i t h e r  i n  sequence, a s  Sidey,  f o r  example, has  conducted h i s  experiments w i th  
r e s p e c t  t o  f r a c t u r e  (12) ,  o r  Kennedy (3) and She t ty  and Meshi i ( l3)  w i t h  
r e s p e c t  t o  deformation,  o r  s imul taneous ly ,  a s  explored by Coff in  (1,  14,  15 ) .  
It i s  u n l i k e l y  t h a t  any combination would be t r i v i a l l y  d i f f e r e n t  from t h e  
i n d i v i d u a l  c r eep  and f a t i g u e  p roces ses  s e p a r a t e l y .  For example, c y c l i c  
p l a s t i c i t y  can occur a t  q u i t e  low s t r e s s e s ,  and Burton has shown t h a t  t r a n s -  
i e n t  d i f f u s i o n a l  c reep  by d i s l o c a t i o n  climb can be s i g n i f i c a n t  (16) . Under 
an app l i ed  s t r e s s  (not - a l t e r n a t i n g ) ,  d i f f u s i o n  between d i s l o c a t i o n s  a c t i n g  a s  
vacancy sources and s i n k s  can g i v e  r ise t o  a d i f f u s i o n a l  c reep  component. 
This  component i s  i n  a d d i t i o n  t o  t h a t  occurr ing  by d i f f u s i o n  from g r a i n  
boundary sources  t o  g r a i n  boundary s inks .  The s teady  s t a t e  c reep  due t o  
climb i s  u s u a l l y  less than  t h a t  due t o  d i f f u s i o n  between boundary sources  
and s inks .  However, s i n c e  f a t i g u e  a t  low s t r e s s e s  is i d e a l  f o r  producing 
pa i red  d i s l o c a t i o n  sources  and s i n k s ,  i t  i s  q u i t e  p o s s i b l e  t h a t  low s t r e s s  
c reep- fa t igue  could leaad t o  c reep  r a t e s  enhanced w i t h  r e s p e c t  t o  t h o s e  
r e s u l t i n g  from static-,,creep. 

Because t h e  problem of c r eep - fa t igue  i s  so  l a r g e ,  an ad hoc approach is  
probably t h e  most economical. The e x i s t i n g  l i t e r a t u r e  emphasizes c y c l i c  
c reep  (c reep- fa t igue  under p u l s a t i n g  t e n s i o n ) ,  and h igh  temperature c y c l i c  
deformation ( reversed  c reep  p l a s t i c i t y )  . Accordingly t h e s e  s u b j e c t s  w i l l  
be  b r i e f l y  (and s e l e c t i v e l y )  reviewed, a long  w i t h  r e c e n t  advances i n  under- 
s tanding  c y c l i c  deformation a t  room temperature,  because t h e  methods devel-  
oped f o r  them could be u s e f u l  f o r  understanding c y c l i c  c reep ,  and because 
they  a l low specu la t ion  about behav5or a t  higher  tempera tures  where c reep  
p l a s t i c i t y  could occur .  No a t tempt  w i l l  be  made t o  review creep  deformation 
(3,  8-11) o r  c y c l i c  deformation ( Ins t ead ,  s e e  7 ,  26, o r  t h e  r e f e r e n c e s  c i t e d  
i n  17 ) .  

P l a s t i c  Deformation Under Repeated T e n s i l e  Loading (CYCLIC 'CREEP) 
I n  e a r l y  i n v e s t i g a t i o n s ,  t h e  b a s i c  a s p e c t s  of c y c l i c  c reep  were 

explored by superimposing a v i b r a t o r y  s t r e s s  on a s t a t i c  s t r e s s  (18, 1 9 ) ,  
and an  enhancement of t h e  c r eep  r a t e  was observed when t h e ,  v i b r a t o r y  s t r e s s  
was app l i ed .  Although such an enhancement might be expected i f  t h e  v ib ra -  
t o r y  s t r e s s  r a i s e s  t h e  maximum appl ied  s t r e s s ,  Kennedy e t  a 1  (20, 21) and 
Meleka et a 1  (22, 23) demonstrated a r a t h e r  more s u r p r i s i n g  r e s u l t ,  namely, 
t h e  c r eep  r a t e  was enhanced when t h e  peak s t r e s s  of t h e  c reep- fa t igue  
experiment equal led  t h a t  of t h e  s t a t i c  experiment ( 3 ) .  A s  Kennedy poin ted  
ou t ,  such a c y c l i c  c reep  behavior cannot be  p red ic t ed  from an  a n a l y s i s  of 
t h e  s t a t i c  c reep  behavior .  



Typica l  behavior  can be i l l u s t r a t e d  from more r e c e n t  s t u d i e s ,  which have 
served t o  br ing out  t h e  complexity of t h e  phenomena. A s  shown i n  F igu re  1, 
which a p p l i e s  t o  Cadmium a t  78K s tud ied  by F e l t n e r ( 2 4 ) ,  repea ted  loading  
causes  an enhancement of t h e  creep s t r a i n  r a t e .  It w i l l  be  noted t h a t  t h i s  
loading produces a  c y c l i c  c r eep  curve  which has a  number of f e a t u r e s  common 
wi th  t h o s e  of r e g u l a r  s t a t i c  c reep  curves .  F e l t n e r  concluded t h a t ,  i n  t h e  
low temperature range,  c y c l i c  c r eep  i s  c y c l e  dependent,  meaning t h a t  c y l i c  
so f t en ing  can enhance t h e  c r eep  deformation.  Cons i s t e n t  w i th  t h i s  conclus ion  
is  h i s  observa t ion ,  shown i n  F igure  2,  t h a t  i nc reas ing  t h e  percent  unloading 
inc reases  t h e  c y l i c  c reep  r a t e .  The i n t e r p r e t a t  ion  he re  i s  t h a t  t h e  g r e a t e r  
t h e  unloading,  t h e  g r e a t e r  t h e  s t r a i n  recovery dur ing  t h e  unloading,  t h e  
wider t h e  h y s t e r e s i s  loop,  and t h u s  t h e  g r e a t e r  t h e  c y c l i c  so f t en ing .  The 
importance of t h e  unloading behavior can be seen  from l a t e r  work by F e l t n e r  
and Laird (25) ,  who conducted t h e  experiment shown i n  t h e  i n s e t  of F igu re  3 .  
Annealed copper p o l y c r y s t a l s  were s t r a i n e d  i n  t e n s i o n  a t  298K t o  a  f low 
s t r e s s  of 24 k s i  (165.5 MPa) and then ,  a f t e r  unloading,  were s t r e s s  cycled 
w e l l  i n t o  s a t u r a t i o n  ( i . e . ,  u n t i l  no f u r t h e r  flow s t r e s s  changes could be 
de t ec t ed )  by a  s t r e s s  c y c l e  i n  which t h e  t e n s i l e  peak was f i x e d  a t  15  k s i  
(103.5 m a )  and, f o r  d i f f e r e n t  specimens, t h e  compressive peak was v a r i e d .  
Af t e r  cyc l ing ,  c a r e f u l l y  l imi t ed  so t h a t  no i n c i p i e n t  f r a c t u r e  process  
would p e r t u r b  t h e  r e s u l t s ,  t h e  specimen w a s  a g a i n  pu l l ed  i n  t e n s i o n  and t h e  
f low s t r e s s  measured. It w i l l  be  noted from Figure  3 t h a t ,  up t o  a  com- 
p r e s s i v e  s t r e s s  of - 7 k s i  (48 MPa) , no so f t en ing  occurred ,  but  t h e r e a f t e r ,  
a s  t h e  ampli tude of t h e  c y c l e  increased ,  t h e  amount of c y c l i c  so f t en ing  a l s o  
increased .  F e l t n e r  and Lai rd  (25) measured t h e  p l a s t i c  s t r a i n  range  ( t h e  
width of t h e  loop) a s  t h e  compressive s t r e s s  was v a r i e d .  For s t r e s s e s  lower 
t han  t h a t  necessary  t o  cause  s o f t e n i n g ,  t hey  were unable  t o  d e t e c t  a  'width '  
of t h e  loop wi th  t h e i r  appa ra tus ,  but  a t  t h e  lowest s t r e s s  necessary  t o  
cause so f t en ing ,  they  found t h a t  t h e  p l a s t i c  s t r a i n  range  Gas 8 x It 
is  i n t r i g u i n g ,  and poss ib ly  not completely f o r t u i t o u s ,  t h a t  t h i s  s t r a i n  i s  
c l o s e  t o  t h e  f a t i g u e  l i m i t  s t r a i n  f o r  f . c . c .  me ta l s  ( 6 ) .  It would be  
v a l u a b l e  t o  explore  f u r t h e r  t h e  unloading s t r a i n s  which occur i n  c y c l i c  
c reep ,  and a l s o  t h e  e f f e c t s  of compressive r e v e r s a l s  on c y c l i c  c r eep .  
C o f f i n ' s  s t u d i e s  (1 ,  14,  15) do cover t h e  l a t t e r ,  but f o r  a  l i m i t e d  r ange  of 
s t r e s s e s  and m a t e r i a l s .  

The c y c l i c  c r eep  behavior of Cd a t  300K, i s  shown i n  F igure  4.  It w i l l  
be  noted t h a t ,  i n  c o n t r a s t  t o  t h e  r e s u l t  a t  78K, t h e  s t a t i c  c reep  r a t e  i s  
higher  t han  t h e  c y c l i c .  F e l t n e r  (24) explained t h e  d i f f e r e n c e  by concluding 
t h a t  t h e  deformation is  time-dependent ( i . e . ,  no t  c y c l e  dependent) a t  
higher  tempera tures  and he claimed t h a t  an increase i n  t h e  percent  unloading 
r e s u l t s  i n  lower c reep  r a t e s  i n  t h e  h igh  tempera ture  range.  While t h e  
e f f e c t  of t h e  percent  unloading does i n c r e a s e  a t  lower temperatures  (24 ) ,  
i t  i s  noteworthy t h a t  t h e  c reep  r a t e  n e v e r t h e l e s s  i s  shown t o  i n c r e a s e  
(F igure  2) a s  t h e  percent  unloading inc reases .  Thus, wh i l e  F e l t n e r ' s  
i n t e r p r e t a t i o n  can be  regarded a s  conta in ing  more t h a n  a  g r a i n  of t r u t h ,  t h e  
s i t u a t i o n  is  c l e a r l y  a  g r e a t  d e a l  more complicated,  a s  st4211 more r e c e n t  
s t u d i e s ,  by S h e t t y  and Meshii  (13) ,  show. , Y ' 

Typica l  r e s u l t s  by t h e s e  a u t h o r s ,  i n  apparent  c o n f l i g t  w i t h  t h o s e  of 
F e l t n e r  (24) ,  a r e  shown i n  F igure  5; it appears  t h a t  c y c l i c  c reep  i s  
r e t a rded  a t  low temperatures  i n  t h i s  c a s e  f o r  s i n g l e  c r y s t a l s .  It i s  not  
intended t o  suggest  t h a t  c y c l i c  s t r e s s  r e t a r d a t  ion  is  c h a r a c t e r i s t i c  of 
s i n g l e  c r y s t a l s  only (13 ) ,  but r a t h e r  t h a t ,  i n  a s s e s s i n g  behavior ,  a l l  
t h e  experimental  v a r i a b l e s  have t o  be considered v e r y  c a r e f u l l y  and indeed,  
t h e  behaviors  of mono o r  p o l y c r y s t a l l i n e  m a t e r i a l  a r e  q u a l i t a t i v e l y  s i m i l a r ,  



Compar i son  of t h e  st a t  i c  
and c y c l i c  c r e e p  behavior  
of cadmium a t  78K, under 
t h e  same maximum stress, 
and 100% unloading f o r  

I t h e  c y c l i c  experiment.  
Courtesy of F e l t n e r  (24) .  ' 

Figu re  2 

The e f f e c t  of percent  
!:unloading, i n d i c a t e d  by P ,  . 
'on t h e  c y c l i c  c r e e p  of 
cadmium a t  300K. Courtesy 
of F e l t n e r  (24) .  
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The e f f e c t  of t h e  magnitude 
of t h e  compressive s t r e s s  
on t h e  amount of c y c l i c  
s o f t e n i n g ,  a s  measured by 
t h e  f low stress observed 
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t h e  way t h e  experiment was 
conducted, a s  expla ined  i n  
t h e  t e x t .  .Courtesy of 
F e l t n e r  and Lai rd  ( 2 5 ) ,  
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Comparison, s i m i l a r  t o  t h a t  
of F igure  1, of t h e  s t a t i c  
and c y c l i c  c r e e p  behavior  
of cadmium a t  300K. 
Courtesy of F e l t n e r  (24) .  

F i g u r e  5 

Comparison of t h e  s t a t i c  
and c y c l i c  c r eep  behavior 
of aluminum under d i f f e r e n t  
condi t ions#*  The p a i r  of 
c y c l i c  and s t a t i c  c r eep  
curves  at f h e  t o p  of t h e  
f i g u r e  were obta ined  f o r  
p o l y c r y s t a l l i n e  aluminum 
a t  295K and show c y c l i c  
s t r e s s  a c c e l e r a t i o n .  The 
p a i r  of cm'es a t  t h e  
bottom i n d i c a t e  t h e  c y l c i c  
s t r e s s  r e t a r d a t  ion behavior 
of s i n g l e  c r y s t a l  aluminum 
a t  77K. Courtesy of S h e t t y  
and Meshii  (13) ,  and t h e  
e d i t o r s  of.,Met . Trans. 

F igu re  6 

Cycl ic  and s t a t i c  c r eep  
r a t e s  v s  t ime on log-log 
s c a l e  f o r  aluminum under 
v a r i o u s  cond i t i ons .  The 
power t ime- l aw is  obeyed i n  
a l l  c a s e s  except t h e  c y c l i c  
c r eep  behavior  i n  t h e  i n t e r -  
mediate  c a s e ,  where "crass-  
over" behavior  i s  obs'erved . 
Courtesy of She t ty  and 
Meshii (13) and t h e  e d i t o r  
of Met. Trans.  



, b i ~ l ~ c a t  %art -arrangement 8 i n  alm3num 
C a&ex" vaz?&msi  orin ink s of cyc l ic  creep : 

. a)' one cyc le  of lo.&d t o  a peak &tres s  
q'f' 12 k s i  (82.7 '&Pa) at  78K (10% p l a s t i c  
stirain) ;'bbf S ~ O  cycies of repeated , 

tan$%0~., .52 bi, a i  78K; c) 100,000 . 
cycles  of repeated tension,  2, k s i  (13.8 

,, . MPa) at,300K. Courtesy oh Feltner (24). 
. 

.. . 
at  least in irmy a.$4p ma&arlp%& t 1 3 ) .  Figure -6, a l s o  ; a l w  f ram ref erenee 
(Is)', : a W s  &E&@ ,.@JB~XS uorp rat a-t h k  p l o t s  for aonq and p u l y ~ r y s t a l l i n s  
a'lwmdnuna. t i s  &@$&r eff!t ?be pawer t h e  lax# is obeyed i n  mo+t caases 
The pa& of pLilpa.&+ hatoy> of ? t h e  I%@ce corr@sponds . t o  cyc l ic  stress 
acc&&estiE b n  w b t l @  p a i r  .at, t he  bottom derscribes cyc l ic  s t r e s s  retarda- 
t ion.  An $ntemed eicuat2on w i t h  cross-over behavior L s  shown i n  t h e  
p l o t s  i n  t h e  middJe. S-hettg aqd Meshii (13) i n t e rp re t  t h i s  complex behav;ior 
by point in& out tM stmss cycling during creep cab cause e i t h w  cycl5c 
so£ tening o r  cyel$q+ak&enS~ axid it is possible' chat t:heir d i f ferences  f ram 
~ e l e n ~ r r  candbe rece#tcil& b n ~ e h i s  b a s i s .  When cyc l ic  a a f t e n b g  is t h e  pre- 
dorniakanr ef f ew of: stress cyCZ3.a$, t r esu l t  &g cgdl3.c creep behavior i f  
cyc l ic  strm8 ac6e~etat3.a. . Eowwer, undar o t b ~  cond it tow ,  cyc l ic  harden- 
gng isq c a u s ~ ~ I  by s t t e a s  cycliag,  :ad then the cyclic creep behavior is cyc l ic  
s t r e a s  - rcaordat ion* 

Meshii a d  hi@.  co-torkegs have a l s o  studied t h e  cyc l i c  creep of a bcc 
metal, ooFe, as f.rif.luenced by tbe presence of i n t e r s t i t i a l s  (27, 28) but 
c lea r ly ,  more work i s  needed', They have attempted (29, 30) t o  model cyc l ic  
creep s-i-quant i t a t  ive ly  , employing a back st r d s .  idea  f o r  explaining creep 
r etardat  tom, a ~ d  erkplaining cyc l i c  creep accelerat ion by homogenization of 
t h e  i n t e rna l  s t r e seas  ditrbg cyclingl, 

Precise  in te- t~t ion $& cyc l ic  creep w i l l  r equ i re  a de ta i led  knowledge 
of' the d i s l aca t  ion& &mktura& and t a ' d&e a very few invest  igagions have 
been reported, F & & f a q ~ ' s  earrly work appears t o  b e  one of the most exteirsive 
(24 )  . Typical rem,&&s f o r  aluminum a r e  shown Sb Fggure 7. Comparison of 7a 
and b show8 th+t thq dis ioca t  b n  s t ruc tu re s  are not t yp l ca l  of those  i n  
f a t i gue  because the. cells a r e  larger ,  more mSsoricmt.ed and have more ragged 
w a l l s  than those i n  fa t igue ,  nor do they appear t o  c k n g e  s ign i f i can t ly  
with  cytles. Only a f t e r  many thousands of cycles,  7c, do t h e  w a l l s  become * 



th inner  and t h e  c e l l s  more marked. However, even t h e s e  l a c k  t h e  r e g u l a r i t y  
of c e l l s  produced by push-pull cycl ing and they appear more s imi la r  t o  those  
produced i n  pure  creep deformation. $owever, t h e  f a c t  t h a t  they a r e  ' s o f t e r  ' 
than those  of pure creep has  been demonstrated by Bradley et a 1  (31). It 
would be i n t e r e s t  ing t o  c o r r e l a t e  such observat ions  wi th  c y l i c  creep 
r e t a r d a t i o n  and acce le ra t ion  so  t h a t  t h e  c y c l i c  hardening and softening in- 
i n t e r p r e t a t  ion could be checked. Turner r e p o r t s  (37) r e s u l t s  e s s e n t i a l l y  
s imi la r  t o  those  of Fe l tne r ,  but f o r  s t a i n l e s s  steel a t  e levated  tempera- 
t u r e .  

Cyclic Deformation A t  Low Strains 
The at tempts by Meshii and h i s  co-workers (29) t o  expla in  c y c l i c  creep 

i n  terms of i n t e r n a l  stress, which a r e  s t i l l  underway, provide a point  of 
contact  with recent  developments i n  c y c l i c  deformation, a t  low p l a s t i c  
strains. It appears t h e  present  custom is t o  d i sc r imina te  low s t r a i n  
f a t i g u e  from high s t r a i n  f a t i g u e  i n  terms of t h e  " t rans i t ion"  l i f e ,  defined 
a s  t h e  l i f e  associa ted  wi th  a p l a s t i c  s t r a i n  a t  which t h e  e l a s t i c  s t r a i n  
has an equal  magnitude. For s t r a i n s  lower than t h i s ,  t h e  l i f e  i s  g r e a t e r  
than t h e  t r a n s i t i o n  l i f e  and t h e  regime of low s t r a i n  f a t i g u e  i s  defined.  
A coro l l a ry  d e f i n i t i o n  can be obtained from a considera t ion of t h e  c y c l i c  
s t r e s s - s t r a i n  curve - t h e  p l o t  of t h e  sa tu ra t ion  stress, i. e., when c y c l i c  
hardening is completed, required  t o  enforce a given applied p l a s t i c  s t r a i n ,  
agains t  t h a t  s t r a i n .  The c y c l i c  stress-strain curve f o r  copper s i n g l e  
c r y s t a l s  is shown i n  Figure 8, and it is seen t o  cons i s t  of i ' three  p a r t s ,  
namely a parabol ic  component a t  very  low s t r a i n s  less thao 6 x 
region A, a p la teau up t o  a strain of 7.5 x region B, and a more 
fami l i a r  hardening region C, at g r e a t a r  s t r a i n s .  Regions A C B correspond 
t o  low s t r a l p  f a t i g u e  because t h e  l i v e s  a r e  g r e a t e r  than l o 5 ,  and t h e  crack 
nucleat ion mechanism, region B ,  is  t y p i c a l  of low s t r a i n  fa t igue .  It w i l l  
be noted that d a t a  f o r  p o l y c r y s t a l l i n e  copper, taken f roq :qeveral d i f f e r e n t  
workers, a r e  a l s o  p lo t t ed  i n  Figure 8. These d a t a  have begn compared t o  
those  f o r  s i n g l e  c r y s t a l s  by use  of Taylor ' s  o r i e n t a t  ion f a c t o r  and it is 
extremely i n t e r e s t i n g  t h a t ,  a t  t h e  t r a n s i t i o n  l i f e ,  t h e  p l o t  f o r  poly- 
c r y s t a l s  j o i n s  t h a t  f o r  monocrystals (33). It is tempting.--to conclude (33) 
that t h e  c y c l i c  s t r e s s - s t r a i n  curve f o r  po lyc rys ta l s  a l s o  ?ps a pla teau and 
t h e r e  is evidence f o r  t h i s  (33), but the matter  is s t i l l  con t rovers ia l  and 
more research is needed on low s t r a i n  behavior. Recent advances concerned 
wi th  ques t ions  of i n t e r n a l  stress have emphasized t h i s  region,  a s  fol lows.  

The TEM observations of Hancock and Grosskreutz (34) and of Basinski  
et a 1  (35) make it c l e a r  t h a t ,  p r i o r  t o  s a t u r a t i o n ,  hardening occurs by 
t h e  mutual t rapping of edge d i s loca t ions ,  which gqither i n  bundles, and 
y ie ld  t h e  w e l l  known 'veins '  i n  which screw d i s l o c a t i o n s  g l i d e  t o  and f r o  
i n  response t o  t h e  s t r a i n  revkrsa ls .  The edge d i s l o c a t i o n  bundles show 
near-zero deviat  ions i n  c rys ta l lograph ic  o r i en t  a t  ion,  suggesting t h a t  t h e  
d i s l o c a t i o n s  a r e  accura te ly  pai red  i n  s ign ,  and t h e  bundles thus  c o n s i s t  
of d ipo la r  loop patches. The deformation is homogeneous 'ii; t h e s e  s t ruc -  
t u r e s  and t h e  s l i p  is  l a r g e l y  r e v e r s i b l e  i n  a mechanical Fpse. Under t h e s e  
condit ions t h e  c y c l i c  p l a s t i c  s t r a i n  is not damaging, a n d . t h e  l i f e  of t h e  
specimen could e f f e c t  ive ly  be i n f i n i t e  (6). 

Kuhlmann-Wilsdorf and Laird (36) have recen t ly  obtained measurements 
of t h e  d i s l o c a t i o n  f r i c t i o n  stress, in te rp re ted  a s  P e i e r l s  e f f e c t s ,  point  
defect  hardening, j og-dragging , e t c .  , and t h e  back stress, associa ted  wi th  
these  s t r u c t u r e s ,  by analyzing c y c l i c  h y s t e r e s i s  loops through a very  simple 



scheme der ived  from t h e  remote l i t e r a t u r e .  The well-known method, l i t t l e  
used, s u r p r i s i n g l y ,  is i l l u s t r a t e d  i n  F igure  9. A t  t h e  s t a r t  of t h e  p l a s t i c  
deformation i n  t h e  cyc l e  ( a t  T ~ ) ,  t h e  back s t r e s s ,  r , which was gencrntcd 
i n  t h e  preceding ha l f -cyc le ,  a c t s  i n  t h e  same d i r ec tgon  a s  t h e  (now reversed)  
s t r e s s .  Therefore ,  i n  t h e  presence of a f r i c t i o n  s t r e s s ,  T a c t i n g  on t h e  

F ' d i s l o c a t i o n s ,  T = T - T . A t  t h e  end of t h e  forward c y c l e ,  when t h e  back 
s F 

s t r e s s  has  aga in  reached 'its maximum v a l u e  - but  now opposed t o  t h e  defor -  
mation - t h e  app l i ed  s t r e s s  is  t h e  sum of t h e  f r i c t i o n  s t r e s s  and t h e  back 
stress: T = T + T . The f r i c t i o n  s t r e s s  and back s t r e s s  c a l c u l a t e d  from 

F 
t h e s e  equaFions and 'measured from t h e  h y s t e r e s i s  loops of t h r e e  d i f f e r e n t  
i n v e s t i g a t o r s ,  obtained f o r  copper,  a r e  shown i n  F igure  10. The most s t r i k -  
ing  r e s u l t  i s  t h a t  t h e  f r i c t i o n  s t r e s s  and back s t r e s s  rise i s  p a r a l l e l .  
From t h i s  and r e l a t e d  a n a l y s i s ,  Kuhlmann-Wilsdorf and Lai rd  s e p a r a t e  t h e  
f r i c t i o n  s t r e s s  i n t o  two p a r t s ,  one equal  i n  magnitude t o  t h e  back s t r e s s  
(and presumed t o  have t h e  same phys i ca l  cause) ,  t h e  o t h e r ,  sma l l e r ,  p a r t  
w i t h  a d i f f e r e n t  dependence on t h e  number of c y c l e s  and s a t u r a t i n g  e a r l i e r  
t han  t h e  former (36) .  The l a t t e r  p a r t  is  a s soc i a t ed  w i t h  jog-dragging by 
t h e  screw d i s l o c a t i o n s  i n  t h e  channels  between t h e  loop pa tches .  The i n t e r -  
p r e t a t i o n  of t h e  back s t r e s s  depends c r i t i c a l l y  on whether t h e  loop pa tches  
p a r t i c i p a t e  i n  t h e  p l a s t i c  s t r a i n  o r  i n s t ead  a c t  a s  r i g i d '  b a r r i e r s  t o  defor-  
mation. Af te r  an exhaus t ive  examination of t h i s  ques t ion  (37) ,  i t  i s  concluded 
t h a t  they undergo s t r a i n .  Thus Kuhlmann-Wilsdorf t r e a t s  t h e  loop pa tches  a s  
a Taylor  l a t t i c e  (38) ,  and r e l a t e s  t h e '  back s t r e s s  t o  t h a t  requi red  t o  f l i p  
rows of s i m i l a r l y :  signed edge d i s l o c a t i o n s  p a s t  t h e i r  d i p o l a r  mates.  Up t o  
t h e  po in t  of f l i p p i n g ,  t h e  s t r a i n  is  r e v e r s i b l e  and t h e  a n e l a s t i c  motion of 
t h e  d i s l o c a t i o n s  bauses an apparent  r educ t ion  of t h e  shear  modulus. Th i s  
r educ t ion  is  shown i n  F igure  11 and can be  seen a s  cons iderable .  The 
observed apparent  shear  modulus can be used, as i n  F igu re  11 (38) ,  t o  es- 
t a b l i s h  t h e  s c a l e  and geometry of t h e  d i s l o c a t i o n  s t r u c t u r e  i n  t h e  loop 
pa tches ,  because it i s  t o o  f i n e  and t o o  complex t o  be a c c e s s i b l e  t o  TEM. 
Close packing of i h e  d i s l o c a t i o n s  i s  approximated. Once t h e  d i s l o c a t i o n s  
i n  t h e  rows have ' f l i pped  p a s t  t h e i r  mates,  t h e i r  motion becomes i r r e v e r s i b l e  
and t h u s  " f r i c t i o n a l " .  Th i s  exp la ins  t h e  connect ion between t h e  back s t r e s s  
and f r i c t i o n  s t r e s s .  

Kuhlmann-Wilsdorf's theory (38) i s  open t o  cons ide rab le  a p p l i c a t i o n ,  of 
which an  example taken from her  paper is  shown i n  F igure  12.  The h y s t e r e s i s  
loops  observed by Mughrabi (17) a r e  shown on t h e  l e f t ,  and a s e t  of hys te r -  
e s i s  loops  cons t ruc ted  us ing  her  t h e o r e t i c a l  t r ans fo rma t ion ,  f o r  which one 
experimental  loop (cumulat ive p l a s t i c  shear  s t r a i n  = 2) i s  r equ i r ed  a s  a 
b a s i s ,  on t h e  r i g h t .    or t h e  t h e o r e t i c a l  curves  only t h e  t e n s i l e  parLs have 
been cons t ruc t ed ,  whi le  t h e  compression p a r t s  of t h e  loops have been assumed 
t o  be  symmetrical t o  t h e  s t r a i n  a x i s .  It is  w e l l  known t h a t  t h e r e  is a 
s l i g h t  d i f f e r e n c e  between t e n s i l e  and compressive p a r t s  of loops;  neverthe-  
l e s s  t h e  agreement between t h e  t h e o r e t i c a l  and experimental  curves  is most 
s a t  i s £  a c t  ory. Thus t h e  Taylor  l a t t i c e  approach y i e l d s  an  impress ive  
c o n s t i t u t i v e  equat ion.  

I f  t h e  f a t i g u e  s t r a i n  i s  i n  t h e  p l a t eau  range ,  t h e  loop pa t ch  d i s loca -  
t i o n  mechanisms t e rmina te  as s a t u r a t i o n  i s  approached, and t h e  gene ra l  f i n e  
s l i p  g ives  way t o  t h e  l o c a l i z e d  s l i p  t h a t  produces t h e  ! 'pers is tent  s l i p  
band" (PSB). S ince  t h i s  phenomenon causes c r ack  nuc lea t ion ,  PSB'S have 
long been an  ob jec t  of i n t e r e s t  i n  f a t i g u e  ( f o r  review, s e e  26).  The d i s l o -  
c a t  ion  mechanism by which loop pa tches  convert  t o  t h e  d i f f e r e n t  d i s l o c a t i o n  
s t r u c t u r e  of t h e  PSB i s  s t i l l  not  known. Con'sid.erable TEM s t u d i e s  show t h a t  
PSB'S l i e  p a r a l l e l  t o  t h e  a c t i v e  s l i p  p l anes  and c o n s i s t ,  a t  ambient 
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t empera ture ,  of narrow hedges of dense ly  packed d i s l o c a t i o n s ,  about 1 . 5  pm 
a p a r t  normal bo th  t o  t h e  primary Burgers  v e c t o r  and t h e  s l i p  p l ane ,  and 
separa ted  by c l e a r  volumes conta in ing  a  l i r t l e  d s b r l s .  The hedges a r e  bc l icvcd  
t o  be, p r imar i ly ,  a  few l a y e r s  of d i p o l a r  wa l l s ,  mixed w i t h  d e b r i s  (40) ,  and 
t h e  s t r a i n  is  c a r r i e d  i n  t h e  PSB's by screw d i s l o c a t i o n s  moving t o  and f r o  
w i t h  t h e  reversed  st  r a i n  between hedges and coordinated between hedge-rows so  
a s  t o  main ta in  t h e i r  d i p o l a r  c h a r a c t e r  (40) .  

A r e a l l y  d e f i n i t i v e  i n v e s t i g a t i o n  of t ime-dependency i n  connect ion  wi th  
t h e  above behavior  has  never been made, a l though t h e  a v a i l a b l e  evidence ind i -  
c a t  e s  an i n s i g n i f i c a n t  frequency e f f e c t  a t  ambient temperature.  There have 
been few i n v e s t i g a t i o n s  of c y c l i c  deformation i n  s i n g l e  c r y s t a l s  above 0.25 of 
t h e  homologous mel t ing  tempera ture  (41) ,  and t o  t h i s  a u t h o r ' s  knowledge never 
i n  a u s e f u l  o r i e n t a t i o n ,  i .e . ,  f o r  s i n g l e  s l i p .  It i s  p o s s i b l e ,  however, t o  
specu la t e  on t h e  n a t u r e  of h igh  tempera ture  behavior  from s t u d i e s  of recovery 
behavior (42, 43) .  S e g a l l  e t  a 1  (43) ,  having observed loop pa tches  i n  Cu 
and N i ,  considered t h e  ways i n  which loops  can annea l  ou t .  F i r s t ,  i f  p i p e  
d i f f u s i o n  i s  easy ,  t h e  loop can change i t s  shape by breaking up i n t o  a  s e r i e s  
of c i r c u l a r  loops ,  which subsequent ly annea l  ou t .  The second process  by which 
loops  may anneal  out is d i r e c t l y  by s e l f - d i f f u s i o n .  The ends of t h e  loop w i l l  
tend t o  become curved, but  t h e  r a d i u s  of c u r v a t u r e  w i l l  always be  l e s s  than  
ha l f  t h e  d i p o l e  he igh t .  Hence vacancies  w i l l  b e  emi t ted  p r e f e r e n b i a l l y  a t  t h e  
curved ends and t h e  loops  annea l  by becoming s h o r t e r ,  i n  agreement w i t h  t h e  
TEM hot -s tage  observat  ions of S e g a l l  et a 1  (43) .  I n  view of t h i s ,  it i s  
extremely u n l i k e l y  t h a t  loop pa tches  could long su rv ive  a t  t empera tures  much 
above ambient,  even ;in n i c k e l ,  e s p e c i a l l y  when one cons ide r s  t h a t  loop pa tches  
a r e  n e a t l y  pa i red  a s  v a c a n c y - i n t e r s t i t i a l  loops  and s e l f - d i f f u s i o n  sources  
and s i n k s  a r e  t h u s  a v a i l a b l e  a t  s h o r t  d i s t a n c e s  a p a r t .  Evidence f o r  t h i s  can 
be  obtained from t h e  work of Nine and Wood (44) who compared t h e  l i v e s  of 
copper s i n g l e  c r y s t a l s  cyc led  i n  t o r s i o n  a t  + 0.003 e i t h e r  a t  ambient temper- 
a t u r e  completely,  o r , , e l se  f i r s t  a t  573K f o r  l a r g e  numbers of c y c l e s  and then  
t o  f a i l u r e  a t  ambient;,temperature. Thei r  r e s u l t s  a r e  shown i n  Table  I ,  and 
most i n t e r e s t i n g l y ,  pre-cycl ing a t  h igh  temperature is shown t o  i n c r e a s e  t h e  
subsequent l i v e s  a t  ambient tempera ture  beyond r easonab le  limits of s c a t t e r .  
The i n t e r p r e t a t  i on  is  a s  fo l lows .  For t h e  t o r s i o n a l  s t r a i n  employed by Nine 
and Wood, t hey  were probably w i t h i n  t h e  p l a t eau  r eg ion  of t h e  c y c l i c  s t r e s s -  
s t r a i n  curve  a t  ambient tempera ture ,  and t h u s  t h e  s t r a i n  was concent ra t  ed i n  
r e l a t i v e l y  few PSB's. A t  h igh  temperature,  however, t h e  loop pa tches  would 
r e a d i l y  convert  t o  c e l l s ,  of a  s t r u c t u r e  not  r a d i c a l l y  d i f f e r e n t  from t h a t  
of PSB's. Thus, on subsequent cyc l ing  a t  ambient tempera ture ,  t h e  app l i ed  
s t r a i n  could b e  c a r r i e d  by t h e  whole gage s e c t i o n  and t h u s  t h e  most damaging 
l o c a l  s t r a i n  was extenuated.  T h i s  r a i s e s  t h e  i n t r i g u i n g  p o s s i b i l i t y  t h a t ,  
environmental e f f e c t s  a s i d e ,  t h e  f a t i g u e  l i v e s  of monocrystals  a r e  i n s e n s i t i v e  
t o  tempera ture  under s t r a i n  cyc l ing  condi t  ions .  Unfortunately , t h i s  w i l l  no t  
be t r u e  of p o l y c r y s t a l s  because s t r a i n  homogenization promotes g r a i n  bound- 
a r y  c racking  (45, 46) .  It is  important t o  n o t e  t h a t  w e  a r e  very  ignorant  
of deformation behawior under s t r e s s  cyc l ing  cond i t i ons ,  i n  s p i t e  of some 
not a b l e  c o n t r i b u t  ions  a t  ambient temperature (47-49) . 

Gasca-Neri and Nix (50) have s tud ied  h igh  temperature c r eep  by compu- 
t e r  s imu la t ion ,  cons ider ing  t h e  p r o p e r t i e s  of an  a r r a y  of p o s i t i v e  and 
nega t ive  d i s l o c a t i o n s  w i t h  a  common s l i p  system, and pe rmi t t i ng  t h e  d i s loca -  
t i o n s  t o  g l i d e  and climb. It i s  un fo r tuna te  t h a t  t h i s  approach has  not  been 
appl ied  t o  c y c l i c  deformation i n  a s se s s ing  h igh  temperature p r o p e r t i e s  
because i t  appears  v e r y  promising. 



Figure  11 
The t h e o r e t i c a l  shear  stress/ 
shear  s t r a i n  curve f o r  a specimen 
containing loop patches which 
occupy 50% of t h e  volume and 
a r e  surrounded by channels 
which have a much lower c r  it i- 
c a l  shear  s t r e s s  than t h e  
loop patches. The r a t i o s  of 
1.5 and 1.1, a s  marked, r e f e r  
t o  t h e  geometry of t h e  loop 
patch  Taylor l a t t i c e ,  and a r e  
obtained from t h e  d i s t a n c e  
between t h e  d i s l o c a t  ions i n  
t h e i r  rows, t o  t h e  d i s t a n c e  
( a t  r i g h t  angles)  between t h e  
rows. The3 computation assumes 
t h e  loop patches f l i p  a t  t h e  
s a t u r a t i o n  s t r e s s ,  and t h e  
'lobservedl' curve r e f e r s  t o  
t h e  h y s t e r e s i s  loops by 
Finney and Laird (39) i n  t h e  
unloading - p a r t  of t h e  cycle .  
Courtesy 03 D. Kuhlmann- 
Wilsdorf (38) and t h e  e d i t o r  
of Mat. Sci .  Eng. 

Figure 12 
Comparison~of Mughrabi's 
neasured h y s t e r e s i s  loops 
( l e f t )  addk Kuhlmann-Wilsdorf's 
t heoret  ikaclly-construct ed 
loops, a s  explained i n  t h e  
t e x t .  Note t h a t  Mughrabi 
appears toQ-have cycled h i s  
&ecimens i n  p l a s t i c  s t r a i n  
c o n t r o l  so  that t h e  loops 
a r e  recorded wi th  a co r rec t -  
ion  sub t rac t  ing t h e  quasi- 
e l a s t i c  behavior of t h e  loop 
patches. Courtesy of D. 
Kuhlmann-~ilsdorf (38) and 
fhe  e d i t o r  of Mat. S c i .  Eng. 

TABLE I 
Nine. and Wood 's ~ e s u l t s  on Copper s i n g l e '  Crys ta l s  (44) 

St anding Time a t  . Precvcles a t  Subseauent' L i f e  a t  Ambient 
3 0 0 ~  3 OOC 

< * & ,  ~ d b e r a t u r e  
none none 1.2- x l o 6  
1 hr.  i n  N2 none ii 1.2 x l o 6  
1 hr .  i n  A i r  none 1.2 x l o 6  
not  reported l o 5  i n  a i r  

I1 
6 x l o 6 ,  10 x l o 6  

I t  l o 5  i n  N~ 
1 I 11 

4.2 x l o 6 ,  6.8 x l o 6  
3 x l o 5  i n  a i r  

I 1  I I 
5 . 5 x 1 0 6  5 . 8 x 1 0 6  

6 x 10' i n  air  4.5 x l o 6  



Cycl ic  Deformation A t  High S t r a i n s  
. A t  h i g h  ' c y c l i c  s t r a i n s ,  i r r e s p e c t i v e  of temperature,  . d i s l o c a t i o n  c e l l s  a r e  

commonly formed - ln  s a t u r a t i o n .  Depending on . . t h e  tempera ture  and s t r a i n  ampli- 

tude,  r a p i d  hardening is a s soc i a t ed  wi th  d e b r i s  formation,  o f t e n  i n  loop patch- 
es. However, most i n v e s t i g a t i o n s  have been c a r r i e d  out on p o l y c r y s t a l s  and 
t h e  ope ra t ion  of many s l i p  systems r a p i d l y  conve r t s  t h e  i n i t i a l  s t r u c t u r e s  i n t o  
d i s l o c a t i o n  c e l l s .  Typica l  behavior  is shown in F igu re  13. Although minor 
s u b s t r u c t u r a l  v a r i a t  ions  do occur f o r  a  g iven  amount of cumulat ive s t r a i n ,  
t h e  s t r u c t u r e s  a r e  remarkably r e g u l a r ,  and by t h e  t ime s a t u r a t i o n  i s  a t t a i n e d  
(about 50 c y c l e s  f o r  t h e  s t a i n l e s s  s t e e l ,  s t r a i n  ampli tude and tempera ture  
i l l u s t r a t e d  i n  F igu re  13)  t h e  c e l l  w a l l s  have become q u i t e  t h i n  a s  compared 
t o  t h o s e  i n  t e n s i l e  deformation. Af t e r  s a t u r a t i o n  is  a t t a i n e d ,  t h e  c e l l  s i z e  
remains cons t an t  bu t  t h e  average  m i s o r i e n t a t  ion  between c e l l s  i nc reases .  
F e l t n e r  and Lai rd  (25) proposed t h a t  t h e  s t r e s s  needed t o  bow ou t  t h e  f r e e  
mesh l e n g t h  i n  t h e  w a l l  c o n t r o l s  t h e  s a t u r a t i o n  s t r e s s .  Nahm e t  a1 (51) 
a s s o c i a t e  t h i s  l e n g t h ' w i t h  t h e  sub-boundary m i s o r i e n t a t  ion  network - an 
unnecessary r e s t r i c t i o n  in t h i s  w r i t e r ' s  opinion,  and c o n t r a r y  t o  t h e  w e l l  
s u b s t a n t i a t e d  constancy of t h e  s a t u r a t i o n  stress dur ing  l i f e .  Thus t h e  
s t r a i n  i s  c a r r i e d  by d i s l o c a t i o n s  s h u t t l i n g  between t h e  w a l l s .  It is possi-  
b l e  t h a t  d i s l o c a t i o n s  can s h u t t l e  i n  t h e  same manner a s  w i th in  PSB's, in 
which c a s e  t h e  f l o w l s t r e s s  would depend on t h e  i n t e r j o g  l e n g t h  on t h e  d i s l o -  
c a t i o n s .  However, on t h i s  b a s i s ,  it would be  d i f f i c u l t  t o  exp la in  t h e  s t r e s s  
dependence on t h e  s t r a i n  amplitude. F e l t n e r  and Lai rd  (25) a l s o  proposed t h a t  
some of t h e  s t r a i n  3ould be  c a r r i e d  by d i s l o c a t i o n  f l i p p i n g  w i t h i n  walls and 
by o v e r a l l  mot i o n  03) t h e  wa l l s .  The observa t ion  t h a t  c e l l s  e n l a r g e  ve ry  
r a p i d l y  w i t h  reductkon i n  s t r a i n  ampli tude (25) and consequent c y c l i c  
so f t en ing  suppor ts  t h e  l a t t e r  proposa l .  Ca re fu l  TEM s t u d i e s  i n  s i n g l e  cry-  
stals of copper (52) and n i c k e l  (53) support t h e  d i s l o c a t i o n  c e l l  s h u t t l i n g  
model, bu t  Excel1 and Warrington (54) and Imura (55) have a l s o  shown sub- 
boundary migra t  ion % i ~ i n g  creep  and t e n s  i l e  t e s t  ing r e s p e c t i v e l y  . 

The t e m p e r a t ~ r ~ e ~ e e p e n d e n c e  of t h e  h i g h  s t r a i n  c y c l i c  deformation of f c c  
metals has  recent  l y  . been explored by Bhat. and- Lai rd  (56) , us ing  n i c k e l  as a  
v e h i c l e .  F igu re  14_ shows that dependence, compared t o  t h e  dependence of t h e  
monotonic deformatiqn, expresped a s  t h e  UTS, and t o  t h e  behavior  of DS n i c k e l .  
While t h e  t e m p e r a t y e  v a r i a t i o n  of t h e  c y c l i c  s t r e s s  ( s a t u r a t i o n  s t r e s s  f o r  
p l a s t i c  s t r a i n  ampli tude = 1%) f o r  n i c k e l  h a s  t h e  same gene ra l  form a s  t h e  
monotonic behavior ,  t h e r e  a r e  important d i f f e r e n c e s  i n  d e t a i l .  S p e c i f i c a l l y  , 
in  c y c l i c  deformat ion, a n  athermal  r eg ion  of flow is not  observed, and t h e  
c y c l i c  s t r e s s  dec reases  l i n e a r l y  . .. w i t h  inc reas ing  tempera ture  u n t i l  about 0.65 
of t h e  mel t ing  temperature,  %t which po in t  it d-rops p r e c i p i t o u s l y .  No quan- 
t i t a t  i v e  theo ry  has:,been p r o w s e d  f o r  this behav'ior. Bhat and Lai rd  sugges t ,  
however, t h a t  po in t  d e f e c t s  produced by t h e  c y c l i c  p l a s t i c  s t r a i n ,  i n  combi- 
na t  ion  w i t h  t h e  e f f e c t s  of d e f e c t  c l u s t e r s  and j og-dragging, l ead  t o  t h e  
increased  tempera ture  dependence ( a s  compared t o  monotonic behavior)  a t  
t empera tures  below "ci5 TM (Bhat and Lai rd  observe r a t h e r  minor v a r i a t  ions i n  
t h e  d i s l o c a t i o n  s t r e x t u r e s  over t h i s  r ange  of temperature)  .   he‘ sha rp  
decrease  i n  f l o w  s t r e s s  occurr ing  a t  0.65 TM is  a t t r i b u t e d  t o  recovery 
processes ,  and t h e  Ceason f o r  i t s  occurrence at a  h ighe r  tempera ture  t h a n .  
observed f o r  monotonic deformation is  explained by t h e  observa t ion  t h a t  
d i s l o c a t i o n s  agglom&rat e  i n  c y c l i c  deformation w i t h  evenly balanced s igns .  
Of course ,  t h e  tempera ture  at which t h e  t r a n s i t i o n  t o  recovery-dominat ed 
behavior  occurs  i s  h igh ly  s t r a i n  ampli tude dependent,  i nc reas ing  w i t h  
dec rease  of ampli tude.  , 



One of t h e  more s u r p r i s i n g  obse rva t ions  made by Bhat and Laird (56) is 
t h e  i n f e r i o r i t y  of t h e  c y c l i c  f l ow s t r e s s  of DS n i c k e l  ( a s soc i a t ed  wi th  1% 
s t r a i n  amplitude) a s  compared t o  n i c k e l ,  between about 400K and 800K. (See 
F igure  14) .  Th i s  r e s u l t  would have been v e r y  hard t o  accept  were i t  no t  f o r  
Leverant and S u l l i v a n ' s  prev ious  observa t ion  t h a t  t h e  c y c l i c  s t r e s s - s t r a i n  
curves  f o r  n i c k e l  and T-D n i c k e l  were s i m i l a r  a t  ambient tempera ture  (57) . I n  
Bhat and L a i r d ' s  DS n i c k e l ,  t h e  process ingi  s u b s t r u c t u r e s  were d i f f e r e n t  from 
t h o s e  of Leverant and Su l l i van ,  and a s  shown i n  F igu re  1 4 ,  t h e  DS n i c k e l  i s  
s t ronge r  than n i c k e l  a t  ambient temperature.  It a l s o  a s s e r t s  i t s  s u p e r i o r i t y ,  
of course ,  a t  v e r y  h igh  temperature.  With i n c r e a s e  i n  temperature i n  t h e  
range 400 - 800K, t h e  r a p i d  f a l l  i n  t h e  flow s t r e s s  of DS n i c k e l  i s  ex t ra -  
ord inary .  Bhat and Laird a t t r i b u t e d  t h i s  behavior  t o  ve ry  r a p i d  recovery  
processes  occurr ing  i n  t h e  d i s l o c a t i o n  t a n g l e s  surrounding t h o r i a  p a r t i c l e s  
due t o  s h o r t  c i r c u i t  d i f f u s i o n  mechanisms (56) .  It would be i n t e r e s t i n g  t o  
check t h e s e  mechanisms by experiments u s ing  d i f f e r e n t  s t r a i n  r a t e s  or  p a r t i c l e  
s i z e s ,  but no a p p r o p r i a t e  r e s u l t s  have y e t  been obta ined .  

CONCLUSIONS 

The phenomena of c y c l i c  c r eep  and c y c l i c  deformation have been b r i e f l y ,  
and s e l e c t i v e l y ,  reviewed. On t h e  b a s i s  of t h i s  review, t h e  fo l lowing  con- 
c l u s i o n s  can be drawn: 1 )  The mechanisms of c y c l i c  c r eep  have not  been 
ex tens ive ly  explored;  some work e x i s t s  f o r  s t r e s s e s  g iv ing  rise t o  c r eep  
p l a s t i c i t y .  The so f t en ing  which occurs  i n  c y c l i c  c reep  is  not  understood 
( t h e  same problem a l s o  a p p l i e s  t o  c y c l i c  deformation)  and t h e r e  i s  a  g r e a t  
d e a r t h  of s u b s t r u c t u r a l  s t u d i e s .  Bcc me ta l s  and a l l o y s  a r e  p a r t i c u l a r l y  
neglec ted  . 

2) I n  t h e  l a s t  few y e a r s  some i n t e r e s t i n g  advances have been made i n  
understanding c y c l i c  deformation,  un fo r tuna te ly  only  f o r  q u i t e  low s t r a i n s  
and low temperatures .  The necessary  fundamental experiments us ing  s i n g l e  
c r y s t a l s  a r e  ve ry  d i f f i c u l t  t o  do,  e s p e c i a l l y  a t  h igher  t q p e r a t u r e s ,  and 
t h e  emphasis on app l i ed  r e s e a r c h  and " re levant"  m a t e r i a l s  dur ing  t h e  s e v e n t i e s  
has  been q u i t e  damaging f o r  fundamental work. It i s  astounding t h a t  t h e  
problems of c y c l i c  c r eep  and f a t i g u e ,  which have c o s t  t h e  n a t i o n  and t h e  
world many b i l l i o n s  of d o l l a r s  and many l o s t  l i v e s ,  r e c e i v e  such modest 
support f o r  fundamental r e sea rch .  

ACKNOWLEDGEMENTS 

Helpfu l  d i scuss ions  wi th  M. Meshi i ,  D. P. Pope, A. P. L.  Turner and 
V.  V i t ek  a r e  g r a t e f u l l y  acknowledged. A t  t h e  t ime  of w r i t i n g  t h i s  review, 
t h e  au thor  rece ived  generous support from t h e  ARO, Grant No. DAAG29-78-C-0039, 
t h e  DMR of t h e  NSF, Grant No. DMR77-13934 and from t h e  M a t e r i a l s  F a i l u r e  
t h r u s t  a r e a  of t h e  Laboratory f o r  Research on t h e  S t r u c t u r e  of Mat te r ,  
Un ive r s i t y  of Pennsylvania ,  Grant No. DMR7 6-80994A01. 

REFERENCES 

1. L. F. Coff in ,  Trans . ,  A.S.M.E., J .  Basic  Eng.,, - 86D, 1964, 673. 
2 .  D. R. Miller, Trans . ,  A.S.M.E., J .  Basic  Eng., 81D, 1959, 190. 
3.  A. J. Kennedy, "Processes of Creep and Fa t igue  in Metals", J .  Wiley & 

Sons, N e w  York, 1963.. 
4. A.  H. Meleka, "Combined Creep and Fa t igue  p r o p e r t i e s " ,  Me ta l lu rg i ca l  

Reviews, - 7 ,  1962, 43. 



Q ~ ~ T ~ p m ~  p&%ae' o$? ~&pd*a&i AlLBys'Fi 'OgWIrK173 , QP% &idge 
Baf*l w., Bsk 13.&ge,; fdatr..# I$?t.+-. - - ' I  

6. l a i r d ,  Ehre..~ki. Eng. ,rg*:1A76. .m.  - . -  I 

@. &ah&, in '%??zlc-l&g&ea~lg iw- T - w i ~ t 5  and mt &ue", pa. , A. W . 
"Phompssn, AYME, ' . k ~  Tag, LW7, ~150, 

lkxtrn* f%&fftts%olal 4 r a p  of ~o2yfrczpC&'lliw 'khteriald', Trans. 
6ublkat k s , .  &7 5 .  
0 . .  Sheeby a d -  p; Bwke, Prag. . Sci., 1968; 325 ,  
M, P. Asbby, Gurface Sci., xs 1972, 498. 
F. Garofdo, ' ~ d a m c a t @ l e  ,q& C r i a g  and Creep Rupture in M e t  ald' , 
Plada-, B w  *Ya2"C, ' XBEaS. 

, t 51. w., g, 1978. 189. 
I). - R. G m t g  .nb rr. T4!ssw, Net. ~ o a a s .  * 9, 5 ,  34 9 b  
M; 3. &is'm~h~EE L.. 8.. mffin, ~rilds. A.B .bt.E, , J . ~ a s i c  hs., rC 8U) 
1969, 548.. c -  ' 

15. 1. B. Cafffn, Trans .  A.$.H.E. 3.- BW& BDg., SQ, 1960, 671. 
16. I&, Bustan. Elax. Sci. En$., g, 1975; 265. 



. . . ' , ' " .  
?~ 8 

- ,  ' 5 . -  .. 7 . ' a_-,:. 
H. Mughrabi, Mat. Sci. Eng., 33, 1978, 207. - 
B. J. Lazan, Proc. A.S.T.M., 49, 1949, 757. 
J. N. Greenwood, Proc. A.S.T.M., 49, 1949, 834. 
A. J. Kennedy, J. I n s t .  Met., 87, 1958-59, 145. 
A. J. Kennedy and N. C. McGi11, Nature, 207, 1965, 1086. 
A. H. Meleka and A. V. Evershed, J. Ins t .  M e t . ,  88, 1959-60, 411. 
A. H. Meleka 4 G. B. htnn, J, fnat. Mat,, 88, 1959-60, 507. 
C. E. Fel tner ,  "Cycle Dependent Deformation Behavior of Close Packed 
Metals", Tech. Doc. Report, No. RTD-TDR-63-4149, T. & A.M. Dept., 
Univ. of I l l i n o i s ,  1963. 
6 .  E. Fel tner  and C. Laird, Acta Met., 15, 1967, 1632. 
C. Laird, in "Fatigue and ~ i c r o s t r u c t u r F ,  ASM Seminar, St.  Louis, 
1978, i n  press.  . .- 
D. K. Shetty and M. Mesv1, Mat. Sci .  Eng:., 32, 1977, 283. - 
A, K. Vasudevan and My ~ e s k ; i i ,  Proceedings, 2nd I n t  . Conf . on Mech. 
Behavior of Materials  (IW-II), Boston, .Mass., 1976, p518. 
T. Mura, A. Novakovic and M. Meshii, Mgt. Sci. Eng . , - z ,  1975, 221. 
D. K. Shetty, T. Mura and M. Meshii, Mat. Sci. Eng., 17 ,  1975, 261. 
W. L, Bradley, S. W. Nam, and D. W. Matlock, M e t .  ~ra=. 2, 1976, 425. 
A. P. L. Turner, P r iva te  Comuafcation, Argonne National Lab., I l l i n o i s ,  
197 9. 
S. P. Bhat and C. Laird, .'$cripta Met., l2, 1978, 687. 
J. R. Hancock and J. C. Grosskreutz, Acta M e t . ,  17, &969, 77. 
S. J. Basinski, Z.  S. Basinslci and A. Howie, Phil .  @., 19, 1969, 899. 
D. Kuhlmann-Wilsdorf and C. La i rd ,  Mat. Sci. Eng . , 37. 1 9 3 ,  111. 
D. Kuhlmann-Wilsdorf, "Dislocation Behavior in  Fatigue, Par t  111", 
Mat. Sci. Eng., i n  press, 1979. . 
D. Kuhlmann-Wilsdorf , "Dislocation 'Behavior in  Fat igue, Part  IV"  , Mat. 
Sci. Eng., i n  press,  1979. 
J. M. Finney and C. Laird, Phi l .  Mag., 31, 1975, 339. 
D. Kuhlmann-Wilsdorf and C.  Laird, Ma t .Tc i .  Bng., !& 1977, 137. 
C. E. Fel tner ,  Ehil.  Mag., 12, 1965,' 1229. 
J. C. M. 'ii, i n * ~ e c r ~ s t a l l i ~ t i o n ,  Grain Growth and '~ex tures" ,  ASH, . I * 

1966, 45. 
R. L. Sagal l ,  P. G. pa r t r idge  and P. B. ~ i r i c h ,  ~hil) ; '?fa~. ,  - 6, 1961, 
14 93. 
H. D. Nine and W. A. Wood, J. In s t .  Met., 95, 1967, 252. 
W.  R. Kim and C. Laird, ActaMet., 26, 1 9 7 c  777. ' 

W. H. Klp l  and C. Laird; ActaUMet,, 26, 1978, 788. 
P. 0. K e t  tunen, $roc. 2nd -1nf. ~ o n t .  on dtr n t h  of Fetal8 and Alloys, 
ASM, 1970. 

v , .  . 
P. 0 .  K e t t u n ~  andU. F. KO&, ~ d = i b t a ~ e < E  I, 1967, 13. 
P. 0 .  Kertunen and U. F. Kocks, Acta M e t . ,  20,-1972, 95. 
R. Gasca-Neri and W. .D. Nix, Mat.  Sci. Eng., 14, 1974, 131; Acta M e t . ,  - 
22 1974, 257. -, 
H. N a b ,  J. Moteff and D. R. Diercks, Acta Met., 25, 1977, 107. 
H. Mughrabl, in Proc. 3rd bt. Conf . on t h e  s t reng th  of Metals and 
Alloys, Vol. 1, 1973, p407, Cambridge, UK. 
H. Saka, K. Noda, K. Masumoto and T. Imura, Scr ip ta  Met., l.0, 1976, 29. 
S. F. B tce l l  and D. H. Warrington, Phi l .  Mag., 26, 1972, 1121. 
T. Imura, i n  "Electron Microscopy and ~ t r u c t u r e T f  Materials", Ed., 
G. Thomas, Univ. C a l i f .  Press, Berkeley, 1972. 
S. P. Bhat and C. Laird, Fatigue of Eng. 'Materials and Structures ,  1979, 
i n  press.  



12 
Figure  14 Compari,son of t h e  temperature dependence of t h e  s a t u r a t e d  

c y c l i c  f low stress ( f o r  1% s t r a i n  amplitude) and t h e  UCS of 
' Ni-200 and DS n i c k e l .  Courtesy of Bhat and Laird (56) and 
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ABSTRACT 

The mechanisms of  nuc lea t ion  and growth o f  c a v i t i e s  i n  g ra in  boundaries  
i n  metals  and ceramics a r e  reviewed. A s t r e s s  and t ime condi t ion  f o r  nuclea-  
t i o n  i s  der ived  and it i s  suggested t h a t  t h e  junc t ions  of  t h r e e  i n t e r f a c e s  
such a s  t hose  formed between i n c l u s i o n s  and g r a i n  boundaries a r e  t h e  most 
probable s i t e s  f o r  nuc lea t ion .  Growth of  c a v i t i e s  by d i f f i i s ion  a l s o  l eads  t o  
a s t r e s s  and t ime cond i t i on  f o r  f a i l u r e .  Both g r a i n  bounaary and s u r f a c e  
d i f f u s i o n  e n t e r  i n t o  t h e  f r a c t u r e  equat ion.  In  meta ls ,  c a b i t i e s  can a l s o  
grow by power law c reep  f o r  which a s t r a i n  and s t r a i n  r a t e  cond i t i on  f o r  
f r a c t u r e  i s  obta ined .  In  t hose  ceramic m a t e r i a l s ,  which conta in  a g l a s s  phase 
1n t h e  g r a i n  boundaries ,  t h e  f r a c t u r e  process  i s  dominated by t h e  v iscous  
flow o f  t h e  g l a s s  and t h e  format ion .of  c a v i t i e s  i n  t h e  g l a s s  phase. There 
is cons iderable  oppor tuni ty  f o r  new micro-mechanical-modetiling and experimental  
work i n  ceramic m a t e r i a l s  which could lead  t o  t h e  designtqif  new ceramics wi th  
unusual p r o p e r t i e s  such a s  s u p e r p l a s t i c i t y .  In  meta ls ,  t h e  i n f luence  of 
environment, m u l t i a x i a l  s t r e s s e s ,  and notches on c a v i t a t i o n  a r e  recommended 
a s  t o p i c s  f o r  f u r t h e r  research .  
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INTRODUCTION 

(a) General 

Most metals and alloys suffer from a ductility minimum at about half 
the melting temperature. (1.,2) This is quite surprising because ductile frac- 
ture at low temperature bears certain similarities to fracture at elevated 
temperature. In both.instances fracture occurs by the initiation and growth 
of cavities which form at second phase particles;* the main difference being 
that at low temperature cavities form at all particles whereas at elevated 
temperature they form at only those particles which are present in the grain 
boundaries. Still, if the mechanisms of cavity nucleation and growth were 
the same one would expect the ductility to increase, not.decrease, as the 
temperature is raised. We must therefore, consider effects which operate 
only at high temperature, the obvious ones being grain boundary diffusion, 
surface diffusion, and grain boundary sliding. The mechanisms of high 
temperature fracture in this report are .interpreted in terms of these 
phenomena. Another important factor is that metal flow becomes strain rate 
sensitive at high temperatures; this is reflected in the ductility of metal, 
and hence must in some way affect the cavity growth process. 

It should be mentioned that there is a vast amount of published work in 
this area and many different effects have been reported which will not be 
covered here. For~example: cavitation in Mg is more profuse under high fre- 
quency cyclic loading, (3) grain boundaries migrate and assume a preferred 
orientation, (4)  and boundaries become faceted during stress rupture. (5) The 
last point is quite important because it offers an opportunity to relate 
cavitation to the structure of the boundaries. The cavities appear to form 
at the tip of the asperities in the faceted boundary, and in my view, they 
form after the boundary has become faceted. These special effects are more 
commonly observed in single phase metals rather than in engineering alloys in 
which the grain boundaries are heavily decorated with second phase precipitates. 

(b) Fracture modes: metallographic evidence 

In a stress rupture test a.dead weight load is applied, and the time to 
fracture and the creep curve,are measured. The creep curve yields the secon- 
dary creep rate, ks. A plot of ln(l/is) and ln(tf) vs ln(u) for a model 
copper-silica alloy is shown in Fig. 1; (6) Essentially three modes of frac- 
ture were observed. At low stresses failure occurred due to numerous cavities 
(Fig. 2a) which formed preferentiallyon those boundaries which were aligned ' 

normal to the tensile axis. At very high stresses, dynamic recrystallization 
(Fig. 2c) preempted cavity formation, and one hundred percent ducility was 
achieved. There was a transition at intermediate stresses where the failure 
process was distinctly different. In this instance wedge shaped "cracks" 
formed as shown in Fig. 2b. In the present experiments(6) the wedge cracks form 
predominantly near the surface but they can also form everywhere as shown in 
Fig. 3. 

*High temperature fracture is often caused by cavity nucleation at second phase 
particles, but not always. 



(c) "r" and "w" type  c a v i t i e s  

The observa t ions  r epo r t ed  i n  F igs .  1 and 2  apply gene ra l ly  t o  most 
ma te r i a l s  i . e .  a t  low s t r e s s e s  f a i l u r e  occurs  by t h e  formation o f  c a v i t i e s  
on g r a i n  boundaries  which a r e  a l i gned  normal t o  t h e  t e n s i l e  a x i s  ("r" type)  
whereas a t  t h e  h ighe r  s t r e s s e s  wedge cracking  dominates. The r e l a t i v e  r e -  
gions o f  s t r a i n  r a t e  and temperature i n  which one o r  t h e  o t h e r  mechanism 
dominates v a r i e s  from ma te r i a l  t o  m a t e r i a l .  But gene ra l ly ,  i n  t hose  m a t e r i a l s  
which con ta in  a  small  a r e a  f r a c t i o n  o f  second phase p a r t i c l e s  i n  t h e  g r a i n  
boundary, and i n  which t h e  g ra in  mat r ix  i s  q u i t e  c r eep  r e s i s t a n t  (monel i s  a  
good example), wedge type  of c racking  i s  more p reva len t .  Normally, m a t e r i a l s  
which show ex tens ive  wedge-cracking a r e  a l s o  pronc t o  e x h i b i t  notch s e n s i -  
t i v i t y .  

There i s  f i r m  evidence t h a t  i n  r type  c a v i t a t i o n ,  c a v i t i e s  form a t  
second phase p a r t i c l e s  a s  shown i n  Fig.  4 ,  although sugges t ions  have been 
made t h a t  t hey  may a l s o  form a t  ledges i n  t h e  g ra in  boundary. (8) In s i n g l e  
phase m a t e r i a l s  they  do appear t o  form a t  t h e  a s p e r i t i e s  i n  boundaries  which 
have become face t ed  dur ing  t h e  c reep  process  ( s ee  Fig.  5 ) .  There a r e  sugges- 
t i o n s  i n  t h e  l i t e r a t u r e  t h a t  o b s t r u c t i o n  o f  s l i d i n g  a t  p a r t i c l e s  and ledges 
c o n t r i b u t e s  t o  t h e  nuc lea t ion  o f  r type  c a v i t i e s ( 9 )  bu t  t h e r e  i s  no 
meta l lographic  evidence f o r  t h i s ,  and t h e o r e t i c a l  a n a l y s i s  does not  support  
t h e  idea .  (10) On t h e  o t h e r  hand, t h e r e  i s  abundant meta l lographic  evidence 
t h a t  s l i d i n g  i s  an important f a c t o r  i n  wedge crack formation.  The i n i t i a t i o n  
and growth o f  wedge cracks  i s  probably promoted by t h e  s t r e s s  concen t r a t ion  
produced by s l i d i n g  a t  t r i p l e  g r a i n  junc t ions  and by t h e  accommodation o f  
s l i d i n g  by crack opening r a t h e r  than  by d i f f u s i o n  o r  power law creep .  The 
opening o f  c a v i t i e s  a t  p a r t i c l e s  j u s t  ahead o f  t h e  crack t i p ( l l )  may a l s o  
p lay  an important p a r t  i n  some m a t e r i a l s .  (12) 

(c)  Summary o f  t h i s  r e p o r t  

This  r e p o r t  w i l l  d ea l  p r i m a r i l y  wi th  mechanisms of  nuc lea t ion  and growth 
o f  r type  c a v i t i e s .  Nucleation w i l l  be descr ibed  i n  terms,of formation o f  
s u p e r c r i t i c a l  vacancy c l u s t e r s  a t  heterogenous nuc lea t ion  s i t e s .  Growth w i l l  
be  descr ibed  i n  terms o f  g ra in  boundary and s u r f a c e  d i f f u s i o n  and power law 
creep  coupled with d i f f u s i o n .  Models w i l l  be supported by experimental  ev i -  
dence. The d e t a i l s  w i l l  be  omit ted because they  a r e  a v a i l a b l e  i n  publ i shed  
l i t e r a t u r e .  Wedge cracking  i s  included a s  one o f  t h e  "unsolved" problems 
s i n c e  i n  t h e  a u t h o r ' s  opinion a  s a t i s f a c t o r y  explana t ion  i s  n o t  ye t  a v a i l a b l e .  

NUCLEATION OF CAVITIES AT SECOND PHASE PARTICLES IN GRAIN BOUNDARIES 

(a) E s s e n t i a l  d i f f e r e n c e  between low temperature and high + 
temperature nuc lea t ion  

In low temperature d u c t i l e  f r a c t u r e  cons iderable  p l a s t i c  s t r a i n  must be  
exe r t ed  be fo re  c a v i t i e s  a r e  seen t o  form a t  second phase p a r t i c l e s .  Palmer 
and ~ m i t h ( l 3 )  found t h a t  they  needed about 10% s t r a i n  i n  copper s i l i c a . .  Im 
and ~ r ~ o n ( l 4 )  needed more than  20% s t r a i n  i n  spe r iod i sed  s t e e l .  In c o n t r a s t ,  
i n  long term creep  experiments with a  copper-chromium a l l o y ,  Fleck e t  a1. ( I5 )  



determined t h a t  c a v i t i e s  nuc lea ted  a t  a  s t r e s s  much lower than t h e  y i e l d  
s t r e q s  provided t h a t  an incubat ion  per iod  was allowed. In f a c t  i n  t h e i r  ex- 
periments c a v i t i e s  nuc lea ted  a f t e r  such a  long wai t ing  per iod  t h a t  t l ~ e  Jevelop- 
ment o f  s t r e s s  concen t r a t ions  a t  p a r t i c l e s  due t o  s l i d i n g  could be ru l ed  
ou t .  ( l0 ,16)  A f u r t h e r  observa t ion  i s  t h a t  whereas c a v i t i e s  i n i t i a t e  a t  a l l  
p a r t i c l e s  i n  low temperature deformation, they  n u c l e a t e  s e l e c t i v e l y  a t  t hose  
which a r e  p re sen t  i n  t h e  g r a i n  boundaries  a t  e l eva t ed  temperature.  A reason- 
a b l e  conclusion i n  view of t h e  above information i s  t h a t  t h e  mechanism o f  
c a v i t y  nuc lea t ion  i s  q u i t e  d i f f e r e n t  a t  high and low temperatures .  

(b) Threshold s t r e s s  f o r  nuc lea t ion  

In t h e  mechanism be ing  proposed, vacancies  condense t o  form a c a v i t y  o f  
s u p e r c r i t i c a l  s i z e  under t h e  in f luence  of  a  t e n s i l e  s t r e s s  appl ied  normal t o  
t h e  g ra in  boundary. (10) By t h i s  mechanism nuc lea t ion  i s  most probable a t  a  
s i t e  where, f o r  a  given va lue  o f  t h e  appl ied  normal t r a c t i o n ,  on, t h e  volume 
o f  t h e  c r i t i c a l  c a v i t y  i s  t h e  minimum. A s  an example t h e  nuc lea t ion  of  a  
c a v i t y ,  f o r  a  f i x e d  va lue  o f  on, a t  fou r  d i f f e r e n t  p o s s i b l e  s i t e s :  wi th in  
t h e  g ra in  mat r ix ,  a t  two g r a i n  junc t ions ,  a t  a  p a r t i c l e  matr ix i n t e r f a c e ,  and 
a t  t h e  t r i p l e  junc t ion  where g r a i n  boundary and p a r t i c l e  meet, i s  shown i n  
Fig. 6 .  The r ad ius  o f  cu rva tu re  of t h e  s u r f a c e ,  i n  each case ,  i s  t h e  same: 

The volume o f  t h e  c a v i t y  i s  determined by t h e  equi l ibr ium between var ious  i n -  
t e r f a c e  t e n s i o n s .  The fou r th  case  leads  t o  t h e  lowest volume and i s  t he re -  
f o r e  t h e  most probable.  The volume of t h e  c r i t i c a l  c a v i t y ,  i n  t h i s  ca se ,  i s  
def ined  i n  terms of  rc, and t h e  i n t e r f a c e  energy angles  a ,  0 ,  and p as shown 
in '  Fig. 7 .  I f  y and y~ a r e  t h e  s p e c i f i c  s u r f a c e  ene rg i e s  f o r  t h e  f r e e  su r f ace  
of t h e  ma t r ix  and p a r t i c l e ,  r e s p e c t i v e l y ,  and y~ and y,, a r e ' t h e  r e s p e c t i v e  
va lues  f o r  t h e  matr ix-grain boundary and part ic ie-mat& i n t e r f a c e ,  then  cosa = 
yB/Zy s cosB = (yIB1- Y ~ )  / Y  and c0sl.l = Y ~ / ~ Y ~ ~ *  

The s t eady  s t a t e  r a t e  o f  nucleation by t h i s  mechanism leads  t o :  (10) 

3 
4ny S D ~  r F o  

r ; = -  - c v n  exp (- --... 
onQ Q1/3 'max 2kT 1 

where pma i s  t h e  maximum d e n s i t y  of  nuc lea t ion  s i t e s ,  Q i s  t h e  atomic volume, 
6 i s  t h e  6oundary width and DB t h e  boundary d i f f u s i o n  c o e f f i c i e n t ,  and r z ~ ~  i s  
t h e  volume o f  t h e  c r i t i c a l  c a v i t y  where Fv i s  func t ion  o f  a ,  B and p. E q .  2  
depends very  s t r o n g l y  on on s o  t h a t  when p i s  p l o t t e d  aga ins t  an, one ob ta ins  
an appearance of a  t h re sho ld  s t r e s s ,  oth, which we assume i s  t h a t  s t r e s s  a t  
which Eq. 2 p rovides  a  nuc lea t ion  r a t e  of 1 s-1. The dependence o f  0 th  with 
Y I B  i s  shown i n  Fig.  8 .  Note t h a t  (YIB - y-YB) i s  a  measure o f  t h e  bonding 
between t h e  p a r t i c l e  and t h e  mat r ix ;  when it goes t o  zero t h e  mat r ix  does no t  
wet t h e  p a r t i c l e  and t h e  nuc lea t ion  s t r e s s  a s  wel l  a s  t h e  i d e a l  s t r e n g t h  of 
t h e  i n t e r f a c e  reduce t o  zero.  A t  f i n i t e  bonding, however, no te  t h a t ' n u c l e a t i o n  
by t h e  k i n e t i c  process  can occur  a t  a  s t r e s s  much'lower than t h e  i d e a l  s t r e n g t h  
o f  t h e  i n t e r f a c e .  



I t  i s  d i f f i c u l t  t o  compare t h i s  model wi th  q u a n t i t a t i v e  measurements 
o f  nuc lea t ion  s i n c e  t h e  i n t e r f a c e  energ ies  a r e  u sua l ly  not  known, b u t  it i s  
s i g n i f i c a n t  t h a t  t h e  s i t e  proposed by t h i s  model (F i  . 7) has almost always 
been t h e  s i t e  where c a v i t i e s  have been observed. ( l 5 , f7 )  The model a l s o  g ives  
a  reasonable explana t ion  why c a v i t i e s  can form a t  very low appl ied  s t r e s s e s  
a t  e l eva t ed  temperature.  

(c)  Incubat ion t ime f o r  nuc lea t ion  

The express ion  i n  E q .  2 g ives  t h e  s t eady  s t a t e  r a t e  of  n ~ l c l e a t i o n . .  I t  
i s  more s e n s i t i v e  t o  s t r e s s  than  t o  temperature.  We expect ,  though, t h a t  
temperature p l ays  a  c r i t i c a l  r o l e  s i n c e  i f  t h e  vacancies  cannot d i f f u s e  r a p i d l y  
then  t h e  c l u s t e r s  w i l l  no t  grow and t h e  s teady  s t a t e  w i l l  no t  be  reached i n  a  
reasonable per iod  o f  t ime.  This  leads  t o  t h e  concept o f  an incubat ion  pe r iod  
f o r  t h e  formation o f  c l u s t e r s  o f  c r i t i c a l  s i z e .  There i s  a  n e t  growth o f  
c l u s t e r s  towards t h e  c r i t i c a l  s i z e  with t ime, even though t h e  f r e e  energy 
f avor s  d i s s o c i a t i o n ,  simply because a t  any one i n s t a n t  t h e  concent ra t ion  of  
c l u s t e r s  which a r e  l i k e l y  t o  gain one vacancy i s  much l a r g e r  than  t h e  concen- 
t r a t i o n  of  c l u s t e r s  which a r e  one vacancy l a r g e r .  The r e s u l t  i s  t h a t  t h e  
h ighe r  p r o b a b i l i t y  o f  d i s s o c i a t i o n  of  t h e  l a r g e r  c l u s t e r  i s  more than o f f s e t  
by t h e  g r e a t e r  concent ra t ion  of  t h e  sma l l e r  c l u s t e r s .  Thus, a s  time p rog res ses ,  
some c l u s t e r s  grow l a r g e r  u n t i l  t h e  c r i t i c a l  s i z e  i s  reached. The incubat ion  
time f o r  t h i s  process  i s  d i f f i c u l t  t o  c a l c u l a t e  but  a  lower bound can be c a l -  
cu l a t ed  assuming t h a t  t h e  p r o b a b i l i t y  i s  u n i t y  f o r  associatidin and zero f o r  
d i s s o c i a t i o n .  This l eads  t o  t h e  fol lowing express ion  f o r  incubat ion t ime:  (10) 

I " .  

Data f o r  comparison with t h e  above equat ion  i s  almost non-ex i s t en t .  A compari- 
son with two d a t a  p o i n t s  with t h e  work o f  Fleck e t  a l . ,  shows t h a t  Eq. 3 under- 
e s t ima te s  t h e  incubat ion  t ime by n e a r l y  e i g h t  o rde r s  of  magnitude. This may 
appear  unreasonable bu t  it i s  no t  out of  t h e  ques t ion  i n  view o f  t h e  approxi- 
mations made. I t  p o i n t s  toward t h e  need f o r  computer s imula t ion  of t h e  atom 
by atom events  which l ead  t o  t h e  growth o f  c l u s t e r s  i n  a  two dimensional i n -  
t e r f a c e .  There i s  a l s o  a  need f o r  more experimental work aimed a t  s tudying  
nuc lea t ion  s p e c i f i c a l l y .  

(d)  Discussion 

I f  t h e  model descr ibed  above i s  a  v a l i d  one, then  it means t h a t  a  com- 
b i n a t i o n  o f  s t r e s s  and t ime i s  needed f o r  c a v i t y  nuc lea t ion .  'When s t r e s s  con- 
c e n t r a t i o n s  develop i n  a  c reeping  s o l i d ,  f o r  example by t h e  Obstruct ion o f  
g ra in  boundary s l i d i n g  a t  p a r t i c l c  and t r i p l e  g r a i n  junc t ions ,  o r  i n  t h e  r e -  
gions of  crack t i p s ,  they  a r e  u sua l ly  t r a n s i e n t .  Therefore,  it may happen 
than l a r g e  s t r e s s  concent ra t ions  a r i s e  but  do n o t  p e r s i s t  f o r  a  long enough 
t ime f o r  nuc lea t ion  t o  be completed. Successful  nuc lea t ion  would depend upon 
t h e  r e l a t i v e  k i n e t i c s  of  nuc lea t ion  and s t r e s s  r e l i e f .  



CAVITY GROWTH BY DIFFUSIONAL TRANSPORT 

(a) Grain boundary d i f fus ion  con t ro l l ed  growth 

One o f  the  mechanisms by which c a v i t i e s  can grow a t  e levated  temperature 
i s  the  t r anspor t  o f  atoms from t h e  cav i ty  surface  t o  t h e  adjacent  gra in  bound- 
ary .  The d r iv ing  fo rce  f o r  t h i s  process a r i s e s  from t h e  gradient  i n  the  
normal t r a c t i o n  a t  t h e  i n t e r f a c e s .  (18) Diffusion can occur simultaneously 
through t h e  l a t t i c e  and along t h e  gra in  boundary, but  i n  most problems of  
i n t e r e s t  i . e .  f o r  cav i ty  spacing of  ' l e s s  than 10 pm and temperature i n  t h e  
range 0.4-0.7Tm, gra in  boundary d i f fus ion  dominates. The growth o f  t h e  cavi-  
t i e s  was f i r s t  ca lcu la ted  by Hull and Rimmer and l a t e r  by Speight and ~ a r r i s ( 2 0 )  
with the  assumption t h a t  t h e  c a v i t i e s  a r e  o f  a  spher ica l  shape. In a  more 
complete approach, shown i n  Fig. 9 ,  t h e  c a v i t i e s  a r e  assumed t o  grow i n  t h e i r  
equil ibrium, l e n t i c u l a r  shape. First t h e  volumetric growth r a t e  of  t h e  
c a v i t i e s  i s  ca lcu la ted  i n  terms of t h e  d i f f u s i o n ,  compatability and equ i l ib -  
rium equations.  This i s  t r a n s l a t e d  i n t o  a  growth r a t e  f o r  gra in  boundary 
damage (area  f r a c t i o n  of  separated boundary) by assuming t h e  cav i ty  t o  have 
an equil ibrium shape. The damage function i s  in teg ra ted  t o  y i e l d  an expres- 
s ion  f o r  time t o  f r a c t u r e :  (21,221 

here  o, is  t h e  remote t e n s i l e  s t r e s s  applied normal t o  t h e  gra in  boundary and 
X i s  t h e  average spacing between t h e  c a v i t i e s .  Provided t h a t  growth ( ra the r  
than nuc1eat ion) is  t h e  r a t e  c o n t r o l l i n g  s t e p  i n  f r a c t u r e ,  Eq. 4  provides a  
simple answer t o  f a i l u r e  p red ic t ion .  In r e a l i t y  t h e  s i t u a t i o n  seems more com- 
p l i c a t e d ,  p a r t l y  because t h e ' g r a i n  boundary d i f fus ion  c o e f f i c i e n t s  i n  engineer- 
ing  mate r i a l s  a r e  not  well charac ter ized ,  and p a r t l y  because of here to  un- 
understood problems. This is discussed l a t e r .  

'? 

(b) Role of  surface  d i f fus ion  

When c a v i t i e s  a r e  growing by gra in  boundary d i f fus ion ,  the  atoms a r e  
removed from where t h e  cav i ty  meets t h e  boundary i . e .  t he  t r i p l e  junction.  
Surface d i f fus ion  is  then responsib le  f o r  r e s t o r i n g  t h e  cav i ty  t o  i t s  equ i l ib -  
rium shape; i f  it i s  no t  f a s t  enough then t h e  cavi ty  w i l l  become elongated 
along t h e  g ra in  boundary. This would reduce t h e  time t o  f r a c t u r e  r e l a t i v e  t o  
Eq. 4  because the  same volume of cav i ty  w i l l  now occupy a  l a r g e r  boundary 
area .  This problem has been s tudied  i n  d e t a i l  by Chuang and ~ i c e ( 2 3 )  e t  a1. (24)  
Some of t h e i r  r e s u l t s  a r e  summarized here .  The t r a n s i t i o n  from quasi-  
equil ibrium t o  crack- l ike  growth o f  c a v i t i e s  occurs when: 



where v  i s  t h e  r a d i a l  growth v e l o c i t y  o f  t h e  c a v i t y  i n  t h e  boundary p l ane ,  y 
is  t h e  s u r f a c e  energy, 6, i s  t h e  width o f  the .  s u r f a c e  d i f f u s i o n  l a y e r  and Ds 
i s  t h e  s u r f a c e  d i f f u s i o n  c o e f f i c i e n t .  I n  t h e  crack l i k e  mode t h e  t ime t o  
f r a c t u r e  i s  given by,: 

where 

2 r ~  
Here r and X = 211 a r e  shown i n  Fig. 9 .  In Eq. 5 ,  H(T) is  a  fou r th  degree 

B polynomial and w i l l  normally be  o f  o r d e r  one. There a r e  two i n t e r e s t i n g  
limits t o  Eq. 6  and 7:  a)  when C << 1 then  t h e  equat ion depends only upon 
Ds and v a r i e s  i n v e r s l y  a s  t h e  t h i r d  power of  a, , and b )  when C >> 1, then  t f  
depends on both DB and Ds and v a r i e s  as t h e  3/2 power o f  am. Chuang e t  
a1.  (24) f i n d  t h a t  i n  most p r a c t i c a l  i n s t ances  c a s e  (b) would apply and i n  t h i s  
case  t h e  r e l a t i v e  magnitudes o f  f r ac tu re 'T ime  according t o  Eqs. 6 ,  7 and 4 i s  
given by (assuming a  nominal va lue  o f  0 .25 f o r  2r,B/ A) : 

This f a c t o r  w i l l  be  only  weakly temperature dependent and more s t r o n g l y  depen- 
dent on 0,. A s  a  r e s u l t  it may be  more important i n  hard  ma.terials such a s  
nicke.1' base supe ra l loys  and ceramics where d i f f u s i o n  mechaniSms should dominate 
up t o  a  h ighe r  va lue  of  t h e  app l i ed  s t r e s s e s .  

I t  i s  i n t e r e s t i n g  t o  s tudy  t h e  t r a n s i t i o n  a t  which a  swi tch  t o  t h e  crack-  
l i k e  growth i s  p red ic t ed .  Approximately, we assume t h e  v e l o c i t y  t o  be equal  t o h a l f  
t h e  c a v i t y  spac ing  d iv ided  by t h e  time, t o  f r a c t u r e  f o r  quas i -equi l ibr ium growth 
(Eq. 4)'; We then  o b t a i n  t h e  fol lowing cond i t i on  i n  l i e u  o f  Eq. 5 :  

The i n t e r e s t i n g  po in t  i s  t h a t  when t h e  c a v i t i e s  a r e  small  and widely spaced 
(small  rg and l a r g e  A) t h e  equ i l i b r ium growth i s  favored. I t  may be t h a t  i n  
t h e i r  e n t i r e  l i f e t i m e ,  t h e  c a v i t i e s  grow i n  t h e  equi l ibr ium shape when they  
a r e  small  and i n  t h e  crack l i k e  mode when they  a r e  l a r g e r .  



(c) Experimental evidence 

In t h e  d i f f u s i o n  c o n t r o l l e d  models f o r  f r a c t u r e ,  t h e  time t o  f a i l u r e  i s  
e i t h e r  boundary d i f f u s i o n  c o n t r o l l e d  o r  s u r f a c e  d i f f u s i o n  con t ro l l ed .  In t h e  
f i r s t  case  t h e  s t r e s s  dependence ranges from l i n e a r  t o  a  power of  1 . 5 ,  whi le  
i n  t h e  second it has a  power o f  t h r e e .  Provided t h a t  t h e  d i f f u s i o n  c o e f f i -  
c i e n t s  a r e  known, q u a n t i t a t i v e  comparison between theory  and experiment can be  
made. There i s  good experimental evidence f o r  bo th  cases .  In  t h e  f i r s t  ca se ,  
experiments with b i c r y s t a l s  o f  copper i n  which t h e  c a v i t i e s  nuc lea ted  a t  ox ide  
p a r t i c l e s  y i e lded  good q u a n t i t a t i v e  agreement with Eq. 4  a s  shown i n  Figure 
10.  (25) When c o r r e c t i o n  i s  made according t o  Eq. 8 ,  t h e  agreement i s  
even b e t t e r .  (24') Agreement wi th  s u r f a c e  d i f f u s i o n  c o n t r o l l e d  crack l i k e  
growth o f  c a v i t i e s  (Eq. 6  ca se  ( a ) )  was demonstrated n i c e l y  by Goods and  id^^) 
i n  s i l v e r  i n  which steam bubbles had been introduced i n  t h e  g ra in  boundaries.  
The agreement was good even though t h e  c r i t e r i o n  f o r  c r ack - l ike  growth (C << 1, 
Eqs. 6  and 7) was no t  s a t i s f i e d .  

There i s  a l s o  some d a t a  i n  c reep  f r a c t u r e  s t u d i e s  i n  ceramics i n  which 
t h e  l i n e a r  s t r e s s  dependence f o r  time t o  f r a c t u r e  i s  obeyed,(32) But i n  most 
o f t h e d a t a  on p o l y c r y s t a l s  i n  meta ls ,  f r a c t u r e  t ime v a r i e s  with t ime and 
temperature i n  t h e  same manner a s  t h e  secondary c reep  r a t e .  This has  l e d  t o  
t h e  fol lowing express ion  due t o  Monkman and Grant:  (28) 

$tf = cons tan t  

The wide a p p l i c a b i l i t y  o f  t h e  above equat ion t o  experimental d a t a  r a i s e s  t h e  
p o s s i b i l i t y  t h a t  c a v i t i e s  grow by t h e  same process  by which t h e  mat r ix  creeps, 
t h a t  i s  power law creep .  This  w i l l  b e  d iscussed  f u r t h e r  i n  t h e  next  s e c t i o n .  

(d) Di f fus ion  c o n t r o l l e d  growth i n  metal po lyc rys t a l s - - a  dilemma 

There a r e  a t , l e a s t  t h r e e  examples i n  t h e  l i t e r a t u r e  where t h e  t ime t o  
f r a c t u r e  o f  face-centered-cubic  metal  p o l y c r y s t a l s  i s  descr ibed  by power law 
creep  (Eq. 10) even though t h e  d i f f u s i o n  equat ion (Eq. 4) p r e d i c t s  a  va lue  f o r  
t f  which i s  s e v e r a l  o r d e r s  o f  magnitude s h o r t e r .  In a l l  c a ses ,  t h e  c a v i t i e s  
were a l r eady  p re sen t  s o  t h a t  nuc lea t ion  was not  caus ing  t h e  de lay  i n  f r a c t u r e .  
In one case(29)  t h e  c a v i t i e s  were in t roduced  by p r e s t r a i n i n g  followed by an- 
n e a l i n g ,  i n  t h e  second(6) t h e  c a v i t i e s  were seen t o  have formed before  t h e  
onse t  o f  secondary c reep ,  and i n  t h e  t h i r d  case  t h e  c a v i t i e s  which cons i s t ed  
o f  He bubbles were formed i n  Ni-8%W by neutron i r r a d i a t i o n .  (30) The comparison 
of  t h e  measured and t h e  c a l c u l a t e d  f r a c t u r e  t imes f o r  t h e  l a s t  case  is  shown 
i n  Fig.  11; t h e  discrepancy he re  i s  t h e  l e a s t  amongst a l l  t h r e e  cases .  The 
g ra in  boundary d i f f u s i o n  d a t a  f o r  t h e  c a l c u l a t i o n  o f  t h e  t h e o r e t i c a l  curve was 
taken from pure n i c k e l ;  it i s  p o s s i b l e  t h a t  i n  engineering m a t e r i a l s  t h e  d i f -  
fu s ion  may be  s lower which causes t h e  discrepancy but  i n  t h e  a u t h o r ' s  opinion 
t h i s  i s  probably no t  t h e  ca se  s i n c e  t h e  same discrepancy seems t o  a r i s e  i n  
t h e  copper s i l i c a  wokk(6) i n  which t h e  d i f f u s i o n  c o e f f i c i e n t s  a r e  known t o  
wi th in  an o r d e r  o f  magnitude Irom i n t e r n a l  f r i c t i o n ( 3 1 )  and b i c r y s t a l  f r a c -  
t u r e  (25) experiments.  

The. i n fe rence  i s  t h a t  d i f f u s i o n  c o n t r o l l e d  f r a c t u r e  ope ra t e s  i n  b i c ry -  
s t a l s ( 2 5 )  bu t  no t  i n  fcc metal po lyc rys t a l s (6 )  o f  t h e  same ma te r i a l .  Why th is .  



i s  s o  i s  not  c l e a r .  In  my own view, it stems from t h e  d i f f i c u l t y  i n  t r a n s -  
p o r t i n g  ma t t e r  ac ros s  t h e  t r i p l e  junc t ion  ( i t  i s  necessary  t o  do s o  i n  o r d e r  
t o  r e d i s t r i b u t e  s t r e s s  and achieve  a s teady  s t a t e )  because ma t t e r  can be  
t r anspor t ed  only  by t h e  climb of g r a i n  boundary d i s l o c a t i o n s .  Thus t h e r e  i s  
a  b a r r i e r  t o  t h e  d i s s o c i a t i o n  of d i s l o c a t i o n s  a t  t h e  t r i p l e  j unc t ions .  The 
s t r e n g t h  o f  t h i s  b a r r i e r  would vary from ma te r i a l  t o  m a t e r i a l .  For example, 
we f i n d  t h a t  i n  p o l y c r y s t a l s  o f  A1203 t h e r e  i s  good agreement with d i f f u s i o n  
c o n t r o l l e d  f r a c t u r e .  (32,331 

I f  incompatabi l i ty  a t  t r i p l e  junc t ions  i s  t h e  cause o f  t h e  i n h i b i t i o n  
o f  d i f f u s i o n a l  c a v i t y  growth i n  f c c  metal p o l y c r y s t a l s  under u n i a x i a l  s t r e s s ,  --- - - 
t h e  problem should not  a r i s e  under h y d r o s t a t i c  t e n s i o n  s i n c e  then  c a v i t i e s  
can grow equa l ly  a t  a l l  g r a i n  boundaries . (25)  This a spec t  o f  d i f f u s i o n a l  
c a v i t y  growth needs t o  be s t u d i e d  f u r t h e r  s i n c e ,  i f  t r u e ,  t h e  d i f f u s i o n a l  
mechanism may be q u i t e  important  i n  t h e  growth o f  c a v i t i e s  n e a r  notches and 
crack t i p s  under p lane  s t r a i n  cond i t i ons .  

APPARENT CAVITY GROWTH BY POWER LAW CREEP 

In a sys temat ic  s tudy  o f  s t r e s s  r u p t u r e  i n  c o p p e r - s i l i c a  a l l o y s  i n  which 
t h e  p a r t i c l e  conten t  was va r i ed ,  t h e  a p p l i c a b i l i t y  o f  Monkman Grant r e l a t i o n  
(Eq. 10) was confirmed over  a  wide range o f  s t r e s s ,  temperature,  and micro- 
s t r u c t u r e .  A semi-empir ical  model f o r  growth of  an  a r r a y  of  c a v i t i e s  by power . 
l awcreep  ( i s  = Aan) was developed which incorpora ted  t h e  c a v i t y  spac ing  and 
t h e  s t r a i n  r a t e  s e n s i t i v i t y ,  m = l / n ,  a s  t h e  important  parameters .  (6) 
Cav i t i e s  grow i n  t h e  boundary p lane  because they  i n t e r a c t  with t h e i r  neighbors  
t hus  c r e a t i n g  h y d r o s t a t i c  t ens ion  s t r e s s  i n  t h e  reg ions  i n  between. The i m -  
portance of  h y d r o s t a t i c  s t r e s s  i n  c a v i t y  growth has been wel l  recognized i n  
d u c t i l e  f r a c t u r e .  (34,351 T h e o r e t i c a l l y  , t h e  c a v i t i e s  can grow and l i n k  pu re ly  
by t h e  power law creep  mechanism al though it is  p o s s i b l e  t o  conceive o f  
mechanisms whereby d i f f u s i o n  can a c c e l e r a t e  t h e  process .  For example, a s  
s t r a i n  accumulates,  t h e  c a v i t i e s  would t end  t o  become e longated  i n  t h e  s t r a i n -  
i n g  d i r e c t i o n  thus  reducing t h e  t r i a x i a l i t y .  I f  s u r f a c e  d i f f u s i o n  cont inuous ly  
r e s t o r e s  t h e  c a v i t i e s  t o  t h e i r  equ i l i b r ium l e n t i c u l a r  shape then  it would pro-  
mote c a v i t y  t r a n s v e r s e  c a v i t y  growth by i n c r e a s i n g  t h e  g ra in  boundary a r e a  
occupied by t h e  c a v i t y  f o r  t h e  same c a v i t y  volume, and a l s o  by inc reas ing  t h e  
t r i a x i a l  s t r e s s .  Models which couple d i f f u s i o n  and power law creep t o  exp la in  
c a v i t y  growth a r e  c u r r e n t l y  under develo ment. In t h e  meanwhile t h e  semi- P empir ica l  equat ion o f  Pavinich and Raj (6 provides a  reasonable  e s t ima te  o f  
Monkman Grant d u c t i l i t y  i n  many engineer ing  m a t e r i a l s  : (6) 

Here where X i s  t h e  c a v i t y  spac ing  ( a l s o  t h e  p a r t i c l e  spac ing ) ,  d  i s  t h e  g r a i n  
s i z e  and m i s  t h e  s t ra in - ra te - sens i t iv ' i ty  (equal t o  t h e  inve r se  of  t h e  power 
law s t r e s s  exponent) .  



UNSOLVED PROBLEMS I N  CREEP FRACTURE IN METALS UNDER - 
MONOTON I  C LOADING 

Most of t h i s  r e p o r t  has  d e a l t  with t h e  nuc lea t ion  and growth of r type  
c a v i t i e s  which form predominantly a t  boundaries  which a r e  t r a n s v e r s e  t o  t h e  
t e n s i l e  a x i s .  Wedge cracking  i s  another ,  and i n  t h e  au tho r ' s  opinion,  a  
d i s t i n c t l y  d i f f e r e n t  mechanism of  i n t e r g r a n u l a r  f r a c t u r e .  Williams ( 3 6 )  has 
d e a l t  with t h e  i n i t i a t i o n  o f  wedge cracks  us ing  t h e  ~ t r o h ( 3 7 )  mechanism and 
Dimelfi  and ~ i x ( l l )  have d e a l t  wi th  t h e  growth of wedge cracks  by secondary 
c a v i t a t i o n .  In  both i n s t a n c e s ,  t h e  s t r e s s  r e l a x a t i o n  which must occur  a t  and 
n e a r  t h e  t r i p l e  junc t ions  have not  been taken i n t o  account.  I n  t h e  approach 
o f  Min and Raj (38939) a  s t r a i n  r a t e  and s l i d i n g  displacement c r i t e r i a  i s  
considered i n  which it i s  he ld  t h a t  t h e  s t r a i n  r a t e  must be such t h a t  t h e  
r a t e  o f  i n c r e a s e  o f  s t r e s s  concent ra t ion  a t  t r i p l e  junc t ions  by s l i d i n g  i s  
f a s t e r  than  t h e  r a t e  of  s t r e s s  r e l a x a t i o n ,  and t h a t  a  c e r t a i n  c r i t i c a l  
s l i d i n g  displacement must accumulate be fo re  a  wedge crack extends ac ros s  a  
f u l l  g r a in  f a c e t .  More modelling work i s  needed which couples s l i d i n g ,  
d i f f u s i o n  and power law creep  mechanisms of deformation. I n  o rde r  t o  o b t a i n  
a  b e t t e r  comparison wi th  experiment,  it  may be e a s i e r  t o  t h i n k  i n  terms of 
an app l i ed  s t r a i n  r a t e  r a t h e r  t han  an app l i ed  s t r e s s  s i n c e  some r ecen t  exper i -  
ments on suppe ra l loys  have shown t h a t  t h e  loading r a t e  can have a  s i g n i f i c a n t  
e f f e c t  on t h e  s t r e s s  r u p t u r e  l i f e .  (40) 

Many engineer ing  m a t e r i a l s ,  e s p e c i a l l y  n i c k e l  base a l l o y s  a r e  ve ry  
s e n s i t i v e . . t o  environment. Whether t h e  environment a f f e c t s  nuc lea t ion ,  o r  
growth, o r  both i s  t o t a l l y  unc lear .  One o f . t h e  p o s s i b i l i t i e s  i s  t h a t  environ- 
ment (e.g.  oxygen) i n f luences  t h e  t r a c e  element concent ra t ion  i n  t h e  g r a i n  
boundaries  which l eads  t o  a  much f a s t e r  r a t e  o f  g r a i n  boundary d i f f u s i o n ,  
thereby  a c c e l e r a t i n g  growth - and nuc lea t ion .  

Evidence i s  akcumulating t h a t  i n  monotonic and i n  c y c l i c  loading i n t e r -  
g ranu la r  f r a c t u r e  can occur  by t h e  i n i t i a t i o n  and propagat ion of c racks  from 
t h e  s u r f a c e  ( see  Fig. 2b).  A good s t a r t  w i l l  be t o  s tudy  c a v i t y  formation 
i n  t h e  reg ion  of wei l  def ined  s t r e s s  concen t r a to r s  such a s  notches.  I n  f a c t  
it i s  p o s s i b l e  t o  imagine two extremes: one i n  which g ra in  boundary damage 
forms i n  t h e  e n t i r e  c r o s s  s e c t i o n  be fo re  f a i l u r e ~ l o c c u r s ,  and t h e  o t h e r  where 
damage i s  t i g h t l y  l o c a l i z e d  a t  a  notch r o o t  o r  a  c rack  t i p .  Condit ions under 
which one o r  t h e  oth0er f a i l u r e  process  dominates should be e s t ab l i shed .  I t  i s  
suspected t h a t  t h e  e f f e c t  of  m u l t i a x i a l  s t r e s s  f i e l d  on c a v i t a t i o n  w i l l  be 
s i g n i f i c a n t  when damage occurs  nea r  notches and cracks .  

FRACTURE I N  CERAMIC MATERIALS 

(a) F rac tu re  by Di f fus iona l  Mechanisms i n  Purely 
C r y s t a l l i n e  Ceramics 

What I have s a i d  about t h e  nuc lea t ion  and growth of c a v i t i e s  by d i f f u -  
s i o n a l  mechanisms i n  meta ls  a p p l i e s  equa l ly  t o  ceramics.  The temperature a t  
which d i f f u s i o n  becomes t h e  dominating mechanism, however, i s  h ighe r  i n  



ceramics than i n  metals.  This i s  because i n  c e r a i c s  t h e  atom binding i s  
e i t h e r  i o n i c  o r . cova len t ,  a s  a  r e s u l t  t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  occurs a t  
.0.4- 0.7 of  t h e  melt ing temperature (as compared t o  0.1- 0.3 i n  b.c.c. 
meta ls ) .  The o the r  d i f f e rence  i s  t h a t  even a t  hi's temperatures, ceramics 
can cleave a t  t h e  higher s t r e s s e s  because t h e  s t r e s s  requi red  f o r  d i s loca t ion-  
s l i p  a t  b a r r i e r s  such a s  g ra in  boundaries i s  o f t e n  comparable t o  t h e  s t r e s s  
requi red  t o  form cracks.  I n  s o f t e r  ma te r i a l s ,  however, such a s  magnesium 
oxide and a l k a l i  ha l ides ,  d u c t i l e  ho1e;:growth has i n  f a c t  been observed. The 
f r a c t u r e  behavior of MgO and A1203 i s  contras ted  i n  t h e  f r a c t u r e  maps f o r  t h e  
two mate r i a l s  shown i n  Figures 12 and 13. I n  these  maps cleavage-one r e f e r s  
t o  completely b r i t t l e  f r a c t u r e ,  cleavage-two t o  c rys ta l lograph ic  f r a c t u r e  
with some d u c t i l i t y ,  b r i t t l e - i n t e r g r a n u l a r - f r a c t u r e  t o  f r a c t u r e  without 
cav i t a t ion ,  d u c t i l e  creep f r a c t u r e  t o  f r a c t u r e  by p l a s t i c  hole  growth, and 
in te rg ranu la r  creep f r a c t u r e  t o  f r a c t u r e  by t h e  growth o f  c a v i t i e s  i n  t h e  
g ra in  boundary. Note t h a t  d u c t i l e  creep f r a c t u r e  is  not  observed i n  poly- 
c r y s t a l l i n e  alumina. B r i t t l e  in te rg ranu la r  f r a c t u r e  i s  e s s e n t i a l l y  cleavage 
which depends on t h e  s i z e  of  t h e  p re -ex i s t ing  cracks; i n  "perfectI1 ma te r i a l  
t h e  cracks a r e  produced by s l i p  and a r e  e f f e c t i v e l y  a s  l a rge  a s  t h e  g ra in  
s i z e .  This mode of  f r a c t u r e  e f f e c t i v e l y  p resc r ibes  an upper l i m i t  t o  t h e  
s t r e s s  t h a t  can be imposed on t h e  ma te r i a l  during se rv ice ;  a l s o  f r a c t u r e  i n  
t h i s  mode i s  not  time dependent. 

The p r inc ipa l  mode of  time dependent f r a c t u r e  i n  s t rong,  creep r e s i s t a n t  
ceramic mate r i a l s  such a s  alumina, s i l i c o n  n i t r i d e  and s i l i c o n  carbide,  i s  
t h e  nucleat ion and growth c a v i t i e s  i n  gra in  boundaries by d i f fus iona l  mechan- 
isms. Since ceramics a r e  o f t en  s i n t e r e d  and hence contain some res idua l  
porosity: t h e  nuclea t ion  of  c a v i t i e s  should not be t h e  l imi t ing  f a c t o r  i n  
f r a c t u r e  and i n  t h e  simplest  case ,  Eq. (4) should provide good p red ic t ion  of  
f r a c t u r e  behavior. Unfortunately, s t r e s s  rup tu re  da ta  i n  which t h e  s t r e s s ,  
t h e  cav i ty  spacing and t h e  d i f f u s i o n  c o e f f i c i e n t s  a r e  we13 spec i f i ed ,  a r e  
extremely scarce .  We have found one case,  i n  alumina, where we can compare 
theory  and experiment, (32) which i s  shown i n  Fig. 14.   or theory a  modified 
vers ion  of  Eq. (4) was used s ince  l a t t i c e  d i f f u s i o n  of t h e  ca t ion  r a t h e r  than 
g ra in  boundary d i f fus ion  i s  expected t o  be t h e  r a t e  c o n t ~ o l l i n g  process i n  
A1203. (33) The agreement i s  very encouraging. The t r a n s i t i o n  t o  a  h igher  
s lope  i n  Fig. 14 i s  probably associa ted  with t h e  development o f  wedge 
cracks i n  t h e  g ra in  boundaries. 

Despite t h e  importance of  d i f fus iona l  mechanisms i n  high temperature 
f r a c t u r e  i n  ceramic mate r i a l s ,  and t h e  f a c t  t h a t  t h e  theory of  d i f fus iona l  
f r a c t u r e  i s  q u i t e  well developed, experimental s t u d i e s  of  s t r e s s  rupture  i n  
ceramics have received l i t t l e  a t t e n t i o n .  There i s  c l e a r l y  a  need f o r  ex- 
periments, preferably  i n  pure tens ion,  i n  which parameters such a s  cav i ty  
spacing and d i f fus ion  c o e f f i c i e n t s  a r e  well  known. I t  should be kept i n  
mind t h a t  i n  ceramics, t h e  environment can inf luence  t h e  defec t  concentrat ion 
and, the re fo re ,  t h e  d i f f u s i v i t y  making it necessary t o  ca'rry out  t h e  experi-  
ments under spec i f i ed  environmental condit ions.  ' , 

& 
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Even i f  t h e  mater ia l  i s  99.999% dense it means t h a t  t h e  average cav i ty  
spacing w i l l  be l e s s  than a  0.2 vm i f  we assume t h e  c a v i t i e s  t o  be 10 nm 
i n  diameter,  which i s  about t h e  s i z e  of a  c r i t i c a l  nucleus from Eq. ( I ) ,  
and t h e  gra in  s i z e  t o  be 1 vm . 



(b) Frac ture  i n  t h e  Presence of  a  Glass Phase 
i n  t h e  Grain Boundaries 
,- ..-.. -- 

When ceramics a r e  s in te red  o r  hot-pressed i n  t h e  presence of  a  l i q u i d  
phase, high d e n s i t i e s  a r e  achieved but  a  r e s idua l  g l a s s  phase i s  l e f t  behind 
i n  t h e  g ra in  boundaries. The g l a s s  i s  segregated mostly t o  t h e  t r i p l e  gra in  
junctions but  i f  t h e  d iahedra l  angle i s  equal t o  zero t h e  g l a s s  a l s o  penet ra tes  
t h e  two g ra in  junctions,  a s  i n  t h e  case i n  hot-pressed s i l i c o n  n i t r ide(42,43)  
a s  shown i n  Fig. 15. The g lass  phase has a  profound inf luence  on t h e  high 
.temperature mechanical behavior. A s  t h e  temperature i s . - r a i s e d  t h e  g lass  i n  
t h e  two g ra in  junctions f a c i l i t a t e s  g ra in  boundary s l i d i n g ,  while a t  t h e  
t r i p l e  g ra in  junctions l a rge  t e n s i l e  hydros ta t i c  s t r e s s e s  can be produced due 
t o  t h e  concentrat ion of  s l i d i n g  displacement. I t  i s  conceivable t h a t  t h i s  
r e s u l t s  i n  t h e  nuclea t ion  and growth of  c a v i t i e s  i n  t h e  g l a s s  pockets a t  t r i p l e  
g ra in  junctions.  

The simplest  mechanisms f o r  time dependent f a i l u r e  i n  such a microstruc- 
t u r e  i s  shown i n  Figs. 16 (a 6 b) due t o  ~ a n ~ e ( 4 4 )  and Raj and Dang. (45) 
Cav i t i e s  grow i n  t h e  same manner a s  penny shaped bubbles w i l l  grow i n  an ad- 
hes ive  l aye r  sandwiched between two p l a t e s  when t h e  p l a t e s  a r e  pul led  apa r t .  
The time t o  f r a c t u r e  by t h i s  mechanism can be  r igorous ly  ca lcu la ted  and i s  
given by : 

where X i s  t h e  average spac ing 'o f  t h e  c a v i t i e s ,  ho i s  t h e  thickness of t h e  
g l a s s  l aye r ,  p i s  t h e  v i s c o s i t y ,  a- i s  t h e  s t r e s s  normal t o  t h e  g ra in  boundary. 
I is  a numerical i n t e g r a t i o n  f a c t o r  which i s  equal t o  0.18 i f  t h e  c a v i t i e s  a r e  
a l ready present  o r  4'6.5 i f  t h e  c a v i t i e s  have t o  be nucleated by means o f  the  
a p p l i e d ' s t r e s s .  A t  l e a s t  i n  hot-pressed s i l i c o n  n i t r i d e ,  i n  which extensive 
transmission microscopy has been c a r r i e d  out  t h e r e  i s  no evidence o f  any 
c a v i t i e s  i n  t h e  v i r g i n  mater ia l .  We must assume, the re fo re ,  t h a t  nuclea t ion  
i s  necessary. T h i s ' l e a d s  t o  a threshold  s t r e s s  given by: 

where y i s  t h e  surface  energy of t h e  g l a s s  phase. When Eqs. (11) and (12) 
a r e  appfied t o  f r a c t u r e  i n  hot-pressed s i l i c o n  n i t r i d e  then t h e  curve shown 
i n  Fig. 17 i s  obtained ( X = 1 pm, PSiO, = 1010 P, ho = 2 mm, and yp = 0.5 ~ r n - ~ ;  

L. - 
t h e  v i s c o s i t y  was dezived a t  1300°C assuming t h e  g l a s s  t o  be pure s i l i c a ( 4 6 ) ) .  
Since f r a c t u r e  i n  HP-Si3N4 occurs i n  a  time period which i s  severa l  orders  of  
magnitude s h o r t e r  than what we c a l c u l a t e ,  we assume t h a t  t h i s  i s  not t h e  r a t e  
c o n t r o l l i n g  mechanism of f a i l u r e  i n  t h i s  mater ia l .  

The o the r  mechanism of f a i l u r e  which has been proposed by us  i s  shown 
schematical ly i n  Fig. 18. The idea  i s  t h a t  s l i d i n g  a t  boundary AB produces a 
s t r e s s  concentrat ion a t  t h e  t r i p l e  junction. A cav i ty  i s  formed i n  t h e  g lass  
pocket i n  t h e  t r i p l e  junction which grows and produces a wedge crack BC j u s t  



ahead of  t h e  primary crack. Severa1,such cracks may form a I1damage 
zone" of  many microcracks i n  t h e  crack t i p  region.  When t h e  damage zone g e t s  
l a rge  enough t h a t  t h e . s t r e s s  a t  t h e  t i p  of  t h e  primary crack exceeds t h e  
f r a c t u r e  s t r e s s  of t h e  interfiace, then t h e  crack advances by a d i s t ance  of  
one g ra in  length.  This mechanism leads t o  s u b c r i t i c a l  crack growth. (47) The 
approximate r a t e  of  crack growth by t h i s  process would then be given by 

where d is  t h e  g ra in  diameter and T i s  t h e  time required f o r  t h e  formation of  
a wedge crack. Several  r a t e  processes:l.act sequen t i a l ly  i n  producing a wedge 
crack. The slowest one of  them determines t h e  value f o r  T i n  Eq. (13). F i r s t  
t h e  boundary s l i d e s  t o  produce a s t r e s s  concentrat ion a t  t h e  t r i p l e  junction;  
second, t h e  cav i ty  nucleated i n  t h e  t r i p l e  junction grows j u s t  a i  a bubble 
grows i n  a viscous medium; and t h i r d  t h e  bubble grows and impinges on the . two 
g ra in  junction and propagates a wedge crack.  We 'have maasured t h e  r a t e  of  
g ra in  boundary s l i d i n g  from i n t e r n a l  f r i c t i o n  experiments i n  HP-Si3N4 and f i n d  
t h a t  t h e  s u b s t i t u t i o n  of t h i s  time c o n s t a n t . i n t o  Eq. 13 gives a crack propa- 
ga t ion  r a t e  of nea r ly  1 m s - 1  a t  a temperature of  1300°C which i s  nea r ly  s i x  
orders  of magnitude f a s t e r  than t h e  measured value. (47) We then ca lcu la ted  
t h e  time required f o r  t h e  growth o f  t h e  bubble i n  t h e  t r i p l e  g ra in  junction:  

where P i s  t h e  hydros ta t i c  tens ion produced i n  t h e  t r i p l e  g ra in  junction by 
g ra in  boundary s l i d i n g ,  and v i s  t h e  v i s c o s i t y  of  t h e  g l3ss  a t  t h e  given 
temperature. We do not have knowledge of  t h e  v i s c o s i t y  o$_ t h e  g lass  but  i f  
we assume t h a t  t h e  g l a s s  i s  pure s i l i c a  then t h e  maximum poss ib le  va lue  of 
t h e  v i s c o s i t y  and hence t h e  slowest poss ib le  crack growth r a t e  i s  obtained. 
Using t h i s  we c a l c u l a t e  t h e  crack growth r a t e s  t o  be about; m s - 1  which i s  
one t o  two orders  of  magnitude lower than t h e  measured value. On t h i s  b a s i s  
we conclude t h a t  t h e  growth of  t h e  c a v i t y  i n  t h e  g l a s s  pocket a t  t r i p l e  
junctions r a t h e r  than gra in  boundary s l i d i n g  i s  t h e  r a t e  c o n t r o l l i n g  s t e p  i n  
time dependent f r a c t u r e  of  HP-Si3N4. This  has some i n t e r e s t i n g  implicat ions.  
For example, according t o  Eqs. (1'3) and (14), t h e  v i s c o s i t y  o f  t h e  g l a s s  w i l l  
d i r e c t l y  a f f e c t  t h e  crack growth r a t e .  The presence of  a l k a l i n e  impur i t i e s  
w i l l ,  t he re fo re ,  lower t h e  v i s c o s i t y  and hence acce le ra te  f r a c t u r e .  The 
model a l s o  suggests  t h a t  g ra in  boundary s l i d i n g ,  although necessary f o r  
f r a c t u r e ,  i s  not t h e  r a t e  c o n t r o l l i n g  s t ep .  Changing t h e  g ra in  boundary 
micros t ructure  so  as  t o  impede s l i d i n g ,  f o r  example by- in t roducing inc lus ions ,  
i s  not l i k e l y  t o  a f f e c t  t h e  f r a c t u r e  k i n e t i c s .  

There i s  one iltlportant aspect of t h e  above model. We have considered 
only those  processes which produce s t r e s s  concentrat ion and f r a c t u r e .  A t  
high temperature t h e  s t r e s s  concentrat ion can a l s o  be re l i eved  by creep, 
s p e c i f i c a l l y  by dissolution/precipitation of  t h e  ceramic from t h e  g l a s s  
phase a t  t h e  t r i p l e  junction.  The d r iv ing  fo rce  f o r  t h i s  would be a f i n i t e  
d i f f e rence  i n  t h e  p a r t i a l  molar volume of t h e  ceramic i n  t h e  g l a s s  phase and 
i t s  molar volume i n  t h e  c r y s t a l l i n e  phase. I f  t h e  k i n e t i c s  o f  t h e  s t r e s s  
r e l axa t ion  process i s  f a s t e r  than t h e  k i n e t i c s  o f  bubble growth then c a v i t i e s  



w i l l  not  form and t h e  ma te r i a l  w i l l  be d u c t i l e .  Since HP-Si3N4 has a f i n e  
grained s t r u c t u r e ,  it is q u i t e  l i k e l y  t h a t  it would exh ib i t  superp las t i c  de- 
formation i f  t h e  nuclea t ion  and growth of c a v i t i e s  car1 bt! suypi.essed. 

(c) Corre la t ion  between Processing Variables 
and Fracture  Behavior 

The fundamental parameters which a r e  so important i n  t h e  f r a c t u r e  of 
ceramics, such a s  d i f fus ion ,  v i s c o s i t y  o f  t h e  g l a s s ,  and i n t e r a c t i o n  between 
t h e  ceramic and t h e  g lass  phase, a r e  equally important i n  t h e  processing and 
prepara t ion  of ceramic mate r i a l s .  This  i s  because ceramics a r e  o f t en  prepared 
by s i n t e r i n g  which involves d i f fus ion ,  o r  by hot-pressing which involves 
dissolution/precipitation through a l i q u i d  phase. I n  both f r a c t u r e  and i n  
processing,  cont ro l  of  t h e  chemistry and t h e  vapor pressures  of  t h e  various 
components i n  t h e  environment i s  v i t a l  s ince  it has a very s i g n i f i c a n t  e f f e c t  
on t h e  d i f fus ion  and t h e  p roper t i e s  of  t h e  l i q u i d  phase. I n  my opinion, 
systematic s t u d i e s  of  thermodynamics and k i n e t i c s ,  micromechanical modelling, 
and mechanical t e s t i n g  w i l l  lead t o  some very e x c i t i n g  science and may well 
lead t o  a breakthrough i n  t h e  technology of making ceramic mate r i a l s  with t h e  
des i red  high temperature mechanical p roper t i e s  through a well  thought out 
and ca lcu la ted  con t ro l  o f  t h e  processing va r i ab les .  
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ha euwgement of 
(4 'r' type, (b) 

the 
'w' 

is accompanied by aLchange in the mode 
of fracture from 'r' type cavitation 
to wedge type cavitation to dynamic 
recrystallization at very high 
stresses.(6) .Note that in 'r' 
cavitation l/cS and tf curves are 
parallel to each other. 

,!I, ' 
1 

three failme @eqha&isan~ desmX&all' Fi 
type, and (c) tlynamic recrystallisation. 
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c~ackirmg 
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+. A scanning micrograph' of a 
grain boundary f rac ture  
surface. 





6. The volume of a cavity of a c r i t i c a l  s i ze  a t  a fixed value of 
applied s t r e s s  a t  various nucleation s i t e s .  Case (d)  i s  the most 
probable s i t e .  

. . . . . .  

BOUNDARY 

7. The de ta i l s  of the  cavityT.#~- phology for  case (d) i n  Fig. 6. 
&Go 



DEAL 1 EMLE 
SIRENGTH: Ea.(7) 

or zne s t r e s s  
i c  nucleatio'n a t  

side ( d ) ,  Fig. 7 ,  and the  
s t r e s s  required t o  overcome 
the  ideal  strength of the  
par t ic le  matrix interface.  
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9. GraKth 'if a sqmare array of 
cavi t ies  i n  a grain boundary. 
IT the  cavi t iee  have an 
aquilielua &ape, then rg 
q d  r w e  re la ted  th%ough a. 



A comparison of experimental 
data with theory f o r  grain 
boundary diff'usbon controlled 
growth of cav i t ies .  The 
picture  on the  l e f t  i s  the  
f rac ture  surface. Exper- 
iments were performed on 
b ic rys ta l s .  (25) 

1 A comparison of f rac ture  
time of polycrystals con- 
ta in ing  He bubbles (of 
spacing %0.21.1m) ( 30) with 
theore t ica l  estimate 
(Eq. 4 ) .  

TEMPERATURE, *C 
800 7% 700 650 600 

10 MN m-' 

EXPERIMENT 

I 

to- 

ld' - 
S 
S u 
&I u 

0 '8 
. 

OC 
u 
I : 

L" I:' 

f 



TEMPERATURE. (t ) 
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HOMOLOGOUS TEMPERATURE. ('IT, ) 

Fracture Mag due to GandhT and AshByC41L. ,me 
dependent fracture rnecham3splr are dvcti le cr.eep 
fracture and iaterg~anular creep fracture, Data 
from references 48-55. 

HOMOLOGOUS TEMPERATURE, ('A, ) 

Fl'gure U 

Fracture map due to Gandhi. and ~sh6y~~~'. Note 
that brittle and cleavage fracture occurs upto 
0.7Tm. Data from references:SS-65. 

TEMPERATURE, (t) 



F i g u r e  14 

F r a c t u r e  i n  A1203 by d i f  u s i o n  c o n t r o l l e d  
c a v i t y  growth.  

A g l a s s  pocke t  a t  a  t r i p l e  g r a i  
HP-Si3N4 ( p i c t u r e  by R. L .  T s a i  



' BUBBLE 

'ADHESIVE 

Figure 16 

Schematics of fracture by the growth of 
shaped bubbles i 4qil l a s s  layer  due t o  Lange 
m d  R s j  and IlangP f r igh t )  . 



F i g u r e  17 

T h e o r e t i c a l  p r e d i c t i o n  of f r a c t u r e  i n  HP-Si U 
by t h e  growth of penny shaped bubb les  i n  t h a i  $ l a s s  
l a v e r  c o n t a i n e d  between two g r a i n  j u n c t i o n s .  

F i g u r e  18 

Slow c r a c k  growth by t h e  f o r m a t i o n '  of  wedge c r a c k s .  
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PLASTIC CREEP FLOW PROCESSES IN FRACTURE 
AT ELEVATED TEMPERATURES 
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James R. Rice 
~ivision of ~ngineerin~, Brown University, Providence, R..I. 
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Summary 

This paper discusses recent theoretical developments on fracture at 

elevated temperature,in'the presence of overall plastic (dislocation) creep. 

Two topics are, considered : 

1. Stress fields at tips of macroscopic cracks in creeping solids: 

Here consideration is given to the transient development of an effectively 

steady'staie of creep in a cracked body, following sudden load application 

for which the short-time materPal response is elastic. At long times 

(steady creep state).the severity of the near-crack-tip deformation rate 

field can be characterized in terms.of a path-independent integral C* , 
which is a-generalization-for non-linearly viscous iaterials of the J integral 

for rate-independent materials. Based.on recent work by Riedel and Rice, 

it is shown that the short time transient field of creep flow has the same 

functional form at the crack tip, but that its amplitude parameter C* is 

replaced, approximately, by ~I(1i -n)~ , where t is time since load appli- 
n 

cation, n is the exponent in a. power-law creep relation E a a , and 
G is Irwin's elastic energy release rate (calculated in terms of the stress 

intensity 
. K~ as if the body were elastic),. . Hence ~/(l+n)C* can be 

identified as a characteristic time for stress redistribution in attaining 

the steady creep state. Macroscopic creep crack growth is discussed in 

terms of these concepts and associated analyses. 

2. Diffusive growth of microscopic grain boundary cavities in creeping 

solids: Previous analyses of this problem are based on an assumption that 

grains adjoining the cavitating boundary separate in an effectively rigid 

manner. However, important interactions between cavitation, by surface and 

grain boundary diffusion, and plastic creep processes are observed to occur 

when a state of overall dislocation creep prevails. These arise from two 



.effects. First, even in the absence of matter transport.along the grain 

boundary (D very small), the presence of overall creep causes an increase 
b 

in volume of the cavity and tends 'to cause a change in shape. The latter 

would, generally, tend to decrease rather than increase the cavity radius, 

but in the presence of sufficiently rapid surface diffusion the spherical- 

caps shape of' the cavity is retained and the creep-flow-induced volumetric 

opening rate of the cavity causes a continuous enlargement of cavity radius. 

Second, when grain boundary diffusion is considered, the deformability of 

the adjoining grains means that matter diffusion from the cavity surfaces 

can be accommodated by highly localized relative separation velocities 

across the grain boundary. Hence the diffusion.path length is not set by 

cavity spacing (as in the rigid-grain Hull-Rimer model], but can be much 

shorter, resulting in a far more rapid removal of material from the cavity 

walls. A precise analysis of the problem has not yet been developed, but 

a variational principle governing simultaneous dislocation creep and grain 

boundary diffusion has been established, and this should lead to effective 

finite-element solution procedures. Also, an approximate model oflthe pro- 

cess suggests that for pure metals in the range of 0.5 to 0.8 Tm ,..and at 
- 3 -4 

stress levels of 10 p (p = shear modulus) and 10 p , respectively, 
the resulting cavity growth rate may exceed predictions of the rigid grain 

model by as much as factors of 10 to 100. . ~ r 1 - t  - 
. . 

i 'U 



Stress fields at tips of macroscopic cracks in creeping solids: 

This section is based on recent work .of Riedel and Rice [I] on tensile 

(Mode I) cracks in elastic-creeping solids and on earlier work by Riedel [2 ]  

on anti-plane (Mode 111) shear cracks. The materials considered are assumed 

to follow the stress strain. relation 

in uniaxial tension. The exponent n is typically in the range 4 to 6, 

sometimes higher, for dislocation creep processes. 

A body containing a crack is supposed to be loaded in tension. If the 

load is applied suddenly, the instantaneous stress field developed in the 

material is elastic. The stress concentration at the crack tip causes a 

zone of rapid creep straining to develop there, effectively to alleviate 

the elastic r-% stress singularity. , The early' stages of this process 

may be described in analogy' to analyses for rate-independent plastic 

materials..; Accordingly, this (short-time) field, in which elastic strains 

are much gceater than creep strains everywhere except within a small region 

at the crack tip, is referred to as "small scale .yielding." The near tip 

solution in this regime is complicated, but the parameter which governs it 

is the (.far field) elastic stress intensity factor . 
On gbe other hand, at long times after load application there is com- 

plete redistribution of stresses and subsequent response of the material 

under fixed,.load takes place as if the material were purely viscous, 
n ; = Bo . In such cases, referred'to as "extensive yielding," the near 

tip stress and creep rate fields have an intensity characterized by C* , 
where C* is a path-independent integral [3]. 

In both. the "small scale" and "extensive" yielding limits, and for 

intermediate cases, the r,8 form of the neir tip field is controlled (for 

n>l) by the non-linear term .in (1). Accordingly, the near-tip fields of 

stress and strain rate are of the same form as the fields of stress and 
n 

strain in a rate-independent material with E a a . Such fields are given 

in [ 4 , 5 ]  , and referred' to as "HRR" f ie~ds. 
For example, in the case of extensive yielding the near tip stress 

field (in plane strain or in plane stress) is given by an expression of the 

form 

f.. ( 0 )  
1 3  



where the f are dimensionless and appropriately normalized functions 
i j 

of 0 , dcpcndent also on n . 
,By dimensional considerations, and by the requirement that the load- 

ing be characterized only by KI , the short time, or small scale yielding, 
solution has the form 

time t after load application. Here g is dimensionless, dependent ij 
so on n and v (Poisson ratio), and g. . [p,  B ]  decays a'; p-% for large 

13 
p . This stress field involves a near tip singularity in the same form as 

2 
(2) except that C* is replaced by a factor proportional to K ~ / E ~  . 
Indeed, Riedel and Rice [l] give an approximate argument showing that, for 

small scale yielding, 

C* should be replaced hy Gj(l+n)t (4) 

2 
in (2), where G (=(~-v~).K~/E for plane strain) is Irwin's energy release 

rate. Their comparisons with exact numerical results [2] for the fzield 

analogous to (-3) .in Mode 111 suggest that the approximation of (4)" 5s accu- 

rate to '210% for n24 . 
On the basis of (3) and the stress-strain relationship, it is possible 

to define.a "creep zone," somewhat arbitrarily, as the region where+&eep 

strains exceed elastic strains, both reduced to equivalent tensile'strains. 

This zone has a size which increases in proportion to the parameter 

and.' small scale yielding conditfpns may be assumed to prevail whenever the 

creep zone is small compared to characteristic lengths of the cracked body 

.(e.g., crack length, uncracked ligament width).. By (.4), a transition time . 

t1 between the short-time, small scale yielding and long-time, extensive 

yielding cases may be defined by 

For example, consider a short plane stress crack of length a in a 
.cr large body under stress om , with associated creep strain rate cm . For 

this geometry, G = nu:a/E is well known, and wewrite it as 

a I G da = (u2/2E)[(n12)(.fi a12] , (6) 
0 



which can be interpreted as the loss of strain energy, 0 2 1 2 ~  , on crack 
introduction, from an "affected" area consisting of a semi-circle of radius 

fi a . A similar interpretation gives, approximately 

Thus the characteristic time t for transition from small scale to exten- 
1 '  

sive yielding is, approximately, 

1 a= - 1 - -  - (n-1) 
t l a % x  2nEBa- 9 (8) 

EEo, . .. 
and is shorter at high stress levels than at low. 

Correlation of creep crack growth by K seems appropriate when ad- 
I 

vance takes place over a time scale much less than , and by C* for a 

time scale much greater than 
tl . The analyses just discussed are for a 

. . 
stationary c-rack; it is known [6] that there must be a different type of 

I ' 

singularity at a growing 'crack tip than that described by (2), or by its 

short-time version based on (4). In analogy.with growing crack solutions 

for rate-ind,ependent plastic materials [7j, however, it is expected that. 
- I  . _ .  _ 

this different singularity, for which elastic and creep strains are of the - 
same order, will be important only in a small inner core of th,e.heavily 

.>.I 22 

crept zone near the crack tip,, for the more duc;tile.of material's. The point 
. . .  . . .  . . ,  I .  I . , . .  . 

needs further elaboration. 
5 



Diffusive growth of microscopic grain boundary cavities in creeping 

solids: 

The well known Hull-Rirnmer [8] model for diffusive void growth along 

a grain interface is illustrated in fig. 1. First, surface diffusion is 
. . . . 

presumed to be rapid enough sb that the void retainse.a quasi-equilibrium 

spherical-caps shape (see Chuang et al. [9] for a detailed analysis of 

conditions under which this assumption is valid, and'solut'ions to a more 

general version of the Hull-Rimer model in cases for which it is not). 

Second, the grains are assumed to be effectively rigid, so that the only 

way in which the voids can grow (e.g., .by grain boundary diffusion, which 

is typically the most rapid matter-transport process) is by diffusion along 
: . .C . 

the whole grain interface between voids, since the grains must separate 

uniformly. ' This diffusion is driven by the difference between the poten- 

tial, per unit volume, a (an = normal' stres$) on the interface and n 
t . .  

-2y K CK = surface curvature) on th& void, which is negative .whedever the 
s 

I:> ' . . . '  
net stress on the unvoided portion of interface exceeds the sintering limit - - 
of 2ys sin$/a .' 

-3 ' .  But at' applied stresses of the order 10 p (1 = shea'r moduls) at 

0.5 T or, for example, 10-~11 at 0.8 T ', plastic creep2 flow of' the 
m m. 

grains is generally rapid enough, a'ccording to the data summarized by 

Ashby in [lo], that the grains can ha;dly be cohs'idered rigid. ~.&s=d&, 
' 

it is known on empirical grounds (~onkman-  rant correlation) that ' the' 
product of rupture time tr 

and steady state creep strain rate E is '. 
SS 

not strongly variable over variations of stress and temperature that cause . 
changes by several powers of 10 in E . This suggests a strong coupling 

SS 

between plastic creep flow and creep rupture, even though diffusive pro- 

cesses as envisioned in the Hull-Rimer model. seem to be active. 

There are two major ways in which plastic creep flow can interact with 

diffusive matter transport processes, and the net effect seems typically 

to be a significant increase of the void growth rate over what is predicted 

for the rigid grains model. The first,way is illustrated in fig. 2a where, 

for simplicity, it is assumed that there is negligible matter transport 

along the grain boundary. Since the grains flow in creep, the material 

points immediately adjacent to the void surface take on a distribution of 

velocities which tend to make the void increase in volume and, in general 

under uniaxial tension and for widely spaced voids (so that plastic flow is 

not concentrated in a voided layer adjoining the grain boundary), to make 



t h e  void r a d i u s ,  a ,  decrease .  This  change i n  s i z e  and shape is. ind ica t ed  

schemat ica l ly  by t h e  dashed curve i n  f i g .  2a. But.when s u r f a c e  d i f f u s i o n  

i s  . r a p i d ,  l o c a l  ma t t e r  t r a n s p o r t  a long t h e  void  sukface  r e t a i n s  t h e  sphe r i -  

c a l  caps  shape (dash-dot-da'sh curve i n  f i g .  2a) s o  t h a t  t he  n e t  e f f e c t  is  

t o  i n c r e a s e  t h e  void r ad ius .  Hence, if iT ' i s  t h e  r a t e  'of void volume 
C r 

enlargment due t o  c reep  flow on t h e  ad jo in ing  g r a i n s ,  t h e  c o n t r i b u t i o n  t o  

t h e  growth r a t e  i s  

Here t h e  bracke ted  term i s  t h e  void volume; h(90°) = 1 , h(70.O) = 0.61 
'1 (70' is  a t y p i c a l  a n g l e  $ f o r  me ta l s ) .  

'cr may be eva lua ted  from 

c l a s s i c a l  c reeping  f low s o l u t i o n s  f o r  widely spaced s p h e r i c a l  vo ids  i n  a 

l i n e a r  v i scous  m a t e r i a l  under u n i a x i a l  t ens ion ;  i t  Y s  no t  very  d i f f e r e n t  f o r  

a  penny shaped crack ,  sugges t ing  only  a  mild dependence on $ . The r e s u l t  

i s  
*c.: 

For comparison, t h e  r i g id -g ra ins  model p red ic , t s  a  r e s u l t  which, f o r  

b /a>5 , , reduces t o  approximately [8,9] 
, :, it 

A. 

3 r r t . i  , 

D(o_ - 2ys s in$ /a )  
h($)A NN , where D = - Db6bn 

kT . 
(11) 

2a22n(.b/2. l a )  

and t h e  n o t a t i o n  i s  s tandard .  I n  f a c t  t h e  r a t i o  a  from ( , lo)  t o  t h a t  from 

(11) is  t y p i c a l l y  of t h e  o rde r  a 3 / ~ 3  where L  i s  a s t r e s s  l e v e l  and temper- 

a t u r e  dependent l e n g t h  de f ined  by 

This  l e n g t h  w i l l  appear  subsequent ly and.some numerical  va lues  w i l l  be given.  

The second process  by which p l a s t i c  c r eep  flow i n t e r a c t s  with d i f f u s i o n  

i s  i l l u s t r a t e d  i n  f i g .  2b. Now ma t t e r  t r a n s p o r t  a long  t h e  g r a i n  boundary, 

with. ma t t e r  d e p o s i t i o n  on t h e  ad jo in ing  g r a i n s ,  is  considered.  One t h e  l e f t  

i s  shown t h e  void a t  one i n s t a n t  and two s t r a i g h t  l i n e s  have been i n s c r i b e d  

on t h e  g r a i n s  p a r a l l e l  t o  t h e  g r a i n  boundary. On t h e  r i g h t  t h e  void and 

in sc r ibed  l i n e s  a r e  shown a f t e r  some amount of growth. Obviously, i n  t h e  

r i g i d  g r a i n  model t h e  l i n e s  remain s t r a i g h t  and ma t t e r  must be t r anspor t ed  



along the entire grain boundary. But, as remarked first by Beere and 

Speight [ll], with plastic creep flow of the grains the matter can be 

accommodated locally, resulting in the strongly non-uniform motion of the 

inscribed lines as shown. This means that the diffusive path length can be 

much shorter than in the rigid-grains model, depending on how deformable 

the grains actually are, and this is expected to result in a more rapid 

removal of matter from the cavity walls (i. e. , higher ; ) than for the 
rigid grains model. 

The process has not yet been modelled in a convincing way. Beere 

and Speight [ll] assume that the grains separate in an effectively rigid 

way under low stress in some shell of material adjoining the void, with 

plastic creep flow taking place outside of this shell. However,@the pic- 

ture of the inscribed lines in fig. 2b suggests, instead, severe creep dis- 

tortions near the cavity boundary. Such problems of combined plastic creep 

flow and diffusion are amenable to finite element analysis, and are being 

studied currently [12] . 
The finite element method is formulated according to a variational 

principle which leads to the system of equations shown in fig. 3. Here an 

axisymmetric problem of a spherical caps void of radius r=a , in a cylinder 
or radius r=b (a void half-spacing) is shown. The principle is'written 

in dimensionless form with R=r/a , B=b/a , H=h/a , Z=e/a , Vi = vi/;,a , 
and is 6F=0 (,F=min.) where F is the following functional of dimensionless 

velocities Vi and associated dimensionless strain rates iij = : iij /lw : 

- r ( v )  RdR 
6 

Z Z=H 

where it is understood that (V ) = - - 
. R R=B I B  

2 -  
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The first two terms of (13) are those which.appear in a classical variational 

principle for creeping solids; the last two refer to g.b. (grain boundary) 
. .. 

diffusion. When L >> a and b , only the last three terms differ s.en1 
sibly from zero in the solution field (.i.e., the behavior is rigid in this 

limit) and the classical Hull-Rimrner result, summarized in (ll), is recovered. 

On the other hand, when L << a , only the first two terms can differ sen- 
sibly from zero, grain boundary diffusion is unimportant, and the. prediction 

of the growth rate reduces to that of (9), or of (.lo). for a linearly viscous 

material. At intermediate values of L , e.g., a/L of order unity, the 

coupling between g.b. diffusion and plastic creep flow is important. 

To estimate L one may write 

and, following Ashby [ l o ]  for dislocation creep, 

where, in the last expression A is a constant, l~ the shear modulus, 

the dislocation slip step and 
Dvo ' Qv refer to bulk diffusion. According- 

ly, with sQme rearrangement one may write 

(n-1) 13 
113 

0 I"'] [+I . J .  Lz(Du/E) = L  exp- 

where T is the melting temperature. Using data for all.materia1 
"b parametersjin (14,15) from the Ashby tabulation [ l o ] ,  values of n , K , and 

L are shown for several metals in Table 1. Also shown are values of L 
0 

at stress level of 10-~l~ at 0.5 Tm and 0.8 T . A tenfold decrease in 
- 4 m 

stress, to 10 would increase the values of L shown by about a factor 

of 20. 

What emerges, then, is. that a ,.typically growing thr0ugh.a range of 

from 1 to 10.pm , will generally be of  a size comparable to L at stress 
- 3 - 4 

levels of order 10 l~ at 0.5 Tm and 10 l~ at 0.8 Tm . In such cases 

coupling between creep flow and g.b. diffusion must be considered. At 

significantly lower stress leyels, L is much larger than a and b , 
and rigid grains behavior applies, eq. (IL). At significantly higher stress 

levels, L is much smaller than a , and growth is described by eq. (9) 



which, it may be recalled, predicts a result of order ( a / ~ ) ~  times that 

of eq. (.ll). 

A highly approximate model in which the continuum of fig. 3 has been 

replaced by a "shear plate" has been studied.by the writer in unpublished 

work. The variational functional F analogous to (13), but now reduced 

to a one-dimensional functional, has been minimized on the class of grain 

boundary velocity fields 

(i.., H and 0 chosen to minimize F ) ,  where na is the decay dis-. 

tance and the outer radius b is taken as infinite. 

Some results of this very approximate analysis are quoted here, 5n 

lieu of accurate finite-element results, unavailable at present. Consider 

the case where om is large compared to the sintering level, 2y s sin$/a , 
and take n=5 . In this case the predicted growth rate, a , in presence 
of simultaneous creep and g.b. diffusion, is about equal to that 'predicted 

b.y the. rigid grains madel hith h/a = la) when a/L = a'. 03 . The growth 

rate 5s 3 times higher than the rigid grains prediction.when a/'L w 0..3 , 
20 times when a/L z 1 , .70 times when a/L M 3., and 500 times fo.r 

a/L z 10 . Thus, whenever a/L exceeds, say 0.1, the rigid grains model 

must he considered too conservative. When a/L 'is larger than about 10, 

eqs. (9.2, or (lo).. can be. us.ed wi.th. reasonable accuracy. As is seen from 

Tab.le 1, the. intermediate. range, 0.. 1 ( a/L < 10 , will be encountered in 
many practical cases. * 

Additional Note: A related study by EdwardandAshby L1'I&tergranular . . Fracture 

during Power Law Creep," - Acta -3 Met in press] ,comes to similar conclusions on 

.the importance of plastic creep flow on diffusive\ cavitation. 
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Figu re  Capt ions 

F ig ;  1.  Hull-Rimmer iir~clel f o r  g r a i n  boundary c a v i t a t i o n  by s u r f a c e  
and grain-boundary d i f f u s i o n .  The ad jo in ing  g r a i n s  a r e  assumed 
t o  s e p a r a t e  as r i g i d  bodies  i n  t h i s  model. 

F ig .  2 (a )  Cavi ty  growth by combination of p l a s t i c  c reep  flow (which, 
i f  cons idered  a lone ,  g e n e r a l l y  tends  t o  dec rease  c a v i t y  r a d i u s ,  
dashed curve)  and r a p i d  s u r f a c e  d i f f u s i o n .  

(b) Local  accommodation of m a t t e r  d i f f u s e d ' i n t o  g r a i n  boundary, 
by deformation of g r a i n s .  Note t h a t  t h e  i n s c r i b e d  (dashed) l i n e s  
do n o t  remain s t r a i g h t ,  a s  assumed i n  t h e  r i g i d - g r a i n s  model, and 
thus  t h e  d i f f u s i o n  pa th  1eng th .neces sa ry  t o  accommodate a  given 
amount of m a t t e r  is  s h o r t e r .  

Fig.. 3 Summary of . f i e l d  equa t ions  and b.oundary cond i t i ons  f o r  ax i -  
symmetric problem of combined p l a s t i c  c r eep  flow and g r a i n  boun- 
dary  d i f f u s i o n .  Outer r a d i u s  b of c y l i n d e r  r e p r e s e n t s  h a l f -  
spac ing  between ad j acen t  vo ids .  



Table 1 

% 

- 3 
, 

values are for a = 10 p ; would 
be approximately 20 times larger for 

- 4 a = 10 p , if n=5 . 

. . L (urn) L (~m) 
Material n K Lo (id at 0.5 Tm. + at 0.8 T 

Ag 

Cu 

Ni 

A1 

Y F ~  

Zn 

aFe 

Mo 

5.3 

4.8 

4.6' 

4.4 

5;75 

6.1 

6.9 

4.3' . 

3.08 

3.05 ' 

3.92 

2.57 

2.44 

1.79 

2.20 

1.70 

2.87 x' 

1.09 x 

.511 x 

.762 x 10 -2 

.955 x 

2.02 x 

.213 x 

.396 x 

13.6 

4.85 .. 

13.0 

1.30 1 

1.26 

.724 

.I74 

1.18 

m 

1.35 

.493 

.686 

.I89 

.202 

.I89 

.0332 

.330 



T -- - 
void 



/ e f f e c t  of c k e e p  $ l o w  

Fig. 2 





G R A I N  BOUNDARY STRUCTURE AND'PROPERTIES 

R. W. B a l l u f f i  

Department of Materials S c i e n c e  and ~ n ~ i n e e r i n ~  
Massachuse t t s  I n s t i t u t e  of Technology, Cambridge, MA 02139 

ABSTRACT 

An a t t e m p t  i s  made t o  d i s t i n g u i s h  t h o s e  fundamental  a s p e c t s  of g r a i n  bound- 
a r i e s  whlc.h shou ld  be  r e l e v a n t  t o  t h e  problem of t h e  t i m e  dependent  f r a c t u r e  of 
h i g h  t e m p e r a t u r e  s t r u c t u r a l  materials. These i n c l u d e  t h e  b a s i c  phenomena which 
a r e  thought  t o  be  a s s o c i a t e d  w i t h  c a v i t a t i o n  a n d . c r a c k i n g  a t  g r a i n  b o u n d a r i e s  dur-  
i n g  s e r v i c e  and w i t h  t h e  more g e n e r a l  m i c r o s t r u c t u r a l  changes  which occur  d u r i n g  
b o t h  p r o c e s s i n g  and s e r v i c e .  A v e r y . b r i e f  d i s c u s s i o n  of t h e  c u r r e n t  s ta te  of our  
knowledge of t h e s e  fundamentals  i s  g iven .  Inc luded  a r e  t h e  f o l l o w i n g :  

,'C 

1. STRUCTURE OF .IDEAL PERFECT BOUNDARIES 

1.1 D e t a i l e d  Atomic S t r u c t u r e  

1 .2  S p e c i a l  Boundar ies  and Boundary Energy 

1 . 3  Secondary R e l a x a t i o n s  ( C o l l e c t i v e  R e l a x a t i o n s )  
C 

1 . 4  F a c e t  and Ledge S t r u c t u r e s  

2. DEFECT STRUCTURE OF GRAIN BOUNDARIES 

2.1  P o i n t  D e f e c t s  (Vacancies  and I n t e r s t i t i a l s )  

r 2.2 L ine  D e f e c t s  (Gra in  Boundary D i s l o c a t i o n s )  

:C 2.3 S o l u t e  Atoms 

3. DIFFUSION AT GRAIN BOUNDARIES 

4. GRAIN BOUNDARIES AS SOURCES/SINKS FOR POINT DEFECTS 

5. GRAIN BOUNDARY MIGRATION 

6. DISLOCATION PHENOMENA AT GRAIN BOUNDARIES 

6 . 1  G r a i n  Boundar ies  a s  L a t t i c e  D i s l o c a t i o n  S i n k s  

6 .2  G r a i n  Boundar ies  as L a t t i c e  D i s l o c a t i o n  Sources  

3 6 . 3  G r a i n  Boundary S l i d i n g  

7. ATOMIC BONDING AND COHESION AT GRAIN BOUNDARIES 

8. NON-EQUILIBRIUM PROPERTIES OF GRAIN BOUNDARIES 

9.  TECHNIQUES FOR STUDYING GRAIN BOUNDARIES. 
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I. STRUCTURE OF IDEAL PERFECT BOUNDARIES 

Since  many of t h e  p r o p e r t i e s  of  g r a i n - b o u n d a r i e s  which a r e  important  t o  t h e  
problem of t i m e  dependent f r a c t u r e  depend i n t i m a t e l y  upon t h e  boundary s t r u c t u r e  
and t h e  e x i s t e n c e  of p o i n t ,  l i n e  and p l ana r  d e f e c t s  i n  t h i s  s t r u c t u r e ,  we begin 

I by cons ide r ing  t h e  i d e a l  i n t r i n s i c  s t r u c t u r e  of p e r f e c t  boundaries .  (A number of 
reviews of t h i s  t o p i c  a r e  a v a i l a b l e  i n  [I-71.) 

It is  h e l p f u l  t o  v i s u a l i z e  t h e  c o n s t r u c t i o n  of such a  boundary by t h e  follow- 
i ng  process .  P l ace  t h e  two misor ien ted  c r y s t a l s  (which w i l l  a d j o i n  t h e  boundary) 
t oge the r  a long  t h e  d e s i r e d  g r a i n  boundary p l ane  r i g i d l y  i n  a  s t anda rd  r e f e r ence  
p o s i t i o n  ( a s  i n  Fig.  1 )  and then  l e t  t h e  e n t i r e  ensemble . re lax .  I n  t h i s  process  
t h e  atoms i n  t h e  boundary r eg ion  w i l l  r e l a x  t h e i r  p o s i t i o n s " t o  minimize t h e  t o t a l  
energy and a t  t h e  same t i m e  C r y s t a l  2 w i l l  f i n d  a  minimum energy p o s i t i o n  r e l a t i v e  + 
t o  C r y s t a l  1 by a  r i g i d  body t r a n s l a t i o n  w i t h o u t ' r o t a t i o n ,  i .e . ,  R i n  Fig.  1. 

I n  gene ra l ,  e igh t .mac roscop ic  parameters  a r e  t hen  r equ i r ed  i n  o rde r  t o  g ive  a  
complete macroscopic s p e c i f i c a t i o n  of a  given boundary. These i nc lude  t h e  follow- 
i ng  : 

3 parameters  t o  d e s c r i b e  t h e  c r y s t a l  m i s o r i e n t a t i o n ;  

I 2 parameters  t o  d e s c r i b e  t h e  o r i e n t a t i o n  of t h e  boundary p lane ;  I 
3 parameters  t o  d e s c r i b e  t h e  r i g i d  body t r a n s l a t i o n  of C r y s t a l  2 w i t h  

r e s p e c t  t o  C r y s t a l  1. 

We n o t e  t h a t  t h e  r i g i d  body t r a n s l a t i o n  must be  de£ined i n  order  t o  avoid ambi- 
g u i t i e s  which a r i s e  due t o  s t r u c t u r a l  degeneracy when t h e  boundary possesses  
c e r t a i n  symmetry elements  [8 ,9 ] .  

On t h e  o t h e r  hand, t h e  microscopic  s t r u c t u r e  of t h e  g r a i n  boundary can only 
be  s p e c i f i e d  by desc r ib ing  t h e  p o s i t i o n s  of a l l  t h e  atoms i n  t h e  ensemble, which 
of cou r se  a l s o  s e r v e  t o  spec i fy  $. Of p a r t i c u l a r  i n t e r e s t  i s  t h e  p o s i t i o n s  of t h e  
atoms i n  t h e  "bad ma te r i a l "  i n  t h e  g r a i n  boundary c o r e  r eg ion  (Fig.  1 ) .  

It is  appa ren t  from t h e  above t h a t  g r a i n  boundaries  a r e  h igh ly  complicated 
many-bodied c r y s t a l  d e f e c t s  which may e x i s t  w i th  a  w i d e . v a r i e t y  of s t r u c t u r e s  and 
p r o p e r t i e s  depending upon t h e  e i g h t  parameters  l i s t e d  prev ious ly .  I n  gene ra l ,  no 
such th ing  a s  a  " t y p i c a l  g r a i n  boundary" e x i s t ' s .  I n  any c o n s i d e r a t i o n  of g r a i n  
boundary s t r u c t u r e  and p r o p e r t i e s  i t  is  t h e r e f o r e  necessary  t o  i n c l u d e  a  wide 
v a r i e t y  of boundaries  each of which Is i t s e l f  h igh ly  complex. This  f a c t ,  unfor- 
t u n a t e l y ,  g r e a t l y  compl ica tes  t he  e n t i r e  s i t u a t i o n !  

1.1 De ta i l ed  Atomic S t r u c t u r e  

So f a r ,  e s s e n t i a l l y  a l l  of our  in format ion  about  t h e  d e t a i l e d  s t r u c t u r e  of 
,;st 

t h e  c o r e  has come from computer s imu la t i on  s t u d i e s .  Only l i m i t e d  in format ion  
has  been obta ined  from more d i r e c t  exper imenta l  obse rva t tons .  For example, f i e l d  
i o n  microscopy [ l o ]  has  shown t h a t  t h e  co re  r eg ion  is  r e l a t i v e l y  narrow ( a t  l e a s t  
i n  me ta l s )  and i s  a t  most on ly  a  few atomic d i s t a n c e s  wide. However, i t  is  n o t  
p o s s i b l e  t o  o b t a i n  exac t  a tomic p o s i t i o n s  i n  t h e  c o r e  by t h i s  method. D i r e c t  
l a t t i c e  imaging [ l l ]  h a s  been r e s t r i c t e d  t o  r e v e a l i n g  t h e  p r o j e c t e d  s t r u c t u r e  of 



a few s imple  t i l t  boundaries  a long  low index d i r e c t i o n s .  

I n  t h e  computer s imula t ion  work t h e  procedure has  been t o  c a l c u l a t e  t h e  t o t a l  
energy a s  a  sum of t h e  i n t e r a c t i o n  ene rg i e s  between t h e  i n d i v i d u a l  atoms. The 
i n t e r a c t i o n  ene rg i e s ,  i n  t u rn ,  a r e  der ived  from a s u i t a b l e  i n t e ra tomic  p o t e n t i a l  
func t ion .  

The many-bodied system is then  ad jus t ed  ( r e l axed )  u n t i l  a minimum energy con- 
f i g u r a t i o n  i s  found. I n  a  number of ca ses ,  e f f o r t s  have been made t o  compare c a l -  
c u l a t e d  r e s u l t s  c h a r a c t e r i s t i c  of t h e  boundary, i . e . ,  energy, r e l a t i v e  c r y s t a l  
displacement  [8 ,12] ,  X-ray s t r u c t u r e  f a c t o r  [13] ,  e t c . ,  with exper imenta l ly  meas- 
ured r e s u l t s  f o r  c e r t a i n  s e l e c t e d  boundaries.  Reasonable agreement has  u s u a l l y  
been obtained lending credence t o  t h e  computer s imu la t ion  method. 

So f a r ,  t h e  r e s u l t s  have v e r i f i e d  t h e  conclus ion  t h a t  t h e  given boundary c o r e  
i s  r e l a t i v e l y  narrow. The work [12,14,15] has  a l s o  revea led  t h e  e x i s t e n c e  of a  
l i m i t e d  number of bas i c  s t r u c t u r a l  u n i t s  i n  a wide range of boundaries .  These 
correspond t o  compact polyhedra of atoms ( see  Fig.  2)  which a r e  s i m i l a r  i n  many 
r e s p e c t s  t o  t h e  c l o s e  packed polyhedra found i n  Berna l ' s  [16]  model of a l i q u i d .  
However, t he  compact polyhedra a r e  n o t  gene ra l ly  completely c l o s e  packed bu t  con- 
s is t  of compact c l u s t e r s  arranged s o  t h a t  an  a d d i t i o n a l  atom cannot be i n s e r t e d  
i n t o  them. The s imu la t ion  r e s u l t s  have a l s o  a ided  our understanding of t h e  "crys- 
t a l l og raphy  o f g r a i n b o u n d a r i e s "  and t h e  s i g n i f i c a n c e  of such concepts  a s  t h e  
d e n s i t y  of koincidence s i t e s  ( s ee  Sec t ion  1.2 below) and t h e  p o s s i b l e  degeneracy 
of g r a i n  bodndary s t r u c t u r e s  [ 8 , 9 ] .  

Despi te  t h e  very s u b s t a n t i a l  and important  c o n t r i b u t i o n s  which have been made 
by computer s imula t ion ,  a  number of problems have p e r s i s t e d .  These inc lude  t h e  
fol lowing:  

( i )  s i m p l i f i e d  2-body c e n t r a l  f o r c e  approximations a r e  gene ra l ly  used; 

( i i )  i n t e r a tomic  p o t e n t i a l s  a r e  o f t e n  used which a r e  s t r i c t l y  e m p i r i c a l  
,and which l a c k  a  sound t h e o r e t i c a l  base ;  
I 

( i i i )  d i f f i c u l t i e s  have a r i s e n  i n  avoiding me tas t ab le  s t a t e s  and f i n d i n g  
t r u e  'equi l ibr ium conf igu ra t ions ;  

( i v )  t h e  . c a l c u l a t i o n s  have u s u a l l y  been made w i t h  s t a t i c  models which 
neg lec t  t h e  e f f e c t s  of l a t ' t i c e  v i b r a t i o n s  and entropy;  

(v) t h e  c a l c u l a t i o n s  have a l l  been made on s p e c i a l  g r a i n  boundaries  w i th  
s t r u c t u r e s  of s h o r t  wave l eng th  p e r i o d i c i t y  ( s ee  Sec t ion  1 .2  below) 
i n  o rde r  t o  avoid l a r g e  ensembles. 

1 .2 S p e c i a l  Boundaries and Boundary Energy 
..I! ' 

Both experimental  work and computer s imu la t ion  show t h a t  many p a r t i c u l a r  
boundaries  e x i s t  which possess  r e l a t i v e l y  low energy. These low energy boundaries  
o f t e n ,  b u t  no t  always, possess  ordered atomic s t r u c t u r e s  (with s h o r t  wave l e n g t h  
p e r i o d i c i t i e s )  due t o  r e l a t i v e l y  good atomic matching ( i . e . ,  p e r i o d i c  co inc idence)  
of t h e  l a t t i c e s  a c r o s s  t h e  boundary. Boundaries wi th  s i g n i f i c a n t  p e r i o d i c  s t r u c -  
t u r e  have usua l ly  been c a l l e d  "spec ia l"  boundaries  and can  be descr ibed  l o c a l l y  by 



ordered a r r a y s  of t h e  cornpad t polyhedra mentioned i n  Sec t ion  1.1. These bound a r i  e s  
have a l s o  been c l a s s i f i e d  f u r t h e r  [17] according t o  t h e  type of pe r iod ic  matching 
which i s  p re sen t ,  i. e .  , 

( i )  CSL .-(Coincidence S i t e  L a t t i c e )  matching: i n  t h i s  ca se  t h e  two adjo in-  
i ng  c r y s t a l s  e x h i b i t  matching i n  t h r e e  dimensions, and a f r a c t i o n  of 
t h e i r  atoms f a l l s  on a 3-dimensional coincidence s i t e  l a t t i c e  [18] .  

( i i )  NCSL (Near co inc idence  s i t e  L a t t i c e )  matching: i n  t h i s  ca se  2-dimen- . 

s i o n a l  l a t t i c e  matching i s  achieved a c r o s s  t he  boundary p lane  when 
s u i t a b l e  atomic n e t s  e x i s t  on t h e  c r y s t a l  f a c e s  ad jo in ing  t h e  boundary 
which almost match i n  s i z e  and shape. Exact coincidence is  then ob- 
ta ined  by applying s t r e s s e s  which can then  be canceled by a network 
of s u i t a b l e  g r a i n  boundary d i s l o c a t i o n s  (GBDs). 

( i i i )  PM (Plane Matching): i n  t h i s  c a s e  1-dimensional matching is  obta ined  
when s t a c k s  .of i d e n t i c a l  and r e l a t i v e l y  low (hkl} p lanes  i n  each of 
t h e  two c r y s t a l s  ad jo in ing  t h e  boundary i n t e r s e c t  t h e  boundary i n  s e t s  
of t r a c e s  which match i n  spacing and d i r e c t i o n .  Any mismatch i s  
forced  i n t o  narrow l i n e s  (GBDs) which bear  a c l o s e  r e l a t i o n s h i p  t o  t h e  
~ o ' i r 6  p a t t e r n  produced by t h e  unrelaxed p l ana r  t r a c e s .  

A s  pointed ou t  above, s h o r t  wave l eng th  p e r i o d i c i t y  i s  not  a ; , r e l i ab l e  c r i t e r -  
i on  f o r  low boundary energy [17,19] ,  and o t h e r  p a r t i c u l a r  boundarl'es i n  a d d i t i o n  
t o  many s p e c i a l  boundaries  possess  r e l a t i v e l y  low energy. ~ v i d e ~ g l ~ ,  o t h e r  fac-  
t o r s  such a s  t he  e l e c t r o n i c  energy and f u r t h e r  a s p e c t s  of t h e  atomic arrangement 
must f r equen t ly  be important .  I n  gene ra l ,  a t  t h e  p re sen t  time we.have no simple 
and u n i v e r s a l  s t r u c t u r a l  r u l e s  f o r  p r e d i c t i n g  low energy boundaries .  

I 

1 . 3  Secondary Relaxa t ions  (Co l l ec t ive  Relaxations.)  

Many boundaries wi th  c r y s t a l  mi so r i en t a t ions  near  m i s o r i e n t a t i o n s  correspond- 
i ng  t o  those  of s p e c i a l  boundaries  of r e l a t i v e l y  low energy r e l a x . i n t o  
" f i t / m i s f i t "  s t r u c t u r e s  c o n s i s t i n g  of pa tches  of t h e  s p e c i a l  boundary p l u s  
a r r a y s  of GBDs [2 ,3 ,5-71.  The GBD a r r a y  t h e r e f o r e  compensates f o r  t h e  d e v i a t i o n  
from t h e  low energy o r i e n t a t i o n  i n  much t h e  same way a s  a low angle  g r a i n  bound- 
a r y  d i s l o c a t i o n  network compensates f o r  t h e  smal l  c r y s t a l  mi so r i en t a t ion  of such 
a boundary. These boundaries  t h e r e f o r e  tend t o  e x i s t  near  t he  curves  of E = E(8) 
curves  where E = g r a i n  boundary energy and 8 = misor i en ta t ion  angle .  A major 
problem a t  p r e s e n t  i s  t h e  f a c t . t h a t  c r i t e r i a  f o r  t h e  ex i s t ence  of t h e s e  s t r u c t u r e s  
a r e  no t  w e l l  e s t a b l i s h e d  a n d . t h a t  we have l i t t l e  r e l i a b l e  informat ion  about  t he  
range of cond i t i ons  over which t h e s e  f i t l m i s f i t  s t r u c t u r e s  a r e  s t a b l e  [ 7 ] .  

1 . 4  Facet  and Ledge S t r u c t u r e s  

I n  many cases  t h e  energy of t h e  boundary depends upon t h e  o r i e n t a t i o n  of t h e  
boundary plane,  and t h e r e  i s  a tendency f o r  t h e  boundary t o  break up i n t o  a s t r u c -  
t u r e  conta in ing  f a c e t s  o r  ledges.  This  phenomenon i s  no t  understood q u a n t i t a t i v e -  
l y  a t  p re sen t ,  s i n c e  w e l l  e s t a b l i s h e d  c r i t e r i a  a r e  no t  a v a i l a b l e  f o r  p r e d i c t i n g  
t h e  boundary energy a s  a f u n c t i o n  of t he  o r i e n t a t i o n  of t he  g r a i n  boundary p lane  

[191. 



2. DEFECT STRUCTURE OF GRAIN BOUNDARIES 

2.1 Point Defects (Vacancies and Interstitials) 

No reliable calculations have been made of the structure and energies 
of point defects (vacaricies or interstitials) in grain boundaries. It is not 
known whether such defects remain localized when they are formed in the boundary 
or whether they dissociate over a relatively larger volume (particularly in non- 
special boundaries).. 

The binding energy of such defects to the grain boundary is therefore un- 
known, as is the rate at which they might diffuse (extended or not). The binding 
energies of point defects in grain boundaries of ceramic materials is of 

, unusual importance and complexity as these defects control the boundary electrical 
charge which influences solute segregation, migration and possible other phenomena. 

2.2 Line Defects (Grain Boundary Dislocations [GBDs]) 

GBDs are. known to exist in a wide range of special boundaries [2, 3, 
5, 6, 71. A'schematic diagram of such a GBD is shown in Figure 3. Grain boundary 
ledges are often associated with such'dislocations [20] as may be seen in 
Fig. 3.  these defects may'be either intrinsic (i.e., part of the equilibrium 
boundary structure, Section 1.3) or extrinsic (i.e., excess nonequilibrium 
defects). 

The Burgers vectors of such GBDs tend to decrease in magnitude as the 
boundary becomes less special (i.e., less ordered and of longer periodicity). 
At some point, as boundaries become less special, the Burgers vectors become 
sufficiently small so that the corresponding dislocations become physically in- 

5 
significant, and the concept of GBDs is then lost. 

. 3  

It has.a.1~0 been postulated that the GBD core width increases as the 
boundary becomes less special, and the Burgers vector decreases. However, this 
point is controversial at present, and is an important unresolved question. In 
any case, it is known that GBDs become less well defined as the boundary becomes 
less special and that they cannot be detected (by electron microscropy, for 
example) in nonspecial boundaries. 

2.3 Solute Atoms 

From the standpoint of solute atom segregation, grain boundaries are highly 
complex defects which possess widely varying structures and a wide variety of 
sites which may be attractive to solute atoms. 

In a recent review of segregation at grain boundaries, Balluffi [7] 
reached the following conclusions: 

? ,  

(i) a wide range of segregation behavior may be expected ranging from 
relatively simple situations where the segregating atoms adopt 
the basic structure of the host boundary to complex situations 
where the segregation produces a new structure in the boundary core; 
the latter situation is most likely in the case of non-special 



boundaries in the presence of a'high concentration of strongly 
interacting s ~ l i i t e  atoms; 

(ii) measurements of the extent of grain boundary segregation confirm 
the existence of a wide range of behavior as suggested above; 
situations range from highly dilute segregates to the formation of 
multi-layered segregates and possible 2-dimensional ordered compounds; 

(iii) a number of different types of observations indicate that the degree 
of segregation often varies between boundaries and therefore depends 
upon the boundary structure. There is experimental evidence that 
the degree of segregation to special boundaries tends to be lower 
than to non-special boundaries; 

(iv) ambiguous results exist regarding the magnitudes of the variations 
in the degree of segregation which may occur at different boundaries 
in typical polycrystalline materials; 

(v) no really adequate systematic and quantitative studies have been 
made of the relationship between grain boundary structure and 
segregation over a range of thermodynamic conditions; also, no 
detailed determinations of the atomic structure of grain boundary 
segregates have been made. 

el" 

3. DIFFUSION AT GRAIN BOUNDARIES 

I It is well established that atomic diffusion and mass transport %?e ' 

1 

i relatively rapid along grain boundaries and that they generally act 62- diffusion , "short circuits". The diffusivity spectrum for metals [22] is shown in Fig. 4 
using a reduced reciprocal temperature scale. The results show rather clearly 

3 . , 
that 

:3 

I 
where DS = surface diffusivity, D~~ = grain boundary diffusivity, and DL = lattice 
diffusivity. 1' 

However, measurements of grain boundary diffusivities are generally of 
relatively low accuracy as seen, for example, from the large scatter of the data 
for metals [23] in Fig. 5 where a reduced reciprocal temperature scale has again 
been used. 

3-.A 

Satisfactory measurements of the "chemical diffusivities" of solute atoms., 
are particularly lacking. The results are usually not corrected for segregation 
effects, and little information is available regarding the diffusion rates of 
the individual species involved, i.e., the "intrinsic" chemical diffusivities, 
and the compositional dependence of the diffusion. 



Only a few measurements of diffusivity versus type of boundary have been 
made [24]. No satisfactory general rules relating the diffusion rate to the 
boundary type have been established. Negligible information is available re- 
garding the possible anisotropy of diffusion in boundaries. 

The atomic mechanism of grain boundary diffusion is not established. The 
important relationship between mass transport along grain boundaries (motivated, 
say, by stress) and measurements of tracer self-diffusion rates is not clearly 
established. 

Grain bouiidaty JiIIusion rates in a number of important systems,have not 
yet been measured. For example, the important question of whether small inter- 
stitial atoms (such as carbon atoms in iron) diffuse faster, or slower, in grain 
boundaries or the lattice is not yet answered. 

Finally,, we remark that grain boundary diffusion rates may be strongly 
influenced by the presence of impurities and other solute atoms. Recent evi- 
dence [ 25 ]  indicates that diffusive transport is often enhanced by orders of 
magnitude by additions of second elements which form low melting eutectics. 
The evidence is unclear whether this results from solute enhancement of the 
grain boundary diffusivity by several orders of magnitude or from solid 
I I carrier" phases along the boundaries which have high diffusivities. 

.d 
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4. GRAIN BC~DARIES AS SOURCES / s INKS FOR POINT DEFECTS 

Grain boundaries as sources/sinks for point defects have been discussed 
recently by^.galluffi ... , I [26] and Gleiter [27]. 

Non-special boundaries in pure metals appear to act as good vacan y - S sources/sinks at point defect chemical potentials as low as 10 ev. 
There are ikdications 1281 that boundaries in many ceramic materials may not 
be comparably efficient and that the efficiency may be relatively low at - 3 defect potentials as high as 10 ev. 

The sink' eificiencies of special boundaries in metals appear to be lower 
than those of non-special boundaries particularly at low point defect chemical 
potentials. 

Special boundaries act as point defect sources/sinks by a mechanism in- 
volving the climb of GBDs in the boundary plane. 

The mechanism by which non-special boundaries act as highly efficient 
sources/sinks is not well understood at present, nor are the differences which 
make boundaries in ceramics less efficient. It seems possible that point defects 
dissociate in non-special boundaries, and that a vacancy entering such a 
boundary is eliminated by a general collapse process spread over an appreciable 
volume [26]. This process is similar to the dissociation and collapse of a 
vacancy in amorphous bulk material which has been demonstrated recently 
[29, 301. 



Fine dispersions of hard particles appear to lower the source/sink 
efficiency of boundaries and hence inhibit the rate of diffusional 
creep [31]. Although this behavior has been interpreted in terms of par- 
ticle inhibition of GBD climb detailed understanding is lacking. 

5. GRAIN BOUNDARY MIGRATION 

There is extensive evidence [32] that the rate of grain boundary migration 
is often controlled by the rate at which solute atoms, bound to the core, are 
able to migrate along with the boundary. The rate of grain boundary migration 
in many materials is therefore expected to be a complex function of a number 
of variables such as solute atom concentration, solute atom diffusivity, 

, intrinsic boundary mobility, temperature and driving force. An example of 
the effect of solute content on the grain boundary mobility is shown in 
Fig. 6 [33]. 

In a few cases, migration has been studied in ultra pure materials in 
the absence of strong impurity effects [32]. Even in this case the mechanism 
for migration is not yet determined. A popular atomistic model [34] has in- 
volved the loss of atoms from the shrinking crystal to the boundary and the 
diffusion of these atoms in the boundary to points where they join the growing 
crystal. Evidence has been claimed [34] for the widespread existence of 
dissolution/growth GBD spirals as the points where atoms are removed from the 
shrinking crystal or added to the growing crystal. This would seem possible 
for special boundaries but unrealistic for non-special boundaries which, as 
pointed out above in Section 2.2, cannot support physically significant GBDs. 
As usual, our lack of information about the structure (and defect structure) 
of non-special boundaries makes it difficult to model and understand 'a complex 
phenomenon such as grain boundary migration. 

In general, it has been particularly difficult to measure grain boundary 
mobilities for specified boundaries under known driving forces.   here is 
some evidence [32] that the mobilities of special boundaries are greater than 
those of non-special boundaries, and it has been suggested that this'may be 
due to the fact that special boundaries have a smaller interaction with 
impurities than non-special boundaries, However, this point of view is 
controvgrsial [35]. It has also been found 1351 that boundaries formed by 
a 41-42 rotation around [Ill]. have an unusually high mobility in aluminum. ' 

This boundary has no obvious special structural features, and the cause of 
this high mobility therefore remains unknown. 

6. DISLOCATION PHENOMENA AT GRAIN BOUNDARIES 

6.1 Grain Boundaries as Lattice Dislocation Sinks 

When lattice dislocations impinge on grain boundaries they generally 
tend to dissociate into GBDs possessing smaller Burgers vectors [36, 371. 
When the boundary is a special boundary the product GBDs have sufficiently 
large Burgers vectors to remain as physically distinguishable GBDs. However, 



when the boundary becomes less special the Burgers vectors become smaller and 
the product GBDs become less well defined. In the limit of vanishingly small 
Burgers vectors, the formal model of dissociation into indistinguishable GBDs 
becomes formally equivalent to a uniform core-spreading model, since, a uniform 
spreading can be well represented by a distribution consisting of an infinite 
number of GBDs possessing infinitesimal Burgers vectors. 

The rate of the dissociation depends upon whether the product GBDs are 
glissile or sessile in the boundary plane. When the GBDs are all glissile 
the dissociation occurs rapidly without. thermal activation. When climb is 
required thermal activati0n.i~ required, and the process becomes much slower. 
No quantitative studies of the kinetics of this process have yet been reported. 

6.2 Grain Boundaries as Lattice Dislocation Sources 

It has been pointed out that grain boundaries may act as sources of 
lattice dislocations under certain circumstances [38, 391. Rather casual ob- 
servation has shown that lattice dislocations are often emitted at regions 
of high stress concentration such as at ledges. However, systematic studies of 
this phenomenon have not yet been carried out. 

6.3 Grain Boundary Sliding 

It has often been proposed that the important phenomenon of grain boundary 
sliding occurs as a result of the movement of GBDs. Mod'els based on the movement 
of either intrinsic GBDs or extrinsic GBDs have been suggested [40]. 

It has also been proposed that sliding odcurs by a mechanism in which 
lattice dislocations from the grain interiors are held up at the boundary and 
cause sliding by a combination of climb and glide in the boundary plane [41]. . [> 

Models based on GBD movement appear to be realistic for special boundaries 
where GBDs9are well defined entities. However, such models become poorly de- 
fined for non-special boundaries because of our inadequate understanding of the 
structure of conceivable line defects in such boundaries (see Section 6.1). 

In genera.1, we may conclude that present models for sliding are inadequate, 
particularly for non-special boundaries. 

7 .  ATOMIC BONDING AND COHESION AT GRAIN BOUNDARIES 

It is well known experimentally that preferential brittle fracture often 
occurs.along grain boundaries. However, very little is known at the basic 
level about the atomistic nature of bonding and cohesion at grain boundaries, 
and of the brittle versus ductile behavior of sharp cracks [42] at boundaries. 
The problem of dealing with the separation of the two grains at the grain bound- 
ary should be intimately connected with the grain boundary structure and energy. 
Apparently, no fundamental treatments of this problem exist. 

It is also well known that solute atom segregation can play an important 
role in this phenomenon. Of special importance, therefore, would be experi- 



mental and theoretical information about the effect of grain boundary segregation 
on intergranular cohesion. A theoretical approach to this problem may be feas- 
ible using the grain boundary model consisting of compact polyhedral groups of 
atoms (see Section 1.1) in conjunction with self-consistent-field cluster 
molecular-orbital model techniques in current use [43]. In this approach an 
impurity atom can be inserted in the grain boundary polyhedral group (i.e., 
cluster) and a full quantum mechanical calculation of the electronic states can 
then be made. 

8. NON-EQUILIBRIUM PROPERTIES OF GRAIN BOUNDARIES 

It is known that large increases in the density of extrinsic GBDs occur 
in special grain boundaries during plastic deformation at low and intermediate 
temperatures. There is also evidence that this defect structure anneals out 
rather abruptly at more elevated temperatures by a process which might be 
called "grain boundary recrystallization" by analogy with the well known 
phenomenon of lattice recrystallization [44]. It seems conceivable that an 
extrinsic defect structure of some sort may also build up and anneal out in 
plastically deformed and annealed non-special boundaries. No systematic 
studies have been made of the energetics or kinetics of such recovery processes. 

It has been suggested by at least several workers that non-equilibrated 
boundaries may have physical properties which differ appreciably fib? corres- 
ponding properties characteristic of the equilibrated state. ~resuiabl~ such 
effects would be due to the presence of an extrinsic defect structb&; 
Specifically, evidence has been claimed that diffusion rates along migrating 
boundaries can be orders-of-magnitude greater than along correspond<ng station- 
ary boundaries in a more equilibrated state [45, 461. It has also bee* proposed 

.:I b 
that boundaries.which have absotbed excess vacancies or lattice dislocations 
behave differently than well equilibrated boundaries [47]. In a number. of these 
experiments questions of interpretation remain, and further more conclusive 
investigations regarding possible non-equilibrium effects would be $?sirable.' 

3 I !i 

9. TECHNIQUES FOR STUDYING GRAIN BOUNDARIES 

The relatively recent development of powerful high resolution electron 
optical microscopic and micro-analytical techniques has produced a renaissance 
in the field of grain boundary research. It is now becoming possible to study 
details of the atomic structure and local chemistry which were.unobservable 
previously. Techniques of value include, for example: 

! 

.Ti; . 

i: . > 
(i) high resolution electron microscopy; -. 

5. ' l i +  

. .. . l:' 
(Ti) scanning transmission electron microscopy; 

(iii) scanning Auger spectroscopy. 



It has recently been demonstrated that electron and X-ray diffraction 
patterns can be obtained from the relatively small number of atoms in the grain 
boundary core [48]. It therefore seems feasible to carry out grain boundary 
structural determinations using standard diffraction methods. The use of high 
intensity synchrotron radiation for this purpose in the near future could lead 
to rapid progress. 

Modern developments in atom probe-field ion microscopy have produced 
instruments [49] which should make possible detailed studies during field 
evaporation of the distribution of segregated atoms at grain boundaries. So 
far, this technique' has not been seriously applied to the problem although it 
seems to be a promising possibility. 

Large scale computer simulation studies of greater reliability are becoming 
increasingly feasible as computer capability becomes cheaper and more convenient. 

. ,' 
The ustSc&f these techniques, in conjunction with properly designed experi- 

ments, should lead to continued progress in the field. 
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Fig .  1 Construct ion of g r a i n  boundary. ( a )  C r y s t a l s  placed 
r i g i d l y  toge the r  i n  s tandard  r e fe rence  p o s i t i o n .  
(b) Bicrys t a l  a f t e r  r e l a x a t i o n  of con f igu ra t ion  i n  ( a )  . 



Fig. 2 Computer simulated structure of [001] tilt boundary in aluminum. 
0 

Tilt angle = 36.9 . Compact polyhedron at C. (from Ref. 12) 



Fig.  3 Grain boundary edge d i s l o c a t i o n  i n  tilt boundary formed by r o t a t i n g  cubic c r y s t a l s  w i th  
0 

r e s p e c t  t o  one another  around [OOl] by 28.1 . Dis loca t ion  core  enc i r c l ed .  



Fig. 4 Diffusivity spectrum for metallic solids and 
liquids. T = melting temperature (K). M 
Curves represent average data. (from Ref. 22) 



Fig. 5 Arrhenius plot of all presently available 
grain boundary diffusivities in polycrystalline 
metals. Numbers indicate the references list- 
in 6231. (from Ref. 23.) 
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Fig .  6 ~ r i v i n g '  f o r c e  v e r s u s  g r a i n  

growth v e l o c i t y  f o r  l zone- 
r e f i n e d  l e a d  c o n t a i n i n g  v a r -  . 

i o u s  t i n  a d d i t i o n s .  . cf rom 
Ref.  3 3 . )  ' 
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I 1. INTRODUCTION 

For a l l  m e t a l l i c  m a t e r i a l s ,  p a r t i c u l a r l y  a t  e l eva t ed  tempera tures ,  de- 
formation p l ays  an  important  r o l e  i n  f r a c t u r e .  On t h e  macro-continuum l e v e l ,  
t h e  i n e l a s t i c  deformation behavior  of t h e  m a t e r i a l  determines how stress i s  
d i s t r i b u t e d  i n  t h e  body and thus  determines t h e  d r i v i n g  f o r c e  f o r  f r a c t u r e .  
A t  t h e  micro-continuum l e v e l ,  i n e l a s t i c  deformation a l t e r s  t h e  e l a s t i c  stress 
s i n g u l a r i t y  a t  t h e  c r ack  t i p  and s o  determines t h e  l o c a l  environment i n  which 
c r ack  advance t a k e s  p l a c e .  A t  t h e  microscopic  and mechanis t ic  l e v e l ,  t h e r e  
a r e  many p o s s i b i l i t i e s  f o r  t h e  mechanisms of deformation t o  be  r e l a t e d  t o  
t hose  f o r  c r ack  i n i t i a t i o n  and growth. 

I 

A t  e l eva t ed  t e m p e r a t u r e ~ ~ i n e l a s t i c  deformation i n  m e t a l l i c  systems is 
time dependent s o  t h a t  t h e  d i s t r i b u t i o n  of stress i n  a body w i l l  va ry  w i th  
t i m e ,  a f f e c t i n g  c o n d i t i o n s  f o r  c r ack  i n i t i a t i o n  and propagat ion.  Creep de- 
format ion  can reduce t h e  tendency f o r  f r a c t u r e ' b y  r e l a x i n g  t h e  stresses a t  
geometr ic  s t r e s s  concen t r a t i ons .  It can a l s o ,  under s u i t a b l e  c o n s t r a i n t s ,  
cause  a  concen t r a t i on  of stresses a t  s p e c i f i c  load ing  p o i n t s  a s  a  r e s u l t  of  
r e l a x a t i o n  elsewhere i n  t h e  body. A combination of deformation and unequal 
hea t ing ,  a s  i n  welding, can g e n e r a t e  l a r g e  r e s i d u a l  s t r e s s  which cannot  be 
p red i c t ed  from t h e  e x t e r n a l  l oads  on t h e  body. On t h e  o t h e r  hand, acce l e r a -  
t i o n  of deformation by r a i s i n g  t h e  temperature  can be an e f f e c t i v e  way t o  
r e l i e v e  such r e s i d u a l  s t r e s s e s ,  f o r  example, by a  post-weld hea t  t rea tment .  
The e f f e c t i v e n e s s  of such t r ea tmen t s  depends i n  p a r t  on a  knowledge of t h e  
temperature  dependence of deformation r a t e s .  I n  a  nonconstant  temperature  
environment, deformation accompanying temperature  c h a n g e s ~ c a n  agg rava t e  
thermal  stresses and set up c y c l i c  s t r e s s e s  t o  produce thermal f a t i g u e .  
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Since  any a n a l y s i s  of f r a c t u r e  i n  a  p a r t  must invol.ve a  knowledge of t h e  
s t r e s s e s  a c t i n g  t o  cause  t h e  f r a c t u r e ,  an i n e l a s t i c .  s t r e s s  a n a l y s i s  of t h e  
p a r t  w i l l  always be r equ i r ed .  This  a n a l y s i s  can o d y  g ive  r e l i a b l e  r e s u l t s  
t o  t h e  e x t e n t  t h a t  deformation behavior  of t h e  m a t e r i a l  can  be a c c u r a t e l y  
descr ibed  i n  t h e  temperature range of i n t e r e s t .  

On t h e  microscopic continuum l e v e l ,  on a  s i z e  s c a l e  comparable t o  t h e  
. c rack  t i p  s t r e s s  f i e i d ,  deformation p l a y s  a  s i m i l a r  r o l e .  P l a s t i c  and time 
dependent c r eep  deformation,  l o c a l i z e d  i n  t h e  c r a c k  t i p  r eg ion , cause  a  re-  
d i s t r i b u t ' i o n  of t h e  c r a c k  t i p  s t r e s s e s .  I n  g e n e r a l  a s  t h e  i n e l a s t i c  s t r a i n s  
i nc rease ,  t h e  peak s t r e s s e s  a r e  reduced, bu t  t h e  in f luence  of t h e  c r a c k  t i p  
i s  extended t o  l a r g e r  d i s t a n c e s .  Any a t t empt s  t o  e s t a b l i s h  the  l o c a l  stress 
o r  s t r a i n  cri teria f o r  c r ack  advance w i l l  r e q u i r e  t h a t  t h e  t ime dependent 
s t r e s s  and s t r a i n  d i s t r i b u t i o n s  around t h e  c rack  t i p  be e s t a b l i s h e d .  I n  
many cases  of i n t e r e s t ,  t h e  r a t e  of c r ack  growth may b e  comparable t o  t h a t  
f o r  s t r e s s  r e l a x a t i o n  by  creep .  I n  such a case ,  t h e  i n e l a s t i c  a n a l y s i s  re- 
qu i red  t o  determine t h e  l o c a l  stress and s t r a i n  d i s t r i b u t i o n s  is  complicated 
by t h e  f a c t  t h a t  t h e  boundary of t h e  body does n o t  remain f i x e d .  An addi- 
t i o n a l  compl ica t ion  a r i s e s  i f  vo ids  a r e  growing i n  t h e  c r a c k  t i p  stress 
f i e l d  ahead of t h e  c rack .  C lea r ly  t h i s  most gene ra l  problem is very  formidable,  
bu t  such  a  problem must even tua l ly  be analyzed i f  c o r r e l a t i o n s  of t ime de- 
pendent f r a c t u r e , . w i t h  q u a n t i t i e s  such a s  t h e  s t r e s s  i n t e n s i t y  f a c t o r ,  KI ,  
o r  tihe" J i n t e g r a l  a r e  t o  b e ' j u s t i f i e d ,  S i m i l a r l y  a n  accu ra t e  d e s c r i p t i o n  
of l o c a l  c r a c k  t i p  c o n d i t i o n s  is  requ i r ed  be fo re  one can determine whether 
t h e  c r i t e r i o n  f o r  c r ack  advance is more c l o s e l y  r e l a t e d  t o  t h e  c r ack  t i p  
s t r e s s  o r  t h e  c r ack  opening displacement .  

A t  t h e  microscopic and mechanis t ic  l e v e l  of understanding of f r a c t u r e ,  
t h e r e  a r e  a number of pos'sible connec t ions  between deformation and f r a c t u r e .  
Inhomogeneous modes of deformation such a s  g r a i n  boundary s i i d i n g  o r  con- 
c e n t r a t i o n  of s l i p  i n t o  shea r  bands a r e  o f t e n  c i t e d  a s  mechanisms f o r  pro- 
ducing h igh  l o c a l  s t r e s s e s  a s  f o r  example, around g r a i n  boundary p r e c i p i t a t e s  
o r  a t  t h e  i n t e r s e c t i o n  of shear  bands .wi th  g r a i n  boundaries .  The h igh  l o c a l  
s t r e s s e s  are i n  t u r n  assumed t o  be  r e s p o n s i b l e  f o r  t h e  nuc lea t ion  of vo ids  
even tua l ly  l ead ing  t o  f r a c t u r e .  . I t  has been suggested t h a t  abso rp t ion  of 
s l i p  d i s l o c a t i o n s  by g r a i n  boundaries  c r e a t e s  a  boundary s t r u c t u r e  which 
can n u c l e a t e  vo ids  without  r e q u i r i n g  boundary p r e c i p i t a t e s  o r  a  s t r u c t u r e  
which is a  more e f f i c i e n t  sou rce  of t h e  vacancies  r equ i r ed  f o r  c a v i t y  growth 
by d i f f u s i b n .  Generat ion of excess  vacancies  w i th in  t h e  g r a i n s  by moving 
jogged d i s l o c a t i o n s  has a l s o  been suggested a s  a  sou rce  of vacancies  f o r  
c a v i t y  growth, p a r t i c u l a r l y  when c y c l i c  deformation is' involved. Crea t ion  
of new s u r f a c e  by l o c a l i z e d  shea r  a t  t h e  c r a c k  t i p  is  cer ta ' in ly  one mechanism 
of c r a c k  growth i n  f a t i g u e  and may be ' impor t an t  i n  s t a t i c  t ime dependent 
f r a c t u r e .  Crea t ion  of f r e s h  r e a c t i v e  s u r f a c e s  and d i s r u p t i o n  of ox ide  
c o a t i n g s  by s l i p  bands emerging from s u r f a c e s  a t  a  c r ack  t i p  a r e  mechanisms 
of c r ack  propagat ion which a r e  o f t e n  mentioned f o r  c a s e s  where a n  aggres s ive  
environment i s  p re sen t .  Understanding i n t e r a c t i o n s  between deformation and 
f r a c t u r e  a t  t h i s  microscopic l e v e l  w i l l  r e q u i r e  t h a t  t h e  microscopic mechanisms 
of deformation are a l s o  understood. Such an  understanding r e q u i r e s  knowledge 
of deformation o n . a n  e n t i r e l y  d i f f e r e n t  s c a l e  t han  t h a t  requi red  f o r  continuum 
c a l c u l a t i o n s  where only  averages over  many g r a i n s  a r e  important .  - 



Based on the above general considerations, the following four research 
areas in deformation are identified as particularly important for basic 
research and will be discussed separately. They are: 

Deformation Properties 
Nature of Damage 
Constitutive Equations 
Crack Tip Problems 

2. DEFORMATION PROPERTIES 

Research on deformation properties is required to provide a mechanistic 
basis for the development of constitutive equations for the calculation of 
the distribution of stress at the continuum level. It is also required to 
provide'.an understanding of the nucleation and growth of cracks and cavities 
at the microscopic level. The following research topics .are considered to 
be high priority items. 

2.1 Heterogeneous Modes of Deformation 

In terms of its importance to high temperature fracture processes, 
grain boundary sliding is the most important heterogeneous mode of deforma- 
tion and deserves special attention. Grain boundary sliding is known to 
play a key role in the nucleation and growth of grain boundary cavities and 
cracks. Some theoretical progress has been made in recent years on defining 
the mechanisms of grain boundary sliding.lr2 Accurate experimental data 
are needed to test the validity of these theoretical concepts and to provide 
the basis for extending and improving the theories. Careful experiments are 
needed in a number of areas. The basic mechanisms ~ f ' ~ r a i n  boundary sliding 
should be investigated in pure polycrystals. The role of grain boundary 
particles must be investigated in a carefully controlled way in order to 
provide a basis for the understanding of the behavior of engineering materials. 
For example, it is still undetermined whether grain boundary particles are 
advantageous because they hinder sliding, or are deleterious because they 
cause stress concentrations and nucleate cavities. The importance of particle 
coherency, and of segregation of impurities to grain boundaries and particle 
interfaces also remains to be determined. 

The nature of the stress and strain concentrations that result from ' 
heterogeneous modes of deformation and their role in fracture processes are 
important areas that should be emphasized. For example, the build up and 
relaxation of stresses at triple points is important not only for crack and 
cavity nucleation, but also in controlling growth rates. A clearer under- 
standing of the distribution and strength of the stress and strain concen- 
trations that result from deformation at elevated temperature is essential 
to reaching an understanding of the basic mechanisms of cavitation and fracture. 

In spite of the fact that cavitation at grain boundaries has been 
recognized as an important mechanism of high temperature rupture for many 
years, a theory for nucleation of these cavities which agrees with experiment 



does no t  e x i s t .  Theories  f o r  n u c l e a t i o n  a t  p a r t i c l e s  a r e  o f t e n  found t o , b e  
i n  e r r o r  by s e v e r a l  o r d e r s  of  magnitude. A p o s s i b l e  exp lana t ion  f o r  t h e s e  
d i s c r e p a n c i e s  i s  that l o c a l  stresses were n o t  p rope r ly  accounted f o r .  Pro- 
g r e s s  i n  t h i s  a r e a  can probably be  achieved by experiments  on m a t e r i a l s  w i t h  
w e l l  c h a r a c t e r i z e d  deformation behavior  and under c o n d i t i o n s  where stress 
concen t r a t i ons  can be p rope r ly  taken  i n t o  account .  

Other heterogeneous modes of deformation inc lud ing  shea r  l o c a l i z a t i o n ,  
ane . l . as t ic i ty ,  and, v a r i o u s  modes of d i scont inuous  flow a l s o  r e q u i r e  f u r t h e r  
i n v e s t i g a t i o n .  A q u a n t i t a t i v e  d e s c r i p t i o n  of t h e  r o l e  of shea r  l o c a l i z a t i o n  
i n  c r a c k  n u c l e a t i o n  a t  t h e  s u r f a c e  and a t  g r a i n  boundaries  i s  p r e s e n t l y  
l ack ing .  S imi l a r  s i t u a t i o n s  e x i s t  i n  t h e o r e t i c a l  modeling of  va r ious  modes 
of d i s con t inuous  flow. 

2.2 Mechanisms of H i g h  and .Low-temperature Deformat i on  

Although a mechanis t ic  understanding e x i s t s  of c e r t a i n  modes of def orma- 
t i o n  t h a t  o p e r a t e  i n  some temperature  regimes,  a u n i f i e d  d e s c r i p t i o n  of high- 
and low-temperature deformation i s  n o t  a v a i l a b l e  and is  u rgen t ly  needed. I n  
t h e  homologous temperature  range  0.3-0.5 Tm (Tm = a b s o l u t e  mel t ing  tempera- 
t u r e )  where many engineer ing  m a t e r i a l s  are used, a number of mechanisms may 
c o n t r i b u t e  t o  deformation.  These p roces se s  i n c l u d e  g r a i n  boundary s l i d i n g  
and both  d i s l o c a t i o n  g l i d e  and d i s l o c a t i o n  climb c o n t r o l l e d  processes .  It 
i s  known a l s o  t h a t  t h e  e x t e n t  of t h e  mix of t h e s e  processes  w i l l  va ry  w i th  
stress o r  s t r a i n  r a t e  and te inperature .  P re sen t  knowledge does n o t ,  however, 
a l low a q u a n t i t a t i v e  measure of t h e  c o n t r i b u t i o n  of v a r i o u s  deformation pro- 
c e s s e s  and how they change a s  a f u n c t i o n  of t empera ture  and s t r a i n  r a t e .  
The l a c k  of a u n i f i e d  d e s c r i p t i o n  of  t h e s e  deformation processes  w i l l  h inde r  
t h e  development of a c c u r a t e  c o n s t i t u t i v e  equa t ions ,  e s p e c i a l l y  f o r  c o n d i t i o n s  
where experimental  d a t a  a r e  n o t  e a s i l y  a v a i l a b l e .  

A major need i n  both t h e o r e t i c a l  and exper imenta l  e f f o r t s  i s  t h e  i d e n t i -  
f i c a t i o n  and independent measurement of t h e  v a r i o u s  components of t h e  t o t a l  
i n e l a s t i c  s t r a i n .  For example, i t  is  n o t  p r e s e n t l y  p o s s i b l e  t o  de te rmine  
what p o r t i o n  of t h e  s t r a i n  i n  a c r eep  test  r e s u l t s  from g r a i n  boundary s l i d i n g  
and what p o r t i o n  i s  from m a t r i x  deformation.  It i s  n o t  p ~ ~ ~ i b i e  w i t h  p r e s e n t  
experimental  methods t o  s e p a r a t e  t r u e  p l a s t i c  s t r a i n  from recove rab l e  a n e l a s t i c  
s t r a i n .  The l a c k  of such informat ion  makes comparison of experiment w i t h  
theory  d i f f i c u l t  and makes i t  very  d i f f i c u l t  t o  e x t r a p o l a t e  experimental  
r e s u l t s  t o  d i f f e r e n t  temperatures  o r  s t r a i n  r a t e s  where t h e  r e l a t i v e  c o n t r i -  
bu t ions .  of v a r i o u s  mechanisms may b e  d f f  f  e r e n t .  

The importance of  understanding - t r a n s i e n t  and '  c y c l i c  e f f e c t s  i n  deforma- 
t i o n  should be  emphasized. I n  most s e r v i c e  cond i t i ons ,  even when stresses 
and tempera tures  a r e  s t eady ,  t h e  l i m i t a t i o n s  on a l lowable  s t r a i n  r e q u i r e  
t h a t  t h e  m a t e r i a l  always be  i n  t h e  t r a n s i e n t  c r eep  regime. Furthermore, 
engineer ing  m a t e r i a l s  a r e  n e a r l y  always sub jec t ed  t o  changes i n  stress and 
temperature  which can i n t r o d u c e  r epea t ed  t r a n s i e n t s .  These changes can be  
monotonic o r  c y c l i c ,  and s t r e s s  changes and temperature  changes f r e q u e n t l y  
o c c u r . i n  a coord ina ted  way. I n  s p i t e  of t h e i r  obvious importance, t r a n s i e n t  



effects on deformation have not been carefully studied. In spite of the 
widespread occurrence of creep-fatigue failure in service, fundamental 
studies of deformation phenomena in such situations are quite rare compared 
to studies on the fracture aspects. Most of the reported transient deformation 
is concerned with primary creep, cyclic creep (repeated tension loading 
at low homologous temperatures) and fatigue deformation (tension-compression 
loading at both low and high homologous temperatures). Material behavior 
under stress reversals where tensile ratcheting is occurring, where com- 
pressive excursions happen during creep in tension, e t ~ .  are rarely 
studied over the whole temperature range. Therefore, many of the consti- 
tutive equations existing today are not adequate under conditions where 
various combinations of temperature and stress transients .%ccur. 

2.3 Irradiation Effects 

According to present understanding, irradiation creep is not simply an 
enhanced thermal creep mechanism. Therefore, it deserves special attention 
as a new deformation mechanism of fundamental and practical importance. 

A few results reported in the literature3 indicate that irradiation 
creep enhances the creep rupture life of materials. This effect'counteracts 
the adverse effects of radiation hardening and embrittlement on,post- 
irradiation ductility and post-irradiation creep rupture. Aparb ~£-rom. the 
'practical implications of this effect in fission and fusion reacth~s, 
ir"radiation creep offers an added dimension to investigate the iriterplay 
between bulk deformation in the grain, and grain boundary sliding-and cavi- 

- 

tation as processes involved in high-temperature failure. . . -. 

Several mechanisms for irradiation creep have been proposed'in &he 
past. They can be categorized into 

a) Climb-only mechanisms [stress induced preferential absorption 
(SIPA) on faulted loops and SIPA on dislocations]. 

b) climb-controlled glide (climb may be either radiation- dr stress-. 
induced or both). 

c) Glide-only mechanisms (Cottrell yielding, unfaulting of ,,loops). 

Virtually no work in the basic materials sciences has been done in the ex--,, 
perimental area to identify or verify any of these proposed mechanisms. 
Theoretical modeling of microstructural evolution indicates that the dominant 
irradiation creep mechanism depends on the material, the irradiation tempera- 
ture, and the fluence. In fact, it appears that there is a transition from 
a glide to a SIPA process as a function of fluence. 

Three areas of research are deemed to be particularly worthyiGf'further 
investigation: C 

1) , Identification and verification of irradiation creep mechanisms 
by experimental methods in conjunction with theoretical support. 



2) Investigations on the effect of irradiation creep and irradiation 
induced segregation and phase changes on grain boundary sliding and 
cavitation. 

3) Investigations on the effect of irradiation creep on flow locali- 
zation and plastic instability. 

Among these three areas, the first two rank the highest. The third area, 
although no less important, requires that progress in the understanding of 
flow localization be made first or in parallel with research on irradiation 
creep. 

2.4 Multiaxial Effects 

~eformation under multiaxial loading has not been investigated extensively 
in the past in materials science, even though an engineering material is 
likely to experience this type of loading during service. Deformation 
phenomena which are observed only under multiaxial loading have been re- 
ported in the literature. For example, it has been shown experimentally 
that a thin wall tube will be elongated in the axial direction when it is 
deformed .i??.the nonelastic range under torsion.4 Extensive experimental 
effort is required to characterize those phenomena which are known and to 
discover new phenomena under conditions which have not been explored. 

s .  

Some constitutive relations that have already been proposed may account 
for some unusual multiaxial behavior. At present, however, there has been 
insuffici~3t experimentation or analytical application of the constitutive 
equations to such cases. It is clear that considerable experimental work 
is required for multiaxial loading. This is especially true for the rate ' 

dependent high temperature range. 

P 
At present most constitutive theory for multiaxial behavior is based 

on the J2 i2otropic plasticity theory of the von Mises type. such theory is 
unable to describe the anisotropy associated with multiaxial straining. It 
may be that. some of the mechanistic ideas from materials science may provide 
clues for developing more realistic constitutive equations, perhaps through 
the concept of internal stress. 

. - - 8  

3 .  NATURE OF DAMAGE 

Damage,in a material accumulated during service can be measured, for 
example, in terms of the number and size of grain boundary cavities 

' . 
and cracks. From a broader viewpoint, changes in the composition and micro- 
structure' of a material resulting from thermal and mechanical history with 
or without the presence of environmental effects can also be viewed as a 
form of damage because these changes can lead to the deterioration of the 
properties of a material. For both scientific and engineering interests it 
would be desirable if the extent and the rate of damage accumulation can be 



c o r r e l a t e d  w i t h  deformation parameters  such a s  s t r e s s ,  s t r a i n  r a t e ,  ternpera- 
t u r e ,  e t c . ,  which c h a r a c t e r i z e  t h e  s e r v i c e  h i s t o r y  of a  m a t e r i a l .  This  
t ype  of c o r r e l a t i o n  w i l l  p rov ide  a  u s e f u l  b a s i s  f o r  formula t ing  t h e  f a i l u r e  
c r i t e r i a  i n  o r d e r  t o  p r e d i c t  t h e  u s e f u l  l i f e  of a  m a t e r i a l .  I n  t h e  fo l lowing  
t h e  need of c h a r a c t e r i z i n g  t h e  v a r i o u s  forms of damage from t h e  above view- 
p o i n t  w i l l  be  d i s cus sed .  

3 .1  Nucleat ion and Growth of Cracks and Grain Boundary C a v i t i e s  

I t  should be  recognized tha t ,  i n  a d d i t i o n  t o  g r a i n  boundary c a v i t i e s  
and c r acks ,  t h e  n u c l e a t i o n  and growth of s u r f a c e  c racks  i n  t h e  tempera ture  
range  near  0.3 Tm and below a r e . o f  t e chno log ica l  i n t e r e s t .  A t  t h e s e  temp- 
e r a t u r e s ,  l i n e a r  f r a c t u r e  mechanics i s  n o t  expected t o  be  a p p l i c a b l e  because 
of t h e  increased  i n f l u e n c e  of n o n e l a s t i c  deformation a t  t h e  c r a c k  t i p  wh i l e  
t h e  s t r u c t u r a l  component i t s e l f  o p e r a t e s  e s s e n t i a l l y  i n  t h e  e l a s t i c  range.  
The growth of c r acks  i n  t h e  p r e s s u r e  v e s s e l  of low a l l o y  steels of a  l i g h t  
water  r e a c t o r  under thermal  s t r e s s  c y c l e s ,  t h e  n u c l e a t i o n  and growth of 
c r acks  i n  t h e  hea t - a f f ec t ed  zone near  a  weld i n  t h e  s t a i n l e s s  s t e e l  p ipes  
of  a  b o i l i n g  water  r e a c t o r ,  and t h e  expected c r ack  growth i n  t h e  f i r s t  w a l l  
of  a  tokamak type  f u s i o n  r e a c t o r  a r e  examples of t h i s  t ype  of t h e  dependent 
f r a c t u r e .  It should be  recognized a l s o  t h a t  under s t a t i c  loading and i n  a  
s imula ted  b o i l i n g  water  r e a c t o r  environment, l a b o r a t o r y  tests have shown 
t h a t  t h e  c r a=k  growth i n  a n  a u s t e n i t i c  s t a i n l e s s  w i l l  proceed inR.a discon-  
t inuous  mode. 'I 

.C. 

Since  deformation a t  t h e  c r ack  t i p  is  expected t o  p lay  an  important  r o l e  
i n  c r ack  growth i n  t h e  tempera ture  range  nea r  0.3 Tm and below, one would 
expect  t h a t  t h e  c r a c k  growth r a t e  w i l l  be s t r o n g l y  dependent onJ ' the deforma- 
t i o n  paraineters bo th  a t  t h e  macro-continuum l e v e l  and t h e  micro-continuum 
l e v e l  a t  t h e  c r a c k  t i p .  . f 

F 

It has  been e s t a b l i s h e d  t h a t  depending on t h e  e x t e n t  of i n c o m p a t i b i l i t y  
between g r a i n  boundary s l i d i n g  and g r a i n  ma t r ix  deformation one can expec t  
damage i n  t h e  form of wedge type  of g r a i n  boundary c racks  a t  h igher  s t r a i n  
r a t e s  and damage i n  t h e  form of g r a i n  boundary c a v i t i e s  a t  lower s t r a i n  " 

r a t e s .  Once t h e  c a v i t i e s  and c r acks  a r e  nuc l ea t ed ,  t h e i r  growth r a t e  w i l l  
depend on t h e  magnitude of t h e  l o c a l  s t r e s s  a t  t h e  g r a i n  boundary and a t  
t h e  t r i p l c  p o i n t .  The i n c o m p a t i h j l i t y  between g r a i n  boundary s l i d i n g  and 
g r a i n  ma t r ix  deformation a n d ' t h e  r e l a t e d  stress concen t r a t i on  and r e l a x a t i o n  
i n  t u r n  a r e  c o n t r o l l e d  by t h e  r e l a t i v e  c o n t r i b u t i o n  of g r a i n  boundary s l i d i n g  
and g r a i n  ma t r ix  deformation t o  deformation which v a r i e s  depending on t h e  
l e v e l  of a p p l i e d  stress and temperature .  Thus one is  i n t e r e s t e d  aga in  i n  
t h e  deformation parameters  a t  t h e  macro-continuum l e v e l  and a t  t h e  micro- 
continuum l e v e l ,  f o r  example, a t  t h e  t r i p l e  p o i n t ,  i n  o rde r  t o  e s t a b l i s h  
a  c o r r e l a t i o n  between t h e  r a t e  of n u c l e a t i o n  and growth of grainEboundary 
c r acks  and c a v i t i e s  and t h e  s e r v i c e  c o n d i t i o n  of a n  engineer ing  ma te r i a l . ' .  

> 



3 .2  Changes i n  Composition and Mic ros t ruc tu re  Due t o  ~ h e r m a l  
and Mechanical E f f e c t s  

Changes i n  composition and m i c r o s t r u c t u r e  involve  t h e  g r a i n  boundary 
a s  w e l l  a s , t h e  g r a i n  ma t r ix .  A g r e a t  d e a l  of d i f f e r e n t  phenomena can occur  
i n  d i f f e r e n t  systems: 

a )  I n  some, v i r t u a l l y  no change occurs ;  TD n i c k e l  is an  example 
of t h i s ,  and t h e r e  a r e  o t h e r s  con ta in ing  i n t e r m e t a l l i c s  .which 

- a r e  not  g r e a t l y  a f f e c t e d .  
b) Overaging f r e q u e n t l y  occurs ,  sometimes inyolv ing  coarsening,  

sometimes t h e  replacement of one me tas t ab le  p r e c i p i t a t e  by 
another ;  i n  some cases ,  hardening can  a c t u a l l y  occur ,  i n  o t h e r s ,  
more usua l ly ,  so f t en ing  occurs .  

c )  P r e c i p i t a t e  changes i n  a s s o c i a t i o n  w i t h  l o c a l i z e d  s h e a r  is a 
p a r t i c u l a r l y  damaging problem i n  systems conta in ing  ordered 
p r e c i p i t a t e s .  These can be  d i so rde red  i n  c y c l i c  cond i t i ons ,  
o r  i n  a s s o c i a t i o n  w i t h  t e n s i l e  r a t c h e t i n g ,  can be  sheared o f f  
and weakened by c u t t i n g .  

d) D i s so lu t ion  i s  a l s o  a problem, e s p e c i a l l y  i n  f e r r o u s  systems 
gene ra l ly .  

e )  The combined e f f e c t  of deformation and thermal  aging can b e  
impor tan t ,  f o r  example, p r i o r  co ld  work w i l l  enhance p r e c i p i t a t i o n  
dur ing  thermal  ag ing  both i n  t h e  g r a i n  boundary and i n  t h e  
bulk i n  s o l u t i o n  t r e a t e d  a u s t e n i t i c  s t a i n l e s s  s t e e l s .  

f )  Changes can be  .concentrated a t  t h e  g r a i n  boundary, f o r  example, 
t h e  s e n s i t i z a t i o n  phenomena i n  a u s t e n t i c  s t a i n l e s s  steels and 
temper embri t t lement  phenomena i n  f e r r i t i c  s t e e l s .  
, ? 

Many of '  t h e  phenomena mentioned above a r e  t ime dependent and a r e  dependent 
a l s o  on t h e  p a r t i c u l a r  thermal  and mechanical h i s t o r y  of i n t e r e s t .  They 
w i l l  i n  gene ra l ,  i n f luence  the .de fo rma t ion  p r o p e r t i e s  of a m a t e r i a l .  A 
q u a i t  i t a t  i v e  . d e s c r i p t i o n  of t h e  k i n e t i c s  of many of t h e s e  phenomena and t h e i r  
e f f e c t s  on deformation p r o p e r t i e s  reriains t o  be developed. 

3 . 3  Changes i n  Composition and Mic ros t ruc tu re  Due t o  Environmental 
E f f e c t s  

Chemical and i r r a d i a t i o n  environments a r e  expected t o  be a b l e  t o  change 
s i g n i f i c a n t l y  t h e  composition and m i c r o s t r u c t u r e  of a m a t e r i a l .  I n  a t y p i c a l  
environment of a c o a l  conversion p l a n t ,  both deca rbu r i za t ion  and t h e  forma- 
t i o n  of methane bubbles a t  t h e  g r a i n  boundary w i l l  occur  i n  a low a l l o y  s t e e l .  
The l a t t e r  phenomena coupled w i t h  t h e  i n f l u e n c e  of a n  app l i ed  s t r e s s  can 
a c c e l e r a t e  g r a i n  boundary damage. I n  a l i q u i d  meta l  environment, t h e  decar- 
b u r i z a t i o n  of f e r r o u s  a l l o y s  and t h e  ox ida t ion  of r e f r a c t o r y  meta ls  have 
been r epor t ed  ex tens ive ly  i n  t h e  l i t e r a t u r e .  I n  an i r r a d i a t i o n  environment, 
i n  a d d i t i o n  t o  t h e  w e l l  known mic ros t ruc tu re  changes produced by displacement  
damage, one should cons ider  a l s o  t h e  e f f e c t s  of i r r a d i a t i o n  induced segre-  
g a t i o n  and p r e c i p i t a t i o n  a t  t h e  g r a i n  boundary, t h e  formation of helium 
bubbles a t  t h e  g r a i n  boundary,as w e l l  a s  t h e  e f f e c t s  of t ransmuta t ion  products  
which can be  a p p r e c i a b l e  i n  f u s i o n  r e a c t o r  environments. 



The kinetics of some of the phenomena mentioned above have been re- 
ported in the literature. In general, they have not been studied in detail 
for the interests of deformation properties and.time dependent fracture. 
It should be noted that research on the correlation between changes in 
microstructure and in mechanical properties are usually time consuming and 
costly. Attention should be given to the development of approaches which 
will improve the efficiency of the research and will allow the establishment 
of the limits of the effect of a given phenomenon for the interest of 
engineering design. 

4. CONSTITUTIVE EQUATIONS 

Constitutive equations are required to calculate the stress distribu- 
tion and deformation, for example, at the macro-continuum level, in a 
structuralcomponent and at the micro-continuum level, at the crack tip 
and at grain boundary triple points. The various complexities of the 
deformation processes discussed previously suggest that it may be difficult 
to develop a unified set of constitutive equations that are applicable 
to a variety of materials for a wide range of deformation conditions and 
histories (temperature, stress, etc.). In the development of the required 
constitutive equations, one should keep in mind that the task will be 
easier and more effective if it is aimed at describing the deforma%ion 
properties of a specific class of material and a specific range ofiqappli- 
cation. Since these constitutive equations will be used in numerical 
calculations, it is essential that the form of the equations be such that 
'they can be integrated efficiently. 

An important part of the work on constitutive equations is the develop- 
ment of associated materials .testing methods to provide the specifpc informa- 
tion needed in the constitutive laws. Some of the traditional approaches 
such as the creep test and low strain rate tensile test are time consuming. 
These traditional tests may not always be capable of providing all'of the 
information necessary to characterize the material. For characte~izing 
deformation properties for heat-to-heat variations and for alloy selection 
and development, it will be desirable if more efficient approaches are 
developed. Once the constitutive equations are developed and the materials 
parameters are measured, some meaningful benchmark tests should be devised 
to test their validity in the range of application of interest. Because 
the accuracy of the constitutive equations and their ability in data extra-. 
polation depend strongly on their mechanistic and scientific basis, it is . 

envisaged that improvement of the constitutive equations will be made on a 
continuous basis as improvements in our understanding of fundamental deforma- 
tion processes occur. *C  
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5. CRACK TIP PROBLEMS 

One of t h e  most c r i t i c a l  a r e a s  f o r  f u t u r e  r e s e a r c h  is  dea l ing  w i t h  t h e  
processes  which t ake  p l ace  only  i n  t h e  high stress and s t r a i n  concen t r a t ions  
t h a t  a r e  found a t  t h e  c r ack  t i p .  I t  is w e l l  recognized t h a t  l o c a l  deforma- 
t i o n  p l ays  a  c r u c i a l  r o l e  i n  determining t h e  cond i t i ons  t h a t  p r e v a i l  
i n  t h e  microscopic reg ion  a t  t h e  t i p  of a  crack.. Therefore,  an improved 
a b i l i t y  t o  d e a l  w i th  t h e  c r ack  t i p  reg ion  i n  a  q u a n t i t a t i v e  f a sh ion  w i l l  
have s u b s t a n t i a l  impact on inc reas ing  our  understanding of f r a c t u r e  processes .  

One a r e a  where s u b s t a n t i a l  p rog res s  can be made is  i n  improved c a l c u l a -  
t i o n s  of t h e  s t r e s s  and s t r a i n  f i e l d s  of a  c r ack  i n  va r ious  m a t e r i a l s .  A 
g r e a t  d e a l  of e f f o r t  has  been spen t  i n  r e c e n t  yea r s  i n  improving numerical 
methods used t o  s o l v e  problems a s s o c i a t e d  wi th  t h e  c r a c k  t i p  s i n g u l a r i t y  i n  
n o n e l a s t i c  media. However, very  few a t t empt s  have been made a t  applying t h e  
most advanced of t h e  improved c o n s t i t u t i v e  r e l a t i o n s  i n  c r ack  t i p  problems. 
This  i s  p a r t i c u l a r l y  t r u e  of t h e  a p p l i c a t i o n  of t ime dependent c o n s t i t u t i v e  
r e l a t i o n s .  Such c a l c u l a t i o n s  should a l low improved e s t ima te s  of l o c a l  c r a c k  
t i p  deformation,  l o c a l  s t r e s s e s ,  and t h e  energy d i s s i p a t e d  dur ing  c rack  
advance. These improvements should l e a d  t o  a  b e t t e r  understanding of t h e  
r e l a t i o n s h i p s  between t h e  d r i v i n g  f o r c e  f o r  c r ack  ex tens ion  and t h e  r a t e  of 
c r ack  groAw.th. 

3 
Most t h e o r e t i c a l  t r ea tmen t s  of f r a c t u r e  t r e a t  t h e  m a t e r i a l  a s  a  homo- 

geneous continuum. Therefore,  they ignore  any e f f e c t s  which a r e  caused by 
t h e  heterogeneous n a t u r e  of t h e  m a t e r i a l  mic ros t ruc tu re .  The eva lua t ion  of 
t h e  importance of s p e c i f i c  m i c r o s t r u c t u r a l  f e a t u r e s  such a s  s u r f a c e  f i l m s ,  
vo ids ,  d.i-spersed phases,  e t c . ,  on t h e  p rog res s  of f r a c t u r e  is  an  impor tan t  
a r e a  of ..m-aterials s c i ence  t h a t  needs i n v e s t i g a t i o n .  This type  of in format ion  
is necessary  i n  o r d e r  t o  improve ou r  understanding of f r a c t u r e  a t  a mechan- 
i s t i c  l e v e l .  It should improve ou r  a b i l i t y  t o  handle f r a c t u r e  problems i n  
s i t u a t i o n s  o u t s i d e  t h e  realm of a p p l i c a b i l i t y  of continuum f r a c t u r e  mechanics. 

i 
A c r u c i a l  s t e p  i n  improving o u r  understanding of f r a c t u r e  processes  on 

a  microscopic and mechanis t ic  l e v e l  is a  b e t t e r  c h a r a c t e r i z a t i o n  of t h e  de- 
format ion.  ,environment a t  a  c r ack  t i p .  No matter how a c c u r a t e  continuum 
l e v e l  c o n s t i t u t i v e  equat ions  become i n  desc r ib ing  bulk  m a t e r i a l  behavior ,  
fhey w i l l  n o t  be  a b l e  t o  d e a l  w i t h  s t r a i n  l o c a l i z a t i o n ,  and s t r e s s  and 
s t r a i n  d i s t r i b u t i o n s  on a  s c a l e  t h a t  i s  small  compared t o  important  m i c r o s t r u c t u r a l  
s i z e  s c a l e s .  Dealing wi th  such problems w i l l  r e q u i r e  understanding of de- 
format ion  processes  on a microscopic s c a l e  where continuum averaging i s  
meaningless.  A s  microscopic t h e o r i e s  of deformation processes  a r e  developed, 
they should be  app l i ed  along w i t h  improved c o n s t i t u t i v e  r e l a t i o n s  f o r  
modeling of c r ack  t i p  behavior .  
i 
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6 .  SUMMARY 

We have i d e n t i f i e d  a number of a r e a s  i n  t h e  f i e l d  of deformation where 
b a s i c  r e sea rch  can have a n  impact on ou r  understanding of t ime dependent 
f r a c t u r e .  

I n  t h e  a r e a  of deformation p r o p e r t i e s ,  t h e  r o l e  of heterogeneous deforma- 
t i o n  i n  nuc lea t ing  c racks  and voids  appears  t o  be  of primary importance. 
Of t h e  va r ious  modes of heterogeneous deformation, g r a i n  boundary s l i d i n g  
has t h e  most d i r e c t  e f f e c t  on high temperature f r a c t u r e .  However, s t r e s s  
and s t r a i n  concen t r a t ions  t h a t  a r i s e  from a l l  modes of nonuniform deforma- 
t i o n  a r e  important  i n  t ime dependent f r a c t u r e .  

. . 
Other a r e a s  where understanding is  l ack ing  and where b a s i c  r e sea rch  

should have a n  impact a r e . t h e  u n i f i c a t i o n  of our understanding of deforma- 
t i o n  over  t h e  e n t i r e  temperature s c a l e ,  i r r a d i a t i o n  e f f e c t s  on deformation, 
and deformation under m u l t i a x i a l  s t a t e s  of s t r e s s .  The l a c k  of a u n i f i e d  
d e s c r i p t i o n  of deformation f o r c e s  u s  t o  d e a l  w i th  a number of d i f f e r e n t  
modes of deformation s e p a r a t e l y ,  and l i m i t s  o u r . a b i l i t y  t o  p r e d i c t  behavior 
o u t s i d e  of t h e  regime where experimental  d a t a  e x i s t s .  We a r e  p a r t i c u l a r l y  
l i m i t e d  i n  our a b i l i t y  t o  handle t r a n s i e n t  deformation.  I r r a d i a t d o n  i n t r o -  
duces new modes of deformation t h a t  we a r e  only beginning t o  undeicstand. ' 

Because of t h e  l i m i t e d  knowledge i n  t h e  a r e a  of i r r a d i a t i o n  e f f e c t s  on de- 
formation,  b a s i c  r e s e a r c h  should have a cons ide rab le  impact.  

The a r e a  of m u l t i a x i a l  e f f e c t s  i s  l a r g e l y  unexplored. Because of i t s  
p r a c t i c a l  importance, t h e  need t o  accumulate epperimental  d a t a  on .mul t i ax i a1  
behavior  i n  o r d e r  t o  begin t o  i d e n t i f y  t h e  scope of m u l t i a x i a l  e f f e c t s  i s  
recognized.  On t h e  o t h e r  hand, i t  i s  a l s o  f e l t  t h a t  a n  understanll'ing of 
m u l t i a x i a l  behavior a t  t h e  mechanis t ic  l e v e l  can only  fo l low an  iiiQrovement 
of our  understanding of t h e  b a s i c  mechanisms of u n i a x i a l  deformation. 

I n  t h e  a r e a  of deformation damage which l e a d s  t o  f r a c t u r e ,  t h e  most 
impor tan t  need i s  t o  i d e n t i f y  t h e  v a r i o u s  types  of damage and to - " f ind  ways 
of quan t i fy ing  them. I n  c h a r a c t e r i z i n g  damage, we f e e l  t h a t  t h e r e ' i s  a need 
t o  recognize  a number of changes i n  a m a t e r i a l  a s  "damage." Important changes 
t h a t  can  l ead  t o  m a t e r i a l  degrada t ion  a r e  t h e  formation of c racks  and c a v i t i e s ,  
changes i n  composition and mic ros t ruc tu re  r e s u l t i n g  from thermal and mechanical 
e f f e c t s ,  and changes i n  composition and mic ros t ruc tu re  r e s u l t i n g  from environ- 
mental e f f e c t s .  The aim of r e s e a r c h  i n  t h i s  a r e a  should be t o  determine -: 
what types  of damage a r e  important  i n  v a r i o u s  m a t e r i a l s  and under what s e r v i c e  
cond i t i ons ,  and t o  q u a n t i t a t i v e l y  r e l a t e  t h e  accumulation of t h e  damage t o  
t h e  s e r v i c e  h i s t o r y  of t h e  m a t e r i a l .  

3 

A cont inued improvement of c o n s t i t u t i v e  equat ions  f o r  m a t e r i a l  behavior  
should b e  a goa l  of deformation r e sea rch .  Of primary importance i n  t h i s  a r e a  
should be  improvement of t h e  mechanis t ic  b a s i s  f o r  c o n s t i t u t i v e  laws s o  . t h a t  
t h e i r  range  of a p p l i c a b i l i t y  can h e  c l e a r l y  de f ined ,  and s o  t h a t  they can  be  
used w i t h  confidence w i t h i n  this range.  



Of direct importance to an understanding of fracture processes will 
be improved modeling of the crack tip region. The more rea1istic.i~ the 
treatment of the deformation behavior,in this critical region, the' more 
likely we are to understand the basic mechanisms involved. More realistic 
treatments of crack tip problems can be achieved by using more accurate 
constitutive relations, by recognizing that materials have a heterogeneous 
microstructure, and by including the heterogeneous nature of deformation 
into crack tip models. 
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I. INTRODUCTION AND SUMMARY . . <  

This subgroup report outlines specific areas where research is needed in 
order to establish a fundamental understanding of the mechanism by which poly- 
crystalline materials fracture at elevated temperature. A distinction is 
drawn between steady loading and loading varying in time. The report is clas- 
sified into six topics based upon a mechanism inspired engineering perspective. 
These topics are: 1) materials and microstructure,. 2) fracture under steady 
and 3) under cyclic loading, 4) irradiation effects, 5) life prediction, and 
finally 6) deformation instabilities. The  subclassification^ in each topic is 
based upon the specific microstructural observations of the phenomena that 
lead up to fracture. In most cases, these observations are quite qualitative 
but this reflects the lack of sophistication of the present understanding of 
the fundamental mechanisms of fracture at elevated temperatures. The specific 
phenomena are briefly outlined and recommendations for the type of research 
most appropriate for their elucidation are made. . 

Before proceeding to outline the specific topics and recommendations, we 
wish to enunciate the more general concerns of the committee pertaining to the 
approach in basic research on high temperature fracture: 

a) The basic understanding of the mechanisms of fracture at high tempera- 
ture is vitally important in life prediction, accelerated testing, and the 
development of new engineering materials. This is because high temperature 
fracture combines a number of highly complex phenomena which involve sev- 
eral mechanisms, any one of which can be rate controlling depending upon 
the microstructure, impurity content and segregation, environment, and 
the stress history. Empirical characterization of fracture behavior leads 
to too many parameters which renders it of little practical value. This 
is now widely appreciated. 

b) In order for basic research to produce maximum technological impact, 
we recommend that experimental work be carried out on material systems 
that are representative of the microstructures in engineering alloys. It 
is recognized, however, that it may sometimes be necessary to conduct ex- 
periments on idealized model materials to establish the validity of a 
specific mechanism of a fracture process. 



c) The experimental research should generally be designed to test the 
validity of specific models and mechanisms rather than providing simple 
characterization of the fracture behavior of a material or merely to 
collect data. In most cases, this will mean that fracture should be 
studied "microstructurally" from its inception 'to final separation. When- 
ever theoretical models are not available to guide experiments, the latter 
should be carried out based on the best available mechanistic models and 
reporting as fully as possible ranges of the characterizing parameters 
that might $guide later theoretical modeling. 

d) Modern analytical and high resolution techniques should be used to 
study the development of the early stages of fracture, 

e) In this report we do not often distinguish between metallic and cera- 
mic materials... However, when the mechanism of fracture in ceramics is 
uniquely different from that- in metals, because of a radical difference. 
in microstructure or atomic binding, then specific recommendations are 
made, .applicable to ceramics. 

f) Quantitative study of fracture is possible only if the fundamental ma- 
terial parameters are well known. There is a special need for data on 
measurements of: interface energy in all types of single phase and multi- 
phase alloys; interface cohesive strength; self-diffusion and impurity 
diffusion constants along grain boundaries. 

The questi.og'.of priorities among the recommendations was considered at some 
length by t?~,subgroup as well.'as in the general discussion. A clear set of; 
priorities could not be identified for every area of research. In our view, 
this caution reflects the lack of fundamental understanding of the micromecha- 
nisms of high temperature fracture rather than a division. of opinion. Research 
in this area has only recently been emphasized. Considerable and flexible sup- 
port is nec5ssary in the future if the basic understanding is to reach a level 
of &turi4ty 3where it can contribute toward rapid advancement of high temperature 
technology.. 'Nevertheless, we offer the following general priorities: 

We are of the opinion that in metallic alloys, research on fracture under 
time dependent loading involving cyclic and transient histories.should receive 
a higher priority than fracture under purely steady loading; on the argument 
that these r.epresent more realistic service histories, the effects of which. 
must be better understood. In ceramic materials, on the other hand, llnear 
viscous and diffusional processes appear to'play the major role in elevated 
temperature fracture, makhg it adequate. to emphasize' research under steady 
and monotonic loading for the time being. 

I .. We have listed materials in order of their technological importance and 
suggest that research support might follow the same order of emphasis. 

11. RECOMMENDATIONS 

A. Materia 2s and Microstructures 

' Fracture of engineering materials at elevated temperatures is ext:remely 
sensitive to microstructure. Basic research, however, should seek to identify 
the mechanisms of fracture which are common to most materials, recognizing that 
the regime of temperature and stress in which a particular mechanism dominates, 
differs from one material to another. Research is needed to study the basic 
mechanisms and to establish how the microstructure shifts the transitions from 
one fracture mode to another. 



We have classified the materials in order of their engineering impor-, 
tance and according to their distinguishing microstructures. It is hoped that 
the basic research will take into account the essential microstructural dif- 
ferences in each of these classes. 

Metallic Alloys . . 

a. Solid solution and precipitate strengthened alloys with a small volume 
fraction of second phase particles. Special consideration should be given 
to the particles in the grain boundary since the low ductility at elevated 
temperature results from separation at the grain boundaries that is ini-- 
tiated from interfaces of particles. Examples of such alloys include low 
and high alloy steels and refractory metals. They have a medium yield 
strength and good, ductility. 

b. Solid solution and precipitate'strengthened alloys which contain a 
very large volume fraction of a second phase such as the nickel base super- 
alloys. The matrix second phase is often coherent and is usually different 
from the grain boundary second phase which consists mostly of metallic 
carbides. Whereas the creep properties of the material are controlled pri- 
marily by the matrix phase, the fracture behavior is strongly infli~enced 
by the second phase present in the boundaries. 

c. Dispersion strengthened .alloys with or without additional cold work 
such as TD nickel. These .alloys may be different from those in (a) and (b) 
in the sense that the particles may not be very strongly adhere8 tothe ma- 
trix since they are introduced into the material often by mechagical mixin,g 

-7 rather than by precipitation., 

d. Graphite, directionally solidified multiphase compos,ite alloys, rapidly 
quenched and hot isostatically compacted alloys. 

Initial emphasis should be put on microstructure classes (a) and* (b). Basic 
understanding of fracture in these alloys will provide a significant Qidvance in 
more reliable high temperature energy systems'. 

2. Ceramic Materials 
'a5 : ,:. ' 

a. Single phase oxides, silicon nitrides, silicon carbides. 0. 

b. Polyphase alloys, glass ceramics and refractories. Ceramicsin cat& 
gories (a) and (b) make up the bulk of the structurac%aterials. 
They .incorporate differences in bonding and may contain 'additional glassy 
grain boundary.phases. 

c. Nuclear fuels (oxides, carbides and nitrides). Their fracture behavior 
is important since the volume change in the fuel due to fracturs and frag- 
mentation strains the cladding of fuel elements. 

d. Silicate glasses incorporating nuclear waste. 

B. Fracture under Quasi-Stationary Loading. %. v . 
, , 

The majority of low ductility fractures occurring at elevated temperature 
under steady loading are intergranular. .The process consists of nucleabion of 
cavities in grain boundaries and in their growth and linkage until the boundary 
separates. Eventual.fracture may be a result of either extensive and quasi- 
homogeneous intergranular cavitation or a more rapid localiza'tion of cavitation 
into several cracks, one of which may then propagate to separation without much 
additional homogeneous cavitation. Selection of one or the other of these 



paths will depend on microstructural variability, specific weakening of 
boundaries and the aggressiveness of the environment. The exact mechanistic 
balance of these .phenomena is, however, inadequately understood. 

1. Cavity Nucleation 

Observations of cavitation in grain boundaries suggest that cavities form 
at second phase particles In the boundary, at triple grain junctions, and at 
intersections of matrix slip bands and the grain boundary. Stress concentra-. 
tions which develop due to non-uniform slip and due to grain boundary sliding 
are expected to be important in the lower homologous temperature range, (%0.4 
Tm), while some evidence exists that cavities form under relaxed stress con- 
ditions over long periods of time at the high homologous temperature range 
('0.6 T,). The cavities may initiate either by overcoming the local cohesive 
strength of the interface (or by particle fracturing), or by the formation of 
vacancy clusters of supercritical size on stressed interfaces. 'Modeling of 
nuc1eation.b~ vacancy clustering under a given local stress is fairly complete. 
Other possible nucleation models applicable to the low end oE the high'homo- 
logous temperature range ('L0.4 T,) should be investigated. Further theoretical 
work is needed to develop the time dependency of the local stress concentrations 
due to boundary sliding and shear localization in the matrix. Deformation pro- 
cesses which build up the stress. concentrations may be more (sliding of bounda- 
ries with particles for example) or less (matrix shear localization) time de- 
pendent, while the relaxation of the stress concentrations will depend upon the 
creep mechanism that acts to relieve these local stresses. It is also expected 
that the miiknitude of the stress concentrations that develop will depend upon 
whether thi2 external loading is steady, cyclic, or mixed. 

NEEDS: Theoretical work on nucleation involving local stress concentrations by 
grain boundary sliding and slip bands needs to be developed. Fundamen- 
tal Aucleation models other than the vacancy clustering model should be 
investigated. There is a strong need for careful experiments to measure 
nicxeation rates of cavities at high temperatures. Simple density 
c.hange measurements do not provide this data since they do not distin- 
guish between the volume increase from a single or from several cavities. 
New,Figh resolution techniques should be utilized to measure nucleation 
rates. Special note should be taken of grain shape and grain boundary 
orientation in relation to principal stress directions. 
All models of nucleation need information about the interface energies 
and the cohesive strength of the interfaces. The kinetic nucleation 
models involve the grain boundary diffusion coefficientsi There is a. 

3 pressing need particularly for this information. Since grain boundary 
sliding is one of the important mechanisms by which stress concentra- 

I tions are produced, and since boundaries in engineering materials always 
contain second phase particles (which are often semicoherent), experi- 
ments are needed to determine.the effect of particles on the rate of 

The nucleation of cavities and intergranular cracks in ceramics usually 
invdlves stress concentrations produced by anisotropic slip, or by grain 

7 boundary sliding, especially at high strain-rates. Since ductile to 
brittle transitions characterize much of the behavior of ceramics, research 
should be supported to study the effect of microstructure on ductile-brittle 
transition in ceramic alloys. 

2. Growth and Linking of Cavities in Grain Boundaries in Quasi-Homogeneous 
Stress Fields. 

The existing models have considered cavity growth by diffusional transport, 



when the cavities are of an equilibrium shape or when they deviate slightly 
from their equilibrium shape. These models may be considered fairly complete. 
There are models under development which consider the growth and linkage of 
cavities by power law creep and by a combination of diffusion and power law 
creep. However, considerable new effort is needed to establish the role of 
grain boundary sliding in growth and linkage of cavities. 

NEEDS: There is.need for the development of theoretical models which incorporate 
the importance of grain boundary sliding into cavity growth and linkage. 
This appears to be an important mechanism in the high stress and inter- 
mediate temperature regime of fracture in metals, and of even more gene- 
ral importance in ceramics. 

Experiments are needed to ascertain t.he extent of the regimes in 
.which growth is dominated by diffusional flow, or by power law creep, 
or by the combination of both. The study of the effect of multiaxial 
stress state on hole growth can be fruitful in separating the roles of 
diffusional flow and power law creep. The sequence of phenomena involv- 
ing the growth of cavities from a scale much smaller than the grain size 
into micro-cracks, and the growth of these into macro-cracks should be 
studied in some detail and should be associated with statistical models 
of such processes to understand geometrical and strength variability in 
the microstructure. 

In ceramic materials which contain a glassy phase in the grain 
boundary regions, viscous hole growth in such thin films should be con- 
sidered; in ceramics which do not contain a glassy boundary phase, the 
diffusional growth processes should be applicable; this can be a fruit- 
ful area where experiments could be designed to test theoretical models. 

In metals, the study of cavity nucleation and growth in quasi- 
homogeneous stress fields should be extended to cavitation in strong 
gradient fields of stress and strain rate in front of a notch or a crack. 
Such theoretical modeling should be backed up by experimental measure- 
ments in the relevant range of loading and temperature. ~Svironmental 
effects will be of great importance at such crack tip frazture processes 
and must be considered. Models supported by experimental work are need- 
ed which incorporate the environment as a parameter in the cavity nu- 
cleation and growth process at crack tips, as the creep cracks 
are likely to have a strong stress-corrosion cracking aspect. 

3 .  Time Dependent Growth of Macro-Cracks 

In metals, creep crack growth has been observed in a limited region of 
stress and temperature in nickel base alloys. Such behavior is usually very 
environment sensitive. There is definite evidence that ceramics which contain 
a glassy grain boundary phase exhibit slow crack growth at elevated temperature 
under steady state loading. 

NEEDS: Damage tolerant design of high temperature systems requires understanding 
of processes of growth of macro cracks in creeping alloys. There is a 
need to ascertain the range of stress and temperature undgr which creep 
cracks grow. In ceramics, this is a critical area of research since it 
is an important mechanism of fracture in.engineering applications. Re- 
search should be supported to establish a quantitative understanding of 
the mechanism of the process from a theoretical and experimental stand- 
point. Studies should incorporate the statistical aspects of micro- 
structural crack extension processes and their environmental aspects in 
high strength structural ceramics, e.g. silicon-nitride exposed to oxi- 
dizing environments. 



C. Mixtures o f  Steady Loading, CycZic Loadinq and Transient Loadinq 

This should be a high priority area for research in metals. It is of 
critical engineering importance since structuresin energy systenls are always 
subjected to mixed stresses. Linear damage rules combining stress rupture 
and fatigue are often grossly inadequate in predicting life. There are very 
significant effects of the microstructure, the environment, and the shape of 
the stress cycle. Representative microstructures are those of the low and 
high alloy steels and nickel base alloys. 

Intergranular cavitation as well as intergranular environmental attack 
are important considerations. Whether crack initiation or crack propagation 
dominates the life is still controversial. Nevertheless, there is some agree- 
ment that crack growth is dominant for lives shorter than the transition fa- 
tigue life, and that crack initiation dominates for lives longer than the 
transition fatigue life. Different microstructures then may only govern the 
magnitude of the transition fatigue life. Whether or not these simple rules 
apply to alloys with complex microstructure as well as to solid solution 
alloys remains to be established.. 

The fracture mode can be transgranular, intergranular, or mixed, in both 
initiation and in growth. Lowering the frequency, using unsymmetrical stress 
cycles (either in strain rate or in hold time), increasing the temperature 
gnd presence of aggressive environments, all promote intergranular fracture. 
The environment is important not only .in the intergranular. but also in the 
transgranular mode of fracture. Although the underlying mechanism of these 
behavior patterns are not yet fully understood, some simple extrapolations can 
be made from the present limited understanding of fracture under steady load- 
ing. Difficulties arise because the magnitude of the local stress concentra- 
tions is different in steady loading and in mixed loading, but the actual nu- 
cleation event which produces a cavity or a crack may be the same. It follows. 
that the stress concentrations produced by time dependent processes, such as 
grain bound-ary sliding, should be coupled to the shape of the time dependent 
stressing cycle. Here additional micromechanical modeling will be required. 

In ceramic materials, there is no data on the effect of cyclic loading on. 
fracture at elevated temperature. Exploratory experimental investigations of 
the influence of cyclic loads on fracture need to be carried out in order to 
establish the existence or absence of genuine cyclic effects. In comparison 
to the problem of subcritical crack growth under steady loading, crack growth 
under cyclic and mixed loading is considered to be of a lower priority for 
ceramics. More important than cyclic stressing, however, is fracture result- 
ing from thermal shock in polyphase ceramics. 

1. Initiation and Early Growth of Cracks 

It is expected that environment, grain boundary sliding and intergranular 
grooving are important in crack initiation. Cracks may also initiate trans- 
granularly'~long crystallographic directions particularly in multi-phase al- 
loys by a p;ocess which is similar to the strain localization by persistent 
sl'ip bands., In most instances the early growth of cracks will be by shear 
for which little information and understanding exists. 

NEEDS: The intergranular mechanisms of crack initiation should be emphasized 
rather than the transgranular mechanisms. In the former, the role of 
grain boundary sliding in both surface grooving and nucleation of cavi- 
ties and their growth should be investigated. The local stress con- 



centrations which'will be cycle shape and microstructure dependent 
can be expected to play a critical role. ~esearch on mechanisms by 
which the environment influences crack initiation is needed. The 
crack initiation process should be described in terms of the proper 
scaling parameters such as pre-existing flaws (from machining, for ex- 
ample), grain size and grain boundary sliding displacement. In many 
instances, it will be desirable to study the early growth of cracks 
in shear,(Stage I crack growth). The role of the cycle shape such as 
unsymmetrical cycles and mixtures of' steady and cyclic loading should 
be an important component of these investigations. The influence of 
grain boundary particles on fracture needs .to be emphasized. 

2. Crack Propapation 

Engineering components can be designed either by criteria for crack ini- 
tiation or.crack propagation. Initiation is usually more time, consuming in 
high cycle fatigue while propagation is important in high and low cycle fatigue. 
The relative importance,of initiation versus propagation depends on the micro- 
structure and the stress level. Usually, drastic increases in crack propagation 
rates result only when the mode of fracture is.intergranular. Again environ- 
ment, cycle shape, and microstructure are important. 

NEEDS:Mechanistic studies are needed to investigate the acceleration ~ f . ~ h e  
.nucleation and growth of grain boundary cavities under cyclic loading at 
moderate strain rates. The role of grain boundary sliding must be in- 
vestigated. The distribution of second phase particles in .She boundary 
will be important from two viewpoints: they affect the rate2of grain 
boundary sliding and also provide sites for the formation of cavities. 
Both must be investigated. Cavitation i-n the crack tip region under cyclic 
loading needs to be investigated by theory and experiment. "Due attention 
should .be given to wave shape and environment effects. 

Crack propagation in ceramic materials under transient loading produced 
by thermal shock needs to be investigated theoretically as &a1 as experi- 
mentally. 

a;? 
D . ' Phenomena Pecu liar to Irradiation ~nvironme~ts 

Radiatioi~ damages alloys and produces a.whole of microstructural 
damage.'that includes folmation of point defect clusters, sessile dislocations,. 
and voids.. In some instances, transmutation results in substantia-1 production 
and accumulation of helium'that precipitates into bubbles. When such damage 
congregates along grain boundaries, rapid embrittlement can result. .These ' 
problems will be important in all kinds of reactors ranging from simple conver- 
ter units to breeder reactors. They are expected to be most acute in first 
wall applications in fusion reactors. 

NEEDS: ~nter~ranular 'embrittlement due to precipitation of voids or helium 
bubbles on grain boundaries, their kinetics of formation and their ef- 
fects on the fracture and fatigue behavior in characteristic reactor, 
alloys need to be studied in detail. Surface fatigue under'.combined, 
irradiation, strain cycling, and flux interruptions must be" studied, . 
particularly in candidate first wall materials. 

E. Service Life Predictions 

Most present end-of -1if e predictions are. empirical or intuitive. They 



must be based on mechanistic understanding. Accounting for expired life, 
predicting remaining service lifd, based on continuously monitored service 
parameters and utilizing mechanistic. models making use of research in the 
areas:discussed above are greatly needed. 

Combinations of non-specific statistical models with mechanistic model 
components to improve predictive capability may prove of use. 

NEEDS: Use of specific mechanisms of microstructural damage based on better 
understanding of phenomena discussed above to formulate incremental 
life models are needed. These must be coupled with experiments to 
assess .validity of models and ascertain importance of transients that 
are usually excluded. 

F .  Deformation Ins tab i l i t i e s  and Localization 

Localization of shear deformation as a source of localization of cavi- 
tational processing, analogous to low temperature ductile fracture void sheets 
can occur at elevated temperature and may rapidly lead to terminal fracture. 
Localization due to unstable microstructures is of great importance and re- 
quires both experimental study and mechanistic modeling. 

NEEDS: Experiments should be carried out on specific microstructures to map 
out the phenomena and to determine their extent. Such phenomena should 
then be mechanistically modeled with the purpose of stating criteria 
for premature failure with a goal of final incorporation into life 
predAction codes. 

i i 
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INTRODUCTION 

I n  many h igh  temperature s t r u d t u r a l  a p p l i c a t i o n s ,  t h e  performance cha rac t e r -  
i s t i c s  of a m a t e r i a l s  system a r e  l a r g e l y  c o n t r o l l e d  by t h e  p r o p e r t i e s  of i t s  
g r a i n  and in t e rphase  boundaries.  For example, f a i l u r e  i n  creep and f a t i g u e  
f r e q u e n t l y  occurs ,by  c a v i t a t i o n ,  o r  c racking  along g r a i n  boundaries ,  p a r t i c u l a r l y  
boundaries  o r i e n t e d  t r a n s v e r s e l y  o r  ob l ique ly  t o  t h e  app l i ed  s t r e s s .  I n  a few 
s p e c i a l  cases ,  t h i s  f a i l u r e  problem has been overcome by d i r e c t i o n a l  alignment 
of g r a i n  and in t e rphase  boundaries by v a r i o u s  types of m e t a l l u r g i c a l  process ing  
such a s  d i r e c t i o n a l  s o l i d i f i c a t i o n  and d i r e c t i o n a l  r e c r y s t a l l i z a t i o n .  A good 
example is t o  be found i n  t h e  a p p l i c a t i o n  of d i r e c t i o n a l l y  a l igned  s t r u c t u r e s  i n  
h igh  performance gas- turb ine  a i r f o i l s .  More g e n e r a l l y ,  however, where f i n e ,  equi- 
axed g r a i n  s t r u c t u r e s  a r e  d e s i r a b l e ,  o t h e r  methods of c o n t r o l l i n g  g r a i n  boundary 
p r o p e r t i e s  have been developed. Important  amongst t h e s e  has  been t h e  i n t r o d u c t i o n  
of improvements i n  primary mel t ing  p r a c t i c e s ,  which a r e  designed t o  c o n t r o l  impor- 
t a n t  impur i t ies . .  This  i s  of d e c i s i v e  importance because even t r a c e s  of c e r t a i n  
impur i ty  elements p re sen t  i n  g r a i n  boundaries  i n , h i g h  temperature m a t e r i a l s  can 
s e r i o u s l y  a f f e c t  p r o p e r t i e s .  I n  many c a s e s  i m p u r i t i e s  a r e  d e l e t e r i o u s  and need 
t o  be removed.' However, i n  c e r t a i n  ca ses  (e .g . ,  c reep  f r a c t u r e )  c o n t r o l l e d  
impur i ty  a d d i t i o n s  can be b e n e f i c i a l  and r e s u l t  i n  improved p r o p e r t i e s .  

Another development of g r e a t  s i g n i f i c a n c e  has been t h e  e f f e c t i v e  c o n t r o l  of 
environmental i n t e r a c t i o n s  by t h e  a p p l i c a t i o n  of p r o t e c t i v e  coa t ings .  The f u t u r e  
development of advanced a l l o y  systems now appears  t o  hinge on the  a b i l i t y  t o  des ign  
coa t ings  t h a t  a r e  completely compatible w i t h  t h e  workpiece. Coatings t h a t  a r e  of 
s p e c i a l  s i g n i f i c a n c e  a r e  . those t h a t  a r e  i n t e g r a l l y  bonded t o  t h e  workpiece, i . e . ,  
so-ca l led  "overlay coa t ings" .  Furthermore, a d d i t i o n a l  p r o t e c t i o n  by t h i n  ceramic . 

l a y e r s ,  o r  thermal  b a r r i e r  coa t ings  a l s o  appears  t o  be  mandatory i n  c e r t a i n  ex- 
treme environments, e . g . ,  where f i n e  p a r t i c u l a t e  e ros ion  i s  combined wi th  ox ida t ion  
and hot  co r ros ion  a t  extremely h igh  temperatures .  Thus, i t  seems c l e a r  t h a t  a  
deeper unders tanding .of  boundary phenomena, both i n t e r g r a n u l a r  and in t e rphase ,  w i l l  
be necessary  t o  s a t i s f y  t h e  m a t e r i a l s  requirements  f o r  advanced energy conversion 



systems. 

The h igh  temperature  mechanical p r o p e r t i e s  of s t r u c t u r a l  ceramic's are a l s o  
c r u c i a l l y  dependent on the.  presence and p r o p e r t i e s  of g r a i n  boundaries .  I n  a  numt 
of t h e  most promising s t r u c t u r a l  ceramics , '  such a s  t h e  s i l i c o n  n i t r i d e  a l l o y s ,  
t h e r e  e x i s t s  an  i n t e r g r a n u l a r  g l a s s y  phase r a t h e r  t han  u s u a l  c r y s t a l l i n e -  
c r y s t a l l i n e  boundaries .  These g l a s s y  phases  have been demonstrated t o  c o n t r o l  
t h e  c reep  r a t e s ,  o x i d a t i o n  r e s i s t a n c e ,  s u b - c r i t i c a l  c r ack  growth and s t r e n g t h s  of 
such a l l o y s  a t  e l eva t ed  temperatures .  E l imina t ion  of t h e  boundary phase o r  i t s  
c o n t r o l l e d  c r y s t a l l i z a t i o n  by both a p p r o p r i a t e  process ing  and c o n t r o l  of t h e  
i n t e r f a c e  s t r u c t u r e s  w i l l  enable  such s t r u c t u r a l  ceramics  t o  e x h i b i t  f a r  s u p e r i o r  
h igh  temperature  mechanical p r o p e r t i e s .  In  those  s t r u c t u r a l  ceramics  i n  which 
t h e r e  is  no i n t e r g r a n u l a r  phase,  a  b e t t e r  understanding of t h e  s t r u c t u r e  and impur- 
i t y  s eg rega t ion  t o  g r a i n  boundaries  w i l l  undoubtedly l e a d  t o  t h e  p o s s i b i l i t y  of t h e  
c o n t r o l  of t h e  h igh  temperature  f r a c t u r e  behavior .  It i s  important  t o  emphasize 
t h a t  because of A l a c k  of bo th  exper imenta l  d a t a  and b a s i c  understanding,  t h e  
development..!and process ing  of s t r u c t u r a l  ceramics  l a g s  f a r  behind t h a t  of metals. 

To summarize t h e  foregoing  i t  may be  concluded thac  t h e  c h a r a c t e r i s t i c s  of 
many m a t e r i a l s  systenis a r e  l a r g e l y  c o n t r o l l e d  by t h e  p r o p e r t i e s  of bo th  g r a i n  
boundaries  and i n t e r p h a s e  boundaries .  Furthermore, t h e  p r o p e r t i e s  of t h e s e  i n t e r -  
f a c e s  a r e  o f t e n  of importance i n  both t h e  process ing  of t h e  material p r i o r  t o  i t s  
use and i n  t h e  performance of t h e  material du r ing  i t s  s e r v i c e .  For t h e s e  r ea sons  
t h e  subgroCP., a t tempted t o  d e a l  w i t h  prbposed b a s i c  r e s e a r c h  on those  a s p e c t s  of 

Grain Boundary Proper  t i es  

and - 
In t e rphase  Boundary P r o p e r t i e s  

. . 
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which were :thought t o  be of fundamental importance i n  bo th  t h e  

. . .. "I. . 

Process ing  Performance 

and - 
Serv i ce  Performance 

of m a t e r i a l s  s u b j e c t  t o  t i m e  dependent f r a c t u r e  a t  temperatures  where thermal ly  
ac t i va t ed~mechan i sms  p lay  an impor tan t  r o l e .  

The a r r a y  of t o p i c s  cons idered  t o  be of importance was found t o  be e s s e n t i a l l y  
t h e  same a s  t h a t ' p r e s e n t e d  by B a l l u f f i  [ l ]  i n  h i s  review of p re sen t  knowledge of 
g r a i n  boundaries  g iven  e a r l i e r  i n  t h e  p r e s e n t  workshop r e p o r t .  These t o p i c s  



inc lude  t h e  fol lowing:  

S t r u c t u r e  of I d e a l  P e r f e c t  Boundaries 

Defect S t r u c t u r e  of Boundaries 

D i f fus ion  a t  Boundaries 

Boundaries a s  ~ o u r c e s / ~ i n k s  f o r  Po in t  Defects  

Boundary Migrat ion 

Di s loca t ion  and S l i d i n g  Phenomena a t  Boundaries 

Atomic Bonding and .Cohesion a t  Boundaries 

Non-Equilibrium P r o p e r t i e s  of Boundaries 

Techniques f o r  Studying Boundaries. 

We d i s c u s s  proposed r e s e a r c h . i n  each of t h e s e  s p e c i f i c  a r e a s  i n  t u r n  i n  t h e  
fol lowing.  Fur ther  comments r e l e v a n t  t o  t hese  t o p i c s  may be found i n  [ I ] .  F i n a l l y ,  
we conclude wi th  a s e r i e s  of summarizing remarks. 

1. STRUCTURE OF IDEAL PERFECT BOUNDARIES 

Knowledge of t h e  d e t a i l e d  atomic s t r u c t u r e  of i d e a l  p e r f e c t  g r a i n  and i n t e r -  
phase boundaries  and t h e  d e f e c t s  which may e x i s t  i n  t h e s e  boundaries  i s ' e s s e n t i a l  
i n  developing an  understanding of t h e i r  p r o p e r t i e s .  Research i n  t h i s  a r e a  i s  

I t h e r e f o r e  of c e n t r a l  importance. 

So f a r ,  a l l  of t h e  computer s imu la t ion  work aimed a t  t h i s  problem has involved 
s p e c i a l  boundaries of r e l a t i v e l y  s h o r t  pe r iods  i n  s imple  meta ls  where models pos- 
s e s s i n g  r e l a t i v e l y  smal l  numbers of atoms can be employed. I n  gene ra l ,  no d e t a i l e d  
and q u a n t i t a t i v e  s t u d i e s  of t h e  atomic s t r u c t u r e s  of non-special g r a i n  boundaries  
and i n t e r p h a s e  boundaries have been c a r r i e d  out .  There i s ,  t h e r e f o r e ,  a s t r o n g  
need f o r  work on t h e  computer s imula t ion  of non-special  g r a i n  boundaries  and a l s o  
i n t e r p h a s e  boundaries .  It i s  important  t o  no te  a t  t h e  same time t h a t  a good d e a l  
of e s s e n t i a l  work on s p e c i a l  boundaries  i s  s t i l l  unf in ished .  A l o g i c a l  way t o  
proceed would t h e r e f o r e  involve  continued work on s p e c i a l  boundaries  accompanied 
by e f f o r t s  t o  extend the .  c a l c u l a t i o n s  t o  more complex non-special  boundaries  as t h e  
computing methods become more r e a l i s t i c  and powerful.  The r e c e n t  i d e n t i f i c a t i o n  
of compact po lyhedra l  u n i t s  i n  t h e  co re s  of s p e c i a l  g r a i n  boundaries  has  been 
a s i g n i f i c a n t  development, and i t  would b e  of g r e a t  i n t e r e s t  t o  s e e  whether they 
p lay  an important  r o l e  i n  non-special boundaries.  It is  a l s o  e s s e n t i a l  t o  under- 
s tand  more about  t h e  n a t u r e  and c h a r a c t e r i s t i c s  of secondary r e l a x a t i o n s  i n  bound- 
a r i e s  a s ' t h e y  become l e s s  s p e c i a l .  What a r e  t h e  c o r e  wid ths  of i n t r i n s i c  g r a i n  
boundary d i s l o c a t i o n s ,  e t c . ?  

Continued e f f o r t s  should be made t o  improve t h e  computer s imu la t ion  tech- 
n iques  themselves.  S p e c i f i c a l l y ,  we need: 

( i )  cons t ruc t ion  of  more r e a l i s t i c  i n t e r a tomic  p o t e n t i a l s  based on a 
more fundamental understanding of t h e  b a s i c  phys ics  involved.  A 
fundamental ques t ion  which must be answered i s  -- t o  what e x t e n t  
can t h e  in t e ra tomic  p o t e n t i a l  approach (whether semi-empirical,  o r  
otherwise)  t ake  account  of " e l e c t r o n i c  e f f e c t s " ,  p a r t i c u l a r l y  i n  



meta ls  ? 

( i i )  i nco rpora t ion  of l a t t i c e  v i b r a t i o n s  and en t ropy  e f f e c t s  i n t o  more 
c a l c u l a t i o n s .  Such molecular  dynamical c a l c u l a t i o n s  w i l l  be of 
importance i n  answering ques t ions  about  p o s s i b l e  order  -+ d i s o r d e r  
phase changes which are conceivable  i n  boundaries  a s  t h e  temperature 
i s  r a i s e d .  

E s s e n t i a l l y  no e f f o r t  has  gone i n t o  t h e  q u a n t i t a t i v e  modeling of any of t h e  
g r a i n  boundaries  o r  i n t e r p h a s e  boundaries  which may e x i s t  i n  more complex mat- 
e r i a l s  such a s  i o n i c  s o l i d s ,  covalen t  s o l i d s  o r  i n  m a t e r i a l s  such a s  s i n t e r e d  
s i l i c o n  n i t r i d e  where a l a y e r  of amorphous m a t e r i a l  of f i n i t e  t h i ckness  e x i s t s  
a t  t h e  g r a i n  boundaries .  E f f o r t s  should be made t o  model and understand t h e  
s t r u c t u r e  of t h e s e  boundaries .  

The computer s imu la t ion  work mentioned above must be accompanied by exper i -  
mental  work which w i l l  y i e l d  d a t a  which can be  compared q u a n t i t a t i v e l y  w i t h  
c a l c u l a t e d  r e s u l t s  der ived  from t h e  computer modeling. Experimental work which 
appears  promising i n  t h i s  r e s p e c t  i nc ludes ,  f o r  example: 

( i )  measurement of t h e  energy of w e l l  cha rac t e r i zed  boundaries .  Of 
p a r t i c u l a r  i n t e r e s t  h e r e  would.be .a s ea rch  f o r  a p o s s i b l e  c o r r e l a t i o n  
between energy and c h a r a c t e r i s t i c  s t r u c t u r a l  f e a t u r e s  of t h e  
boundaries  ; 

+ 
( i i )  measurement of t h e  l a t t i c e  displacement  R ( s e e  Fig.  1 i n  [ I ] )  

a c r o s s  a boundary; 

( i i i )  measurement of e l e c t r o n  and x-ray d i f f r a c t i o n  e f f e c t s  from t h e  g r a i n  
boundary c o r e  s t r u c t u r e ;  

( i v )  d i r e c t  obse rva t ion  of d e t a i l s  of t h e  c o r e  s t r u c t u r e  by h igh  reso lu-  
t i o n  l a t t i c e  imaging i n  t h e  t ransmiss ion  e l e c t r o n  microscope; 

(v) q u a n t i t a t i v e  obse rva t ion  of t h e  d i f f r a c t i o n  c o n t r a s t  produced i n  
t ransmiss ion  e l e c t r o n  microscope images by i n t r i n s i c  g r a i n  boundary 
d i s l o c a t i o n  s t r u c t u r e s ;  

( v i )  observa t ion  of boundary f a c e t i n g  and t h e  appearance of low energy 
boundary segments i n  mic ros t ruc tu re s .  

2 .  DEFECT STRUCTURE OF BOUNDARIES 

Computer s imu la t ion  and poss ib ly  o t h e r  c a l c u l a t i o n s  of t h e  s t r u c t u r e  of p o i n t  
d e f e c t s  such a s  vacancies  and i n t e r s t i t i a l s  should be made i n  a wide v a r i e t y  of 
g r a i n  and i n t e r p h a s e  boundaries.  Of p a r t i c u l a r  i n t e r e s t  i s  t h e  ques t ion  of 
whether t h e s e  "point" d e f e c t s  remain l o c a l i z e d  o r  d i s s o c i a t e  widely,  p a r t i c u -  
l a r l y  i n  non-special  boundaries.  The answer t o  t h i s  ques t ion  i s  e s s e n t i a l  ' t o  t h e  
development of our  understanding of d i f f u s i o n  processes  i n  boundaries  as d i s -  
cussed f u r t h e r  below. Also of i n t e r e s t  is  t h e  behavior  of va r ious  c l u s t e r s  and 
t h e  p o s s i b l e  ways i n  which vo ids  may n u c l e a t e  a t  boundaries .  This in format ion  is  
of c r i t i c a l  importance i n  dea l ing  w i t h  t h e  problem of i n t e r g r a n u l a r  c a v i t a t i o n .  



Computer s imu la t ion  s t u d i e s  of t h e  s t r u c t u r e  of g r a i n  boundary d i s l o c a t i o n s  
should be made on a  wide v a r i e t y  of g r a i n  and in t e rphase  boundaries .  Of p a r t i c -  
u l a r  i n t e r e s t  i s  the  ques t ion  of whether t hese  " l i ne"  d e f e c t s  d i s s o c i a t e  widely 
p a r t i c u l a r l y  i n  non-special boundaries  and t o  what e x t e n t  do d i s l o c a t i o n  o r  "dis- 
l oca t ion - l ike"  d e f e c t s ,  e x i s t  i n  non-special boundaries? The answer t o  t h i s  
ques t ion  i s  e s s e n t i a l  t o  t h e  development of our understanding of many of t h e  
important  g r a i n  boundary phenomena d iscussed  below. 

Our understanding of t h e  important  pherlo~uenon of s o l u t e  atom seg rega t ion  a t  
g r a i n  boundaries  is  p r e s e n t l y  i n  a  p r i m i t i v e  s t a t e .  There a r e  only a  very few 
cases  where we know q u a n t i t a t i v e l y  t h e  e x t e n t  of segrega.tio,n a s  a  func t ion  of bulk 
concen t r a t ion  and temperature.  We do n o t  understand the  r e l a t i o n  between the  
s t r u c t u r e  of t h e  boundary and seg rega t ion ,  changes i n  t h e  boundary s t r u c t u r e  and 
p r o p e r t i e s  caused by seg rega t ion  and, a l s o ,  no informat ion  i s  a v a i l a b l e  concerning 
t h e  s t r u c t u r e  of t he  seg rega te .  There i s ,  t h e r e f o r e ,  a  c r i t i c a l  need f o r  quant i-  
t a t i v e  s t u d i e s  of t h e  - ex t en t  of s eg rega t ion ,  of t h e  s t r u c t u r e  of t h e  boundaries  
w i th  segrega ted  s o l u t e s  and of t h e  s t r u c t u r e  of t h e  seg rega te  a t  and near  t h e  
boundaries  under w e l l  c o n t r o l l e d  cond i t i ons  i n  w e l l  cha rac t e r i zed  boundaries .  
Various powerful experimental  techniques a r e  being developed a t  p re sen t  [ l ]  which 
should be of use  i n  such s t u d i e s .  These inc lude  e l e c t r o n  and x-ray d i f f r a c t i o n  
from t h e  core  reg ion ,  e l e c t r o n  microscope l a t t i c e  imaging, atom probe-f ield i on  
microscopy, scanning t ransmiss ion  e l e c t r o n  microscopy, EXAFS, and o t h e r s .  A number 
of t h e s e  techniques possess  t h e  important  advantage t h a t  t h e  s eg rega t ion  can be 
s t u d i e d  i n  s i t u  wi thout  t h e  n e c e s s i t y  'of f i r s t  inducing in t ragran ,y la r  f r a c t u r e . t o  
expose t h e  boundary. Computer s imu la t ion  of boundaries  w i th  segrega ted  s o l u t e s  
can a l s o  s i g n i f i c a n t l y  c o n t r i b u t e  t o  a n  understanding of s eg rega t ion  phenomena, 
p a r t i c u l a r l y  t h e  s t r u c t u r a l  a s p e c t s .  P r a c t i c a l l y  no s tudy of t h i s  type has  been 
made s o . f a r ,  and t h e  i n i t i a t i o n  of a t o m i s t i c  s t u d i e s  i n  t h i s  d i r e c t i o n  i s  d e s i r a b l e .  

. T h i s  w i l l  a l s o  r e q u i r e  new developments i n  t h e  d e s c r i p t i o n  of complex in t e ra tomic  
i n t e r a c t i o n s .  

The fundamental theory of s eg rega t ion  i s  a l s o  i n  an undeveloped s t a t e .  Ce r t a in  
empi r i ca l  r u l e s  p ' redict ing t h e  degree of s eg rega t ion  and empi r i ca l ly  based thermo- 
dynamic t rea tments  have been developed, b u t  a  s a t i s f a c t o r y  bas i c  theory i s  s t i l l  
l ack ing .  It appears  t h a t  progress  i n  t h i s  d i r e c t i o n  w i l l  r e q u i r e , t h e  increased  
a t t e n t i o n  of s o l i d  s t a t e  t h e o r i s t s .  8 

F i n a l l y ,  t h e  e f f e c t s  of s eg rega t ion  on a l l  of t h e  important  phenomena a t  
g r a i n  boundaries which concern us  should be s tud ied .  These inc lude ,  f o r  example, 
cohesion,  and migra t ion .  It i s  kriuwri that t r a c e  amounts of s o l u t e  atoms can  
e x e r t  l a r g e  e f f e c t s  on such phenomena and can be r e spons ib l e  f o r  s i g n i f i c a n t  heat-  
to-heat v a r i a t i o n s  i n  behavior .  

3 .  DIFFUSION AT BOUNDARIES 

At t en t ion  should be pa id  t o  t he  ga the r ing  of more r e l i a b l e  ah$ ex tens ive  
g r a i n  and i n t e r p h a s e  boundary d i f f u s i o n  d a t a .  A s  po in ted  o u t  i n  ' [ l ] ,  p r e sen t  
g r a i n  boundary d i f f u s i o n  d a t a  a r e  gene ra l ly  u n s a t i s f a c t o r y .  ~ n f o r ? u n a t e l y ,  ' the 
d a t a  base  f o r  i n t e rphase  boundary d i f f u s i o n  i s  i n  a n  even poorer  s t a t e .  The, 
es tab l i shment  of a  b e t t e r  d a t a  base f o r  boundary d i f f u s i o n  would be of cons ide rab le  
a s s i s t a n c e  i n  t he  understanding of a  number of importan1 k i n e t i c  processes  a t  
boundaries .  



A t  p re sen t  we have l i t t l e  understanding of t h e  way i n  which t h e  boundary d i f -  
f u s i v i t y  v a r i e s  wi th  boundary type  o r  wi th  t h e  d i f f u s i o n  d i r e c t i o n  i n  a  g r a i n  
boundary. Furthermore, t h e  b a s i c  mechanism of boundary d i f f u s i o n  i t s e l f  i s  unkno~ 
Coupled computer s imu la t ion  s t u d i e s  and a p p r o p r i a t e  boundary d i f f u s i v i t y  measure- 
ments would be h e l p f u l  i n  c l a r i f y i n g  t h i s  a r e a  of ignorance.  

A p a r t i c u l a r l y  d i f f i c u l t  bu t  important  a r e a  has  been t h e  s tudy of seemingly 
I1 anomalous" d i f f u s i o n  r a t e s  along impur i ty  contaminated boundaries  i n  p r a c t i c a l  
ceramic m a t e r i a l s .  S tud ie s  of t h i s  type  should be cont inued i n  o rde r  t o  b u i l d  up 
a  p r a c t i c a l  d a t a  base f o r  m a t e r i a l s  of t h i s  type  and t o  ga in  some i n s i g h t  i n t o  
t h e  e f f e c t s  of boundary seg rega t ion  on d i f f u s i o n  r a t e s .  

4. BOUNDARIES AS SOURCES/SINKS FOR POINT DEFECTS 

Progress  i n  our  understanding of t h e  mechanism of t h e  p o i n t  d e f e c t  source /  
s i n k  a c t i o n  of non-special  boundaries  must awai t  p rog res s  i n  understanding t h e  
s t r u c t u r e  of p o i n t  d e f e c t s  i n  t h e s e  boundaries  ( s e e  s e c t i o n  2 ) .  

Very few experiments aimed a t  t h e  d i r e c t  de te rmina t ion  of the  s o u r c e l s i n k  
e f f i c i e n c y  of g r a i n  boundaries ,  and e s p e c i a l l y  i n t e r p h a s e  boundaries ,  have been 
c a r r i e d  out .  Experiments of t h i s  type  should be encouraged s i n c e  t h e  source /  
s i n k  c h a r a c t e r  of boundaries  is  undoubtedly i n t i m a t e l y  connected wi th  o t h e r .  
important  boundary phenomena. such a s  chemical d i f f u s i o n  i n  boundaries  and bound- 
a r y  migratYon ( see  below). 

Work i s  needed on f u r t h e r i n g  our  understanding of how small second phase 
p a r t i c l e s  a f  f  e c t  t he  sou rce / s ink  a c t i o n  of boundaries .  There is  cons ide rab le  
evidence t h a t  such p a r t i c l e s  slow down t h e  sou rce / s ink  a c t i o n .  However, t h e  
mechanisms by which t h i s  occurs  a r e  undetermined. P rog res s  i n  t h i s  d i r e c t i o n  
could havez& important  e f f e c t  on a l l o y  design.  

3 

5 .  BOUNDARY MIGRATION 

o A s  pointed o u t  i n  [l] our p re sen t  knowledge of g r a i n  boundary mig ra t ion  
mechanisms and m o b i l i t i e s  i s  u n s a t i s f a c t o r y .  The same conclus ion  may be s t a t e d  
even more emphat ica l ly  f o r  i n t e r p h a s e  boundaries .  

Fur ther  p rog res s  w i l l  depend upon: 
. . 

( i )  t h e  performance df more ex tens ive  and w e l l  c o n t r o l l e d  mob i l i t y  
experiments t o  a i d  i n  t h e  es tab l i shment  of bo th  t h e  q u a n t i t a t i v e  
and q u a l i t a t i v e  a s p e c t s  of g r a i n  and i n t e r p h a s e  boundary mig ra t ion ;  

( i i )  t h e  performance of a d d i t i o n a l  c r i t i c a l  experiments t o  d i s t i n g u i s h  
migra t ion  mechanisms; and 

( i i i ) ' t h e  es tab l i shment  of r e l i a b l e  s t r u c t u r a l  models f o r  non-special  
boundaries  and t h e i r  d e f e c t s .  



6. DISLOCATION AND SLIDING PHENOMENA AT BOUNDARIES 

Q u a n t i t a t i v e  measuremenfs should be made of t h e  r a t e  a t  which l a t t i c e  d i s -  
. l o c a t i o n s  d i s s o c i a t e  i n  boundaries .  

The gene ra t ion  of l a t t i c e  d i s l o c a t i o n s  a t  boundaries  should be s tud ied  sys- 
t e m a t i c a l l y ,  p re fe rab ly  by d i r e c t  observa t ion  wi th ,  f o r  example, h igh  v o l t a g e  
e l e c t r o n  microscopy. 

Progress  i n  understanding t h e  b a s i c  mechanism by which boundary s l i d i n g  occurs  
i n  non-special  boundaries  must awai t  f u r t h e r  progress  i n  our understanding of 
t h e  n a t u r e  of g r a i n  boundary d i s l o c a t i o n s  ( s ee  S e c t i o n  2 above) and shea r  mechanisms 
i n  such boundaries.  However, s i n c e  g r a i n  boundary s l i d i n g  p l ays  an  
exceedingly important  r o l e  i n  g r a i n  boundary f a i l u r e  mechanisms, 
e f f o r t s  should b e  made t o  understand a s  many of t h e  o v e r a l l  a s p e c t s  of s l i d i n g  a s  
poss ib l e .  

7 .  ATOMIC BONDING AND COHESION AT BOUNDARIES 

Methods should be developed t o  measure f o r  t h e  f i r s t  t ime g r a i n  and i n t e r p h a s e  
boundary cohesion. Of p a r t i c u l a r  i n t e r e s t  would be experimental  de te rmina t ions  of 
t h e  e f f e c t s  of s o l u t e  atom seg rega t ion  on cohesion.  

.i: 

E f f o r t s  should be  made t o  c a l c u l a t e  boundary cohesion on a  funaamental b a s i s  
perhaps by t h e  c l u s t e r  method c i t e d  i n  Sec t ion  7 of [ I ] .  

8. NON-EQUILIBRIUM PROPERTIES OF BOUNDARIES ,- 

There i s  a need f o r  more c r i t i c a l  and more d e c i s i v e  experiments , ' to  dec ide  t h e  
ques t ion  of whether important  non-equilibrium e f f e c t s  of t h e  types  c i t e d  i n  Sec t ion  
8 of [l] e x i s t .  Such e f f e c t s  a r e  not  wel l -es tab l i shed  a t  p re sen t .  I f  they indeed 
do e x i s t  they would obviously p lay  a n  important  r o l e  i n  t h e  behavior  of bound- 
a r i e s  under t i m e  dependent f r a c t u r e  cond i t i ons .  

9. TECHNIQUES FOR STUDYING BOUNDARIES 

The f i e l d  of boundary s t u d i e s  i s  i n  a . r a p i d  and . e x c i t i n g  s t a g e  of development. 
'I'he r e c e n t  development of a v a r i e t y  of powerful techniques  al.lows d e t a i l e d  s t u d i e s  
of t h e  boundary s t r u c t u r e  and chemistry a t  e s s e n t i a l l y  t he  atomic s c a l e  which were 
imposs ib le  j u s t  a few y e a r s  ago. Techniques of p a r t i ~ u l a r  i n t e r e s t  i nc lude ,  f o r  
example : 

( i )  s tudy  of boundary d i f f r a c t i o n  c o n t r a s t  images by h igh  r e s o l u t i o n  
e l e c t r o n  microscopy; .-. 

.A' 

( i i )  s tudy  of boundary s t r u c t u r e  by l a t t i c e  imaging methods v i a  high 
r e s o l u t i o n  e l e c t r o n  microscopy; 

( i i i )  scanning t ransmiss ion  e l e c t r o n  microscopy; 

( i v )  h igh  r e s o l u t i o n  scanning Auger spectroscopy;  



(v) synchrotron x-ray d i f f r a c t i o n  from t h e  c o r e  r eg ions  of boundaries;  

( v i )  atom probe- f ie ld  i o n  microscopy; 

( v i i )  EXAFS s t u d i e s  of a tomic environments i n  g r a i n  boundaries .  

Progress  i n  t h e  a r e a  of boundary s t u d i e s  and t h e  s u c c e s s f u l  complet ion of 
much of t he  r e sea rch  recommended above w i l l  depend i n  a c r i t i c a l  way on t h e  
a v a i l a b i l i t y  and a p p l i c a t i o n  of t h e  above techniques.  I n  f a c t ,  i t  must be recog- 
nized t h a t  t h e  s tudy of boundaries i s  p a r t i c u l a r l y  dependent upon t h e s e  techniques.  
We t h e r e f o r e  recommend t h a t  s p e c i a l  a t t e n t i o n  be g iven  t o  t h e  a v a i l a b i l i t y  of such 
techniques i n  f u t u r e  boundary r e sea rch .  

SUMMARIZING REMARKS 

(1) Time-dependent f r a c t u r e  i n  i t s  v a r i o u s  forms is, o f t e n ,  d i r e c t l y  depen- 
den t  upon an  almost  bewildering a r r a y  of bo th  g r a i n  boundary and i n t e r p h a s e  
boundary phenomena. These inc lude ,  f o r  example, r a p i d  boundary d i f f u s i o n ,  p o i n t  
d e f e c t  sou rce l s ink  a c t i o n ,  boundary migra t ion ,  d i s l o c a t i o n  c r e a t i o n  and annih i -  
l a t i o n  and boundary cohesion. Many of t h e s e  phenomena a l s o  p lay  important  r o l e s  
i n  t h e  processing of m a t e r i a l s  f o r  h igh  temperature s t r u c t u r a l  a p p l i c a t i o n s .  

(2) These boundary phenomena a r e  r e l a t e d '  d i r e c t l y  t o  t h e  atomic s t r u c t u r e  
of t h e  boundaries  and t h e  p o i n t  and l i n e  d e f e c t s  which may e x i s t  t h e r e  ( inc lud-  
ing  s o l u t e  atoms). Increased  understanding of boundary s t r u c t u r e  is  t h e r e f o r e  
c e n t r a l  t o  progress  i n  t h e  f i e l d  a s  a whole. 

( 3 )  For tuna te ly ,  r e s e a r c h  on t h e  s t r u c t u r e  of g r a i n  and i n t e r p h a s e  bound- 
a r i e s  is  i n  a r a p i d  and e x c i t i n g  s t a g e  of .development .  For t h e  f i r s t  tiine, 
powerful high r e s o l u t i o n  methods a r e  a v a i l a b l e  f o r  probing t h e  d e t a i l e d  s t r u c t u r e  
and chemistry of boundaries .  Also, i n c r e a s i n g l y  powerful computer s imu la t ion  tech- 
n iques  have been developed f o r  cons t ruc t ing  atomic models. F u l l  u se  of t h e s e  
techniques should t h e r e f o r e  be made i n  f u t u r e  work t o  determine and understand 
boundary s t r u c t u r e .  Of p a r t i c u l a r  i n t e r e s t  a r e  t h e  s t r u c t u r e s  of non-special  
g r a i n  and in t e rphase  boundaries ,  boundaries  w i th  d e f e c t s  and s o l u t e  atoms, and 
boundaries  i n  complex~mate r i a l s  such a s  i o n i c  s o l i d s .  

S p e c i a l  e f f o r t s  should be made t o  ensure  t h e  a v a i l a b i l i t y  of t h e s e  tech- 
n iques  t o  t h e  r e l e v a n t  r e sea rch  community. Increased  equipment funding f o r  
i n d i v i d u a l  r e sea rch  groups,  and t h e  es tab l i shment  and suppor t  of l a r g e  c e n t r a l  
f a c i l i t i e s  would be b e n e f i c i a l .  

(4)  Therc is a widespread need f o r  more ex tens ive  a n d - b e t t e r  de f ined  exper i -  
ments c a r r i e d  ou t  i n  conjunct ion  w i t h  r e a l i s t i c  modeling i n  - a l l  of t h e  s u b f i e l d s  
c i t e d  i n  t he  p r e s e n t  r e p o r t .  S p e c i f i c  r e s e a r c h  which i s  l i k e l y  t o  be p a r t i c u l a r l y  
rewarding a t  t h e  p re sen t  time inc lude :  

( i )  t h e  ga the r ing  of more ex tens ive  and r e l i a b l e  boundary d i f f u s i v i t y  
and boundary energy d a t a  bases;  

( i i )  t h e  development of techniques t o  measure boundary cohesion; 

( i i i )  experimental  s t u d i e s  under c a r e f u l l y  cha rac t e r i zed  and c o n t r o l l e d  



cond i t i ons  of t h e  e f f e c t  of s o l u t e  atoms and boundary "chemistry" on 
u l l y  ul: tile c r i t i c a l  boundary phenomena c i t e d  i n  t h e  p re sen t  r e p o r t ,  
e s p e c i a l l y  d i f f u s i o n ,  migra t ion ,  s l i d i n g ,  and cohesion.  

REFERENCE 

[ I ]  Bal luf f  i, R. W . ,  .earlier paper i n  p re sen t  workshop r e p o r t .  
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INTRODUCXION 
s l 

The objective of this summary report is to present the various key discus- 
sion areas, noting both majority and minority opinions, of the subgroup's views 
on designer needs in time-dependent fracture and the contribution of materials 
science to these. Six of the eight subgroup members had participated in the 
short presentations earlier in the workshop. Some of their individual recommen- 
dztions are made in the written version of their presentations included else- 
where in these proceedings. 

SUBGROUP DISCUSSION 

There was general agreement in the subgroup regarding. the need, to bridge 
the gap between academic knowledge and industrial application. To achieve this, 
the discipline barriers must be broken.down. More interdisciplinary interaction 
.must be encouraged. One of the members mentioned that, in the pursuit of aca- 
demic research, much of the material data generated are at unrealistic stress/ 
temperature conditions when compared with realistic design considerations. 
Clearly, there is a need for greater interaction between tho'se people genekating 
data and those who would be using these data. This would be promoted by inter- 
active programs among universities, research institutions, and industry., The 
subgroup recommends that such programs be considered and initiated, Another 
opinion was expressed that generalized pictures should be developed showing the 



relationship of various discipline areas to design problems. This would help 
develop multidisciplinary interactive programs of the type indicated above. An 
example is shown in the figure on the next page. 

There was considerable discussion about whether the subgroup should base 
its recommendations on currently operating energy systems or on advanced energy 
systems. Subgroup members were divided on this issue. One faction argued that 
system availabilities are likely to be improved considerably if the subgroup 
recommendations were concentrated on the current systems and their studies pur- 
sued. The counter argument was that system availability frequently depends on 
factors such as proper maintenance, operation, quality control, etc., and, in 
many cases, is not 'likely to be affected significantly by merely a better mate- 
rial understanding. The,refore, the attention of the subgroup should be focused 
on advanced energy systems in which system behavior is not well understood be- 
cause of the lack of experience. It was finally decided that the subgroup 
should mainly emphasize the advanced energy systems but also should include any 
specific problem areas that are relevant to currently operating systems. 

All the subgroup members agreed that much of the research and development 
work should be performed 'on service conditions and structural materials that are 
relevant. This led, naturally, to a number of questions. What are the relevant 
service conditions? What are the relevant structural materials? What are the 
various systems of interest? One subgroup member felt strongly that the sub- 
group should develop answers to these questions. However, other members felt 
that the subgroup could not possibly generate,these answers to the extent of de- 
tail that is warranted. Therefore, the following recommendation was made: 

The relevant conditions for components in specified designs should be 
generated including materials, temperature ranges, environments, strain 
and stress limits, strain or stress rates, loading paths/histories, etc. 
Descriptions of systems of interest should be prepared and madeavail- 
able to researchers generating the relevant conditions listed above. An 
example of a typical condition of interest is the stress levels for 
steady-state creep on the order of 10 4~ to ~ o - ~ E ,  giving str.ains typi- 
cally 1 percent overall to 5 percent locally. 

Oak Ridge National Laboratory Report No. OWL-5073" was mentioned as an 
important reference on time-dependent material considerations. The section on 
specific recommendations is directly relevant to the objectives of this subgroup 
and is appended to this report. 

RECOMMENDATIONS FOR RESEARCH 

.Five specific areas were identified by the subgroup as important broad 
categories in which future work needs to be performed. All these..areas refer 

* - 
7. 

*L. F. Coffin, et al., "Time-~ependent Fatigue of Structural Alloys - A General 
Assessment (1975)," Oak Ridge National Laboratory Report No. ORNL-5073, Janu- 
ary 1977. 
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to metallic as well as ceramic materials,-'including-coatings. A few major sub- 
categor'ies were identified under each major area. They are listed in the order 
of priority that was assigned to each category by -the subgroup members. 

Cumulative Damage Concepts for Crack Initiation 

Grain boundary fracture and deformation 

Metallurgical and structural changes 

Interaction with environment 

Mechanical and thermal histories, including multiaxial and nonpropor- 
tional effects 

I 
Specific materials and service conditions. 

1 From the designer's viewpoint, the final objective is to be able to predict 
the service life of relevant structures with a reasonable degree of confidence. 
Therefore, the most important area for future. study is identified as the develop- 
ment of cumulative damage concepts. Such concepts require: 

Understanding of the basic nature of the creep-fatigue-environmental 
damage mechanisms 

Method of counting the damage as a function of the accrued h,istory of 
loading. b 

These concepts should be developed for both crack initiation and crack growth, 

The subcategories listed above are self-explanatory and need no further 
clarification. 

Environmental Studies 

Systematic characterization 

Underlying mechanisms 

Liquid metals, water/steam, air, molten salts, combustion products in- 
cluding coal-derived fuels, irradiation. 

Environmental studies were considered to be very important by the subgroup. 
It was felt that the environmental effects must be systematically characterized. 
An example was cited to further 'clarify this. Some materials show a large de- 
crease in fatigue strength with only small traces of an oxygen environment; how- 
ever, a further increase in oxygen concentration leads to an increas-e in fatigue 
strength. Such effects can be determined only by systematic envirohental stud- 
ies. A number of typical environments relevant to energy systems were identified. 



Cyclic and complex loading paths/histories, including multidial and non- 
proportional loading effects 

Bench-mark problems 

Computational methods. 

A definite need to develop more realistic constitutive equations was identi- 
fied. It was indicated that the present approaches do not satisfactorily treat 
the thermal transient and cyclic.problems. There was unanimous agreement on the 
importance of bench-mark problems* in the development of constitutive equations. 

. These problems should be simple yet significant enough for practical application 
and should serve as significant tests of theories and procedures for predicting 
the response of structural components. Furthermore, adequate computational 
methods must also be developed so that the constitutive equations can be utilized 
to solve practical problems both inexpensively and accurately. 

Design Methodology 

Statistical approaches 

Probabilistic evaluation of nondestructive testing and examination 
approaches 

Accelerated testing 

Defect-tolerant design. 

This category includes application problems related to the fundamental work 
identified in the last three categories. Presently, ASME pressure vessel and 
piping codes are used in the design of fossil and nuclear power plant components. 
The ASME> codes are based on deterministic design methodology. Thus, it is diffi- 
cult to assess the degree of conservatism involved in the designs. The need to 
develop probabilistic design methodology was identified by the subgroup members. 
The ASME codes are further limited by the use of crack initiation as the char- 
acterization of failure. There is a need to develop design methodology based 
on both crack initiation and crack growth. Because of time and economic limi- 
tations, most of the material data in the ASME codes are based on accelerated 
short-time tests. There is a need to relate the validity of these accelerated 
tests to the long-time material behavior that is expected in practice. 

Processing 

Welding 

Casting 

*J. M. Corum, et al., "Interim Guidelines for Detailed Inelastic Analysis of 
High-Temperature Reactor System Components," Oak Ridge National Laboratory 
Report No. ON-5014, December 1974, pp. 109-118. 



I Machining 

Forming (including explosive forming) 
- 

Coatings 

Powder sintering. 

All the problem areas listed in the first four categories need to be ex- 
plored not only for structural materials in final form but also for special. 
areas such as weldments and for structural materials during processing. For 
example, large variations in mechanical properties exist within the weld and 
the adjacent heat-affected zone because of the complex thermal and mechanical 
his tory exper3enced during the welding process. The service conditions (e. g . , 
stress and strain limits, temperatures, etc.) involved during processing are 
usually entirely different from those in operating systems. Therefore, there 
is a need to identify these in a separate category. 

I APPENDIX 

Recommendations from L. F. Coffin, Jr,, et.al., "Time-Dependent Fatigue of 
Structural Alloys - A General Assessment (1975)," Oak Ridge Natfonal Laboratory 

q ' Report No. ORNL-5073, January 1977, are quoted below: 

1. The further development of design technology for treating ti~e-dependent 
I 

fatigue. Both crack-initiation and FCG methods are to be addressed. Emphasis 
is to be given to proper treatment of cumulative damage, effects 6k multiaxial 
stress, and other important factors as described in this report. 

2. The conduct of long-time tests that will provide conclusive 'answers to the 
8 

effect of time on the creep-fatigue-environment interaction problem. The test 
program must be carefully chosen to definitively answer questions &ch as that 
concerning the existence of fatigue life saturatuion and should be d'esigned to 
provide desired data of general utility. The program should involve large as 
well as small strains, constant and varying temperatures, and other parameters 
expected in service. f 3 

r: 

3. The development of criteria for characterization should include constitu- 
tive relations under cyclic and time-dependent loading and information on the 
influence of one mode of loading on the properties of material in another mode. 
For example, the effect of creep strain on plastic ductility, or fatigue load- 
ing, and vice versa should be investigated, Both uniaxial and multiaxial stud- 
ies are to be included. 

4 .  The conduct of a series of tests in several environments of special inter- 
est (e.g., vacuum, liquid sodium, and inert gases). These tests, should be 
designed not only to provide basic informat2on, but also to resolve numerous 
questions raised in this report relative to environment when the .gnalysis is 
made according to the major frameworks developed in this report. 

5 .  The development of' cumulative damage concepts. Such concepts first require 
that we understand the basic nature of the creep-fatigue-environmental damage 
mechanism(s) and second that we learn how to count the damage as a function of 



, . 

the accrued history of'loading. It will be important to separate the crack- 
initiation phase from the crack-propagation phase in order to treat such damagey-- 
accumulation prop'erly. 

6. The study of crack growth in the high-temperature range. Of special impor- 
tance are cases involving very small cracks (.in their incipient stages) and 
large inelastic strains (,especially creep-strains). 

7. The development of 'information on the effects of multiaxial stress. In 
this case, general characteristics of cyclic behavior and the mechanisms of dam- 
age are to be studied. Again, it will be important to separate crack-initiation 
and crack-propagation phases because of the special differences in response of 
materials to these two phases of damage accumulation under multiaxial conditions. 

8. Special treatment of wave shapes. Since the major frameworks developed in 
this report are specially designed to treat complex variations of stress, strain, 
strain xate, and temperature, special tests should be devised to test their capa- 
bility of predicting the fatigue life under typical thermomechanical cycles 
involving such variations. These are especially pertinent in advanced power- 
generation applications. 

9. Extension of the time-dependent fatigue data base. From the current design 
point of view, emphasis should be given to materials other than type 304 stain- 
less steel; [e.g., type 316 stainless steel (both annealed and cold worked) at 
temperatqres ranging from 1000 to 1500°F]. Data are needed on parent and weld 
material and on weldments. 

10. .Extension of the data base to include tests on notched elements in order 
to examine.materfa1 behavior under realistic structural conditions and to evalu- 
ate vark9.u~ procedures developed for analyzing structural components. 
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