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PROGRAM O B J E C T I V E S  AND SUMMARY 

Little is.known about what controls fatigue cracking near threshold in 

BCC materials. Furthermore, although these are acceptable models of plastic 

flow induced striation mechanisms, there are no generally accepted models in- 

volving intergranular, cleavage, cyclic cleavage, glide band decohesion or 

other secondary fracture modes. The objectives of the present program are 

to understand th-e roles of alloy additions, grain size and yield strength on 

fatigue threshold and near-threshold growth rates for.selected BCC materials. 

Thus far; a predictive model for burst cleavage in Fe-binary alloys has been 

derived and verified. A predictive model for cyclic strain hardening exponents 
\ 

of an HSLA steel at low temperatures has been derived and verified. A proposed 

model for cyclic cleavage crack entension in terms of geometrically mecessary 

dislocations has been partially investigated. Experimentally, grain size 

and low temperature effects on thresholds and crack growth of HSLA steels 

and Ti-30 Mo have been nearly completed and similar studies on Fe-binary alloys 

are in progress. With such input, models are currently being developed for 

piedietion of microatri~ctural effects on threshold and near-threshold crack 

growth under mixed mode conditions. 



I.' STRAIN-RATE SENSITTVTTY 'AND DISLOCATION DYNAMICS 

1 
As was indicated in the first year's Progress Report, there were some 

basic needs of understanding the grain size effect on strain rate sensitivity 

if dislocation~dynamics were going to be utilized to model the plastic rate 

equation appropriate to the crack tip. These needs serc prompted by some 

standard thermal activation analysis on HSLA . steel where m" was defined as 

usual from 

Upon differentiating and assuming pm is constant, this gives 

m* = aRni/aRno"t ( 2 )  

However, the va3.ues determined in this manner from change of strain-rate 

, 
testing, as recalled from the initial report and shown in Figure 1, demonstrat- 

ed a grain size dependency. These have been verified with double strain-rate 

cycling and are known not to.be dependent, .entirely, on so.lute concentration 

differences. f It is more likely that such. changes are. an apparent effect 

which may be reflecting.actua1 changes in mobile dislocation density, as pre- 

viously suggested. In fact, we will show that there could b e  two sources 

of error in current approaches. One is associated with assuming a constant 

mobile dis.lnr.at.i.on density aid the other has to do with ignoring the time rate 

of variation of total dislocation density. Without going into detail, it is 

. . .  
.. .> suggested that 

mit - 
- - arn(c - dp bib) 

real dt 2p-5 - - a Rnpm 
'd Lnaf; 3 !?,no"' 

Since dpldt and pm are likely to be functions of stress, it follows that 

* 
mreal may be substantially smaller than m* from Eq. (2). All this analysis 

 h he amount of Nb or C in solid solution could be slightly different in the 

finest grain size material but imperceptibly different in the three coarsest 

grain sizes. 
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says is that the more the strain rate is made up by dislocation creation 

(e.g. emissary dislocations from grain boundaries) during a strain-rate change, 

the less need there is for a large mk exponent. In fact, for realistic values 

of dislocation density on the order of 10~~/m*, one can demonstrate that a 

J. 

factor of three increase in dpldt can result in m" being less than half real 

m 
apparent ' Since one would expect dpldt to increase as the grain size de- 

creases, this qualitative observation is in the right direction and may at 

least partially explain the results in Figure 1. 

Current progress in this areainvolvespreparation..of the Fe-binary alloys 

for thermal activation studies, stress-relaxation testing and internal stress 

evaluation of Ti-gettered iron and.recovery experiments on both HSLAsteel . : . :  

and iron. Over the last year, two gaduate studnets (James Lucas and John 

Vasatis) have been involved in this phase of the research. 

1-1 Consistent stress relaxation, stress recovery.and positive-negative in- 
ternal stress determination. 

James Lucas, John Vasatis and William Gerberich 

In the present dislocation dynamics, low cycle fatigue and fatigue crack 

propagation studies at low temperatures.,: it is necessary tu know 1 i 0 ~  the 

internal stress state is changing. That is how does the internal stress 

state change with time due to dislocation production and/or annilihation in 

conjunction with changes in dislocation velocity? This has caused us con-- 

siderable concern since we have observed that the internal stress determined 

by decremental unloading is a function of the relaxation time in HSLA steels. 

Such a result is shown in Figure 2 where a stress-relaxation test was periodi- 

cally unloaded to determine the internal stress by decremental unloading. As 

is seen by the inserted tabulation, the internal stress decreased by seven 

percent in this relatively short time (short considering the temperature of 

173R killere relaxation is sluggish.) Thus, there i s  some question as to how 



, H S L A  STEEL' 
T= 173 K 

t = 4500 Sec. 
I, time 

Figure 2 



to assess the internal stress and hence the thermal component of the flow 

stress. 

Since the primary concern is with threshold stress intensities which will 

result in long time' cycling at this temperature and above,, the time depen- 

dence of the internal stress is important. In addTtion, the stress distribu- 

tion at the crack tip is both large near it and small far away so that stress 

relaxation and/or recovery under static loads is possible. Of course, it is 

the cyclic loads that are of ultimate concern but for this initial study, a 

detailed analysis of stress relaxation and recovery under static loads is 

appropriate. 

Consider first what happens in a stress relaxation or unloading type 

test. This is shown by the schematic in Figure 3 where the first test is a 

normal stress relaxation test, the next two represent low stress recovery 

experiments and the final two represent 1-ow stress recovery experiments. At 

high stresses, the force on the dislocations is sufficient to maintain posi- 

tive dislocation motion and creation in excess of annihilation so that the 

specimen continues to lengthen, giving a relaxation under fixed grip conditions. 

At low stresses, however, a reverse condition of negative dislocation motion 

and/or annihilation causes a specimen shortening with an attendant stress re- 

covery. This later condlLiuu is depictcd in the srh~matic, 

To model this, consider fixed grip stress relaxation under low stresses 

so that we may ignore machine relaxation. It is known that the displacement 

change is zero. Likewise, the total stra.inYrat.e must be a balance between 

plastic and elastic relaxation rates, i.e. 

i: - - i E + 2  = 0 
total P 

The sign of cE and E depend upon whether the stress is large enough to over- 
P 

come the instantaneous internal stress so Lhat positive or negative relaxation 

occurs. This will be interpreted in terms of dislocation dynamics as others 





- 4 -  

have done. 2-4 The p l a s t i c  s t r a i n  i s  given i n  terms of t h e  d i s l o c a t i o n  d e n s i t y ,  

- 
p ,  and t h e  average d i s t a n c e  moved, s ,  by 

Both time r a t e  of d i s l o c a t i o n  motion and genera t ion  should be considered f o r  

t he  p l a s t i c  s t r a i n  r a t e  g iv ing  

where $I is  an  o r i e n t a t i o n  f a c t o r .  

5 
This  i s  e s s e n t i a l l y  t h e  same equat ion  used by Meyers, e t  a 1  except  t h a t  he re  

p ( t )  and pm( t )  a r e  no t  taken t o  be synomynous. This  i s  necessary  because t h e  

c r ea t ed  o r  a n n i h i l a t e d  popula t ion  may be s i g n i f i c a n t l y  d i f f e r e n t  than  the  mobile 

5 
population. This d i d  no t  c r e a t e  a problem f o r  Myers, e t  a l .  s i n c e  they  only  

considered r e l a x a t i o n  a t  high s t r e s s e s  where t h e  v e l o c i t y  term predominates.  ,. 

. . However, . for  g e n e r a l i t y ,  botti terms w i l l  b e  kep t  he re .  I n  a  s t r e s s  r e l a x a t i o n  

o r  recovery experiment,  t h e . e l a s t i c  s t r a i n  r a t e  i s  given by 

For s and s, the  fol lowing a r e  as.sumed 

These parameters need only s l i g h t  exp lana t ion .  ..since t h e  empi'r3cal equat ion  f o r  

- 
d i s loca t . i on  v e l o c i t y ,  v ,  i s  w e l l  known wi th  m" = a!2ni /a~no* and o0 t h e  ' s f r e s s  

a t  which t h e  d i s l o c a t i o n  v e l o c i t y  i s  vo. The average d i s t a n c e  moved by each 

d i s l o c a t i o n  i s  taken a s  ha l f  t h e  average d i s t a n c e  between them s i n c e  two d i s l o -  

c a t i o n s  may move.;halI Nay between b a r r i e r s  and annih i la te ; .  a  moving d i s l o c a t i o n  

may a n n i h i l a t e  a s t o r e d  d i ~ l o c a t i o n  nr a c rea t ed  d i s l o c a t i o n  may be immediately 

s t o r e d .  Combining Eqs. .(4),  ( 6 ) ,  ( 7 )  and (8)  g ives  



Even with the implicit assumption that the thermal component of the flow stress 

is constant, independent of time, this is a very complicated differential equa- 

tion. An attempt to simplify it was made by choosing realistic time-dependent 

functions for p (t) and pm(t). The time dependent variation in dislocation 

density proposed by Meyers, et a15 can be closely modelled by 

- 2Be-t/t0 
prn - (10) 

where f3 is a constant having dislocation density units. Not only does this 

fit their short time data but it also gives pm to be zero at infinite time, 

i.e. after complete relaxation. An analagous equation for the tptal disloca- 

tion density is 

p =.. B[I + e -t/tol 

This is realistic since it is finite ,atrinfinite time and is always greater 

than 0,. Using Eqs. (9-1.1) and separating veriables leads to 

t "* r2 do = jd dt - I 2b"e''t0 v~ - Edt (12) 

=? 1 0 

Upon integration, this gives 

mk % 24 - [l+e-t/to]' - 26t0[1-e -t't"bEvo (g )' Au = EbB 

This appears to have many of the features required to model stress relaxation 

and recovery phenomena. A critical experiment was to examine the AoR transients 

at lower stresses where both terms were important.':.This wa.s accomplished by 

evaluating stress recovery at short times after decremental unloading. The 

AoR after 90 seconds.of recovery were measured as.schematically shown in Fi- 

gure 3. As is shown in Figure 4, the AuR values first .increased and then del 

creased with increased values of the decremental unloading stress. The largest 

recovery occurred near a stress of.69 MPa which is the reported value,of the 

internal stress for pure ~ e . ~  This behavior w a s  observed fnr  300 and 233 K 

t There is no reason to expect that Ti-gettered iron or HSLA steels of this study 

will have the same exponential dependence as was observed by Meyers, et a15 

for Armco Fe. 



C, MPa 

Figure 4 
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t e s t s  a s  w e l l  a s  f o r  173 K ( n o t  shown h e r e ) .  Although Eq. (13) can  model 

such b e h a v i o r  f o r  s t r e s s e s  g r e a t e r  t h a n  a i ' i t  canno t  f o r  s t r e s s e s  l e s s  t h a n  ai. 

That i s ,  t h e r e  i s  no paramete r  which a l l o w s  noR t o  i n c r e a s e  w i t h  a n  i n c r e a s e  

o f  t h e  un load ing  s t r e s s ,  i . e .  t h e  s t r e s s  a t  which r e c o v e r y  is  i n i t i a t e d .  

There  a r e  p robab ly  s e v e r a l  r e a s o n s  f o r  t h e  p h y s i c a l  inadequacy.  F i r s t ,  t h e r e  

i s  no r e a s o n  t o  e x p e c t  a l l  d i s l o c a t i o n s  t o  b e  mobi le  d i s l o c a t i o n s  immediate ly  

upon un load ing ,  which i s  what Eqs. (10) and (11) i n f e r .  Secondly,  t h e r e  i s  

good reas 'on t o  expec t  t h e  mobi le  and t o t a l  d i s l o c a t i o n  d e n s i t y  d e n s i t i e s  t o  b e  

some f u n c t i o n  o f  s t r e s s .  There  i s  a l s o  a  concern  abou t  t h e  c o n s e r v a t i o n  of 

d i s l o c a t i o n s  s i n c e  a n n i h i l a t i o n ,  c r e a t i o n  and s t o r e d  d i s l o c a t . i o n s  have been i n -  

a d e q u a t e l y . t r e a t e d .  Such a  t r e a t m e n t  w i l l  b e  d i s c u s s e d  i n  t h e  proposed work 

f o r  n e x t  y e a r .  
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I -  Strain-rate and flow sensitive properties of HSLA steels 

James Lucas and William W. Gerberich 

Besides the strain rate sensitivity, internal stress and stress recovery 

data already mentioned, we have been performing some stress relaxation experi- 

ments at ambient and low temperatures. These will be reported at a later 

date. In addition, all of the static and cyclic strain-hardening flow proper- 

ties have ,been determined for the HSLA steels reported in Table 1-1. 

Table 1-1: Composition of HSLA Steels (wt.%) 
c Nb Mn Fe 

Heat 81 0.06 0'. 03 0.35 bal RET" 

Heat 112 0.06 0.03 0.35 bal non-RET 

Heat /( 3 0.06 0.12 1.00 bal non-RET 

"Rare-earth treated. 

The cyclic strain-hardening properties are fully reported in section 11-1. 
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11.' FATIGUE AND FRACTURE CHARACTERIZATION 

For analysis of fatigue propagation models, particularly at low tempera- 

tures, cyclic strain-hardening exponents, cyclic cleavage planes and cleavage 

stresses must be determined. The first year's effort was mainly centered on 

improving the cylic stress-strain technique, using theHSLA steels. This 

second year's progress has involved the complete characterization of one HSLA 

steel.at.four test temperature for four grain sizes. This has allowed a sig- 

nificant advance in the understanding of how low temperature affects the cyclic 

strain hardening exponent, Bc, since we can now model Bc in tens of the separate 

athermal and thermal components of the flow stress. In 'addition, we have fi- 

nished the work on cleavage characterization of Fe-binary systems which allows 

.a determination of how alloying'elements affect the specific work of fracture 

and in turn how this affects the ductile-brittle transition. Together, these 

allow. a major step towards .understanding how secondary modes of fracture affect 

the low temperature fatigue process in BCC systems. Over the last year, two 

graduate students (Rex King and James Lucas) have been involved in this phase 

of the research. 

11-1: Cyclic stress-strain of H~~~ steels. 

James Lucas and William W. Gerberich 

Cyclic plastic deformation data for a'particular metal or alloy system is 

1 
readily available in the literature. However, fewer studies can be found 

which relate cyclic deformation parameters, such as Bc to consistent variations 

, . .. of microstructure, (e.g., grain size) within an alloy system. One exception 

2 
is Yokobori et a1 who have studied the dependence of Bc on the ferrite grain 

size in a low alloy steel at room cempeiature only. AE far as could be ascer- 

tained from the'literature, there have been no simultaneous studies of grain 

size and low temperature effects on the cyclic fatigue properties of low alloy 

steel. Thus, the aim of chis ongoing work is to provide information, from 



which s t r u c t u r e - p r o p e r t y  r e l a t i o n s h i p s  f o r  Bc can  b e  e s t a b l i s h e d .  The u l t i m a t e  
I ,  

g o a l  i s  t o  i n c o r p o r a t e  t h e s e  d a t a  i n t o  a  model f o r  low t e m p e r a t u r e  f a t i g u e  c r a c k  

p r o p a g a t i o n  n e a r  and a t  t h r e s h o l d .  I n  t h i s  i n v e s t i g a t i o n  g r a i n  s i z e  and temp- 
I 

e r a t u r e  e f f e c t s  on t h e  c y c l i c  s t r a i n  h a r d e n i n g ,  B c ,  were  examined. The g r a i n  

s i z e  e f f e c t  w i l l  o n l y  b e  c a s u a l l y  mentioned w h i l e  t h e  t e m p e r a t u r e  e f ' f ec t  w i l l  

be  d i s c u s s e d  i n  more d e t a i l .  

The m a t e r i a l  used was an  HSLA s t e e l  w i t h  a n  a s - r e c e i v e d  y i e l d  s t r e s s  of 

414 MPa. The major a l l o y i n g  e lements  were  0.06%C9 0.03% Nb and 0.35,% Mn by 

weigh t .  The d e s i r e d  g r a i n  s i z e s  (10-123 pm) were ache ived  by s o a k i n g  a t  1473K 

f o r  v a r i o u s  t ime d u r a t i o n s  i n  vacuum a t  T o r r ,  and t h e n  a l l o w i n g  t o  f u r n a c e  

c o o l .  T e s t  t e m p e r a t u r e s  r a n g i n g  from 123K t o  300K were  c o n t r o l l e d  t o  w i t h i n  

+ 1 K  by u s i n g  a c o l d  chamber which o p e r a t e s  by c i r c u l a t i n g  l i q u i d  n i t r o g e n  vapor  

through b a f f l e d - s t u d d e d  c o n s t r u c t i o n  o v e r  h e a t i n g  e lements .  

F u r t h e r  d e t a i l s  of c y c l i c  fa t i .gue  tes t i 'ng . :and a n a l y s i s  a r e . g i v e n  i n  Ap- 

pendix I.' The main r e s u l t  is  t h a t  the s a t ' u r a t k d  t y c l i c  f a t i g u e  stress c u r v e s  

were  e s s e n t i a l l y  p a r a l l e l  f o r  a l l  g r a i n  s i z e s -  a s  . i n d f c a t e d  i n  F i g u r e s  1 ( a ,  b ,  

c) . ,  independent  of t e s t  t empera tu re .  T h i s  s u g g e s t e d  t h a t  c y c l i c  s t r a i n - h a r d e n -  

i n g  r a t e s  cou ld  be  i n t e r p r e t e d  i n  terms of a . t e i n p e r a t u r e  independen t  a t h e r m a l  

component, a i .  The f i n a l  r e s u l t  is  t h a t  the. c y c l i c  s t r a i n  h a r d e n i n g  exponent 

( the  log- log  s l o p e  of t h e  d a t a  i n  F i g u r e  1) a t  any t e m p e r a t u r e ,  B c ,  cou ld  b e  

determined from t h e  t e m p e r a t u r e  independent  v a l u e ,  Bci,  through 
. ., rCi K' ] [ 'i (;i002j l-fic/fici 

8 ,  ( 0 . 0 0 2 ) - ~ ~  = 
a 9i 

Eq. (4 )  

+ 0 i ( 0 . 0 0 2 )  Appendix I 

Since a" i s  t h e  the rmal  component. of  t h e  f low s t r e s s  which may b e  p r e d i c t e d  i n  

terms of theDorwRajnak  t h e o r y  a s  a  f u n c t i o n  o f  t e m p e r a t u r e  and a l l o y i n g . e l e -  

I t  
ments and s i n c e  Bci ,  K~ and a i  are tempera tu re  independen t ,  i t  i s  now pns- 

s i b l e  t o  p r e d i c t  BC f o r  any t e m p e r a t u r e  below room. . temperature .  Such a pre-  

d i c t i o n  from E q .  ( 4 )  is  shown i n  F i g u r e  2 t o  be  v e r y  good. 
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Comparison of e x p e r i m e n t a l  and a n a l y t i c a l  
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g r a i n  s i z e s .  i sizes  i n  an  HSLA s t e e l .  



11-2 Burs t  c l e a v a g e  i n  BCC Fe 

W.W. G e r b e r i c h ,  Y.T. Chen, D .G .  A t t e r i d g e  and T. Johnson 

A l t h o u g h ' n o t  p r e s e n t l y  working on t h e  p r o j e c t ,  t h r e e  former  a s s o c i a t e s ,  

D r .  David G. A t t e r i d g e  of B a t t e l l e  Northwest L a b o r a t o r i e s ,  D r .  Y.T. Chen of  

Pitney-Bowes C o r p o r a t i o n  and M r .  Tom Johnson o f  C h r y s l e r  C o r p o r a t i o n  have c o l -  

l a b o r a t e d  on t h i s  p r o j e c t .  W e  now have a  working model f o r  t h o s e  a l l o y i n g  and 

. . m i c r o s t r u c t u r a l  e f f e c t s  which c o n t r o l  t h e  d u c t i l e  t o . b r i t t l e  t r a n s i t i o n  temper- 

a t u r e ,  TDBTT, i n  Fe and Fe-b inary ' sys tems . .  Using twin  o r  s l ip -band  n u c l e a t e d  

Ti(C,N) f r a c t u r e  a s  t h e  t r i g g e r i n g  even t .  f o r  c l e a v a g e ,  t h e  s p e c i f i c  work of 

f r a c t u r e  f o r  i r o n  a l l o y s  was .determined.  For  Fe-Si and Fe-Ni t h i s  i s  shown 

i n  F i g u r e  3 .  Coupl ing t h i s  f r a c t u r e  mechanism w i t h  t h e  p r e v i o u s l y  determined 

4  
f low inodel enab led  a p r e d i c t i v e  model t o  b e  g i v e n  i n  t e r m s  o f  fundamental  

pa ramete rs  by 

Here, . the  t r a n s i t i o n  t empera tu re  i s  g i v e n  by t h e  d i s l o c a t i o n  l i n e  e n e r g y ,  I'o, 

t h e  b u r g e r s  v e c t o r ,  b ,  t h e  m i s f i t . p a r a m e t e r ,  6 ,. t h e  s o l u t e  c o n c e n t r a t i o n ,  C ,  m 
* 

t h e  P e i e r l s  s t r e s s  f o r  p u r e  Fe,  0 , the .Ha l1-Pe tch  s l o p e ,  k y ,  t h e  c l e a v a g e  
Po 

* f r a c t u r e  s t r e s s ,  o , and t h e  p l a s t i c  c o n s t r a i n t  f a c t o r ,  p c f ,  f o r  a charpy  
. . f  

b a r .  One comparison,  a s  s e e n  i n  F i g u r e  4 i s  q u i t e  good f o r  b o t h  t h e  d a t a  o f  

. t h i s  i n v e s t i g a t i o n  and s e v e r a l  o t h e r s .  D e t a i l s  a r e  g i v e n  i n  Appendix 11. 
5 
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111. FATIGUE CRACK GROWTH 

I n  t h e  second y e a r ,  emphasis ha s  been i n  measuring f a t i g u e  c rack  propaga- 

t i o n  r a t e s  a t  low AK va lues  nea r  t h r e sho ld .  These measurements sugges t  t h a t  

some of t h e  i n i t i a l  i d e a s  i n  t h e  o r i g i n a l  p roposa l  a r e  c o r r e c t  and t h a t  some 

need r e v i s i o n .  For example, Cyc l i c  c leavage does c o n t r o l . f a t i . g u e  c rack  pro- 

paga t ion  r a t e s  i n  HSLA steel  and Ti-30Mo a t  i n t e rmed ia t e  AK. We have made addi- 

t i o n a l  p rogress  i n  bo th  exper imenta l ly  d e f i n i n g  . c y c l i c  c leavage .and  t h e o r e t i c a l  

model l ing.  Nearer t h r e s h o l d ,  t h e  process  seems t o  be  c o n t r o l l e d  by a  more 

d u c t i l e  p rocess .  This  i s  s t i l l  i n  t h e  d e f i n i t i o n  s t a g e  and r e q u i r e s  t r a n s -  

miss ion  microscopy of t h e  c r a c k - t i p . r e g i o n .  I n  a d d i t i o n ,  t h e r e  have been 

s e v e r a l  p o s s i b l e  mechanisms r e c e n t l y  proposed f o r  t h r e sho ld  s t r e s s  i n t e n s i t i e s  

i n c l u d i l ~ g  microcrack zones; crack h i furca t ion . ,  c rack-c losure .and  cr.ack-tip 

wedging phenomena. The complexity of t h e  obse rva t ions  s u g g e s t . t h a t  a d d i t i o n a l  

t e s t s  w i th  environmental c o n t r o l  and Load-ratio v a r i a t i o n  a r e  :'necessary f o r  

p r e c i s e  i n t e r p r e t a t i o n .  Three s t u d e n t s ,  James Lucas,  Kumar J a t ava l l abhDla  

and Chyun-Hua Chang, have been involved i n  t h i s  l a s t  y e a r ' s  e f f o r t .  

111-1. Fa t igue  c rack  growth i n  HSLA s t e e l s  

James Lucas and William W. Gerberich 

Fat iguetcra 'ck propagat ion s t u d i e s  cover ing  t h r e e  decades od.growth r a t e  

nea r  t h r e sho ld  have been completed f o r  t h r e e  g r a i n  s i z e s  (10 pm, 65 pm, and 

123 pm) a t  f o u r  test temperatures  (123, 173, 233 and 300K). The r e s u l t s  f o r  

t h e  65 u m  g r a i n  s i z e  m a t e r i a l  a r e  shown i n  F igu re  1. F i r s t ,  i t  i s  seen  t h a t  

t h e  h ighes t  temperature  has  t h e  lowest  t h r e sho ld  w i t k - a  va lue  of  about  10 

5 
M P ~ - m  * i nc reas ing  t o  15 - 5  MPa-$ a t  123K. The ve ry  l a r g e  i n c r e a s e  i n  s l o p e  a t  

about a  AK of 17.5 MP~-$ is  seen  t o  i n c r e a s e  d r a s t i c a l l y  f o r  t h e  lowes t  temp- 

e r a t u r e  bu t  more g radua l ly  f o r  t h e  h i g h e s t  test temperature .  S imi l a r  behavior  

were observed f o r  bo th  t h e  10 Vrn and 123 pm g r a i n  s i z e  m a t e r i a l .  

The reason  f o r  rhe sLroag s l o p e  change i n  F igure  1 was a s s o c i a t e d  mainly 
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with enhanced c y c l i c  c leavage a t  low t e s t  temperatures .  An example of t h i s  ' 

i s  shown i n  F igure  2(a)  f o r  a 123 um g r a i n  s i z e  m a t e r i a l  t e s t e d  a t  a AK of 

I- -8 
a 20 ~ ~ a - r n '  where t h e  macroscopic growth r a t e  was 9.8 x 10 m/cycle.  On the  

o t h e r  hand, ca1,culat ion of t he  growth r a t e s  from t h e  f i n e s t  m i c r ~ c l e a v a . ~ e  jogs 

-6 i n d i c a t e s  a va,lue c l o s e r . t o , . l . 5  x 10 m/cycle o r  a b 0 u t . a  f a c t o r  of f i f t e e n  

enhancement. This c y c l i c  c leavage  .enhancement over a more. d u c t i l e  growth pro- 

cess  i s  s i m i l a r  t o  t h a t '  observed f o r  Fe-Ni a n d  Fe-Si a l l oys . '  The more nea r ly  

d u c t i l e  process  i s  shown i n  ~ < ~ u r e . 2 ( b )  f o r  t h e  123 u m  g r a i n  s i z e  m a t e r i a l  a t  

123 K and was.observed t o  be  more predominant . than t h e  c y c l i c  c leavage process  

a t  t h re sho ld .  Here, t h e  microscopic growth r a t e o f  3.2 x 10-lo m/cycle was on 

t h e  o rde r  of t h r e e  o rde r s  of magnitude slower than  t h e  apparent  microscopic 

- 7 
growth r a t e  of = 6 x 10 m/cycie a s  observed by. scanning micrcjscopy. This  

s u g g e s t s t h a t  t h e  t r u e  d u c t i l e  s t r i a t i o n  markings were beyond t h e  SEM reso lu-  

t i o n  o r  t h a t  t h e r e  were r e l a t i vexy .  l a r g e  .wai t ing.  t imes between :various g r a i n s  

growing a long  t h e  c rack  f r o n t .  .Whatever the.  s i t u a t i o n ,  i t  appears  a s  though 

t t he  d u c t i l e  process  i s  c o n t r o l l i n g  near.  t h r e sho ld .  

. Data t o r  o t h e r  grai l l  sizes a t  t h e  s m ~ . s e r i e s  of t e s t  temperatures  a r e  

shown i n  F igure  3. It i s  seen t h a t  f o r  t h i s  .load r a t i o ,  R = O i l ,  and a 30 

Hz t e s t  frequency t h a t  t h e r e  i's an  o r d e r l y  pr6gr 'ession.of  i n c r e a s i n g  th re sho lds  

wi th  e i t h e r  decrease i n  t e s t  temperature o r  an  i n c r e a s e  i n  g r a i n  size. Anal- 

. . 
t It i s  f e a s i b l e  t h a t  discontfnuous growth by a d u c t i l e  mechanism a long  t h e  f r o n t  

a r r e s t s  a t  much lower AK va lues .  Here, f t  might  be assumed t h a t  t h e  d u c t i l e  

process  can .o.nly ccmnect t oge the r  when a f e w s e l e c t e d  g r a i n s  f a i l  by c y c l i c  

c leavage.  This would be j u s t  enough t o  lower t h e  r e s i s t a n c e  of -  the .micru-  

c rack  zone t o  t h e . p o i n t  where t h e  reniiiiaing g r a i n s  f a i l  by a d u c t i l e  o r  b r i t t l e  

process .  I n  t h i s  context ,  10 o r  20 .percent c y c l i c  c leavage may b e  s u f f i c i e n t  

t o  t r i g g e r : t h e  onse t  of t h re sho ld .  . . 
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ysis of these.threshold data were accomplished first by using two.analyses as 

originally proposed. The first is a very simple concept in'terms of the re- 

versed plastic zone size (Rp,) as given by 

where a' is the yield strength and d is .the average grain diameter. The second 
YS 

is in terms of a semi-cohesive zone mode1.l If a void fraction of fv ' 0.3 at 

the crack tip is due to cyclic plasticity and cleavage and a reversed, constrain- 

. . ed, strain-hardened yield zonegives a = 40  the results in Figure 4 seem ysf YS' 

to predict these data as a first approximation. A much better prediction model 

would be to base the analysis on a cyclically work-hardened flow stress since 

the cyclic hardening exponents, Bc, vary from 0.06 to 0.22. Since the highest 

data points in Figure 4 for a given grain size represent the lowest-test temp- 

eratures and hence the lowest Bc values, the upper point would move little to 

the right while the lower ones would move substantially by changing the abscissa 

to a . A demonstration of this folloQs. 
flow 

Just 'as'the plastic zone has been interpreted in terms of the ultimate 

. .  . . sfreilgrh, where there is a large spread between yield and ultimate, so can one 

. use a flow stress determination under cyclic conditions, giving 

If one then evaluates the flow stress at two percent cyclic strain and assumes 

the reversed plas-tic zone size at threshold is equal to the grain size, the 

prediction becomes 

where E?/E  = 10. Taking the cyclic strain hardening exponent and the yield 
Y s 

strength for each grain size and test temperature and calculating AI(TH from 

Eq. (3) gives a slightly better comparison to the t h r e s h o l d  data from 
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F i g u r e  3 a s  s e e n  i n  F i g u r e  5 .  Even t h i s  needs  re f inement  s i n c e  n o t h i n g  h a s  

been proposed w i t h  r e g a r d s  t o  s t r a i n  r a t e  s e n s i t i v i t y  and t h e  s t r a i n  l e v e l  

o f  two p e r c e n t  a t  t h r e s h o l d  is  p u r e l y  a r b i t r a r y .  S i n c e  E = 0.002,  t h i s  
Y S  

i m p l i e s  t h a t  t h e  d i s t a n c e  i n s i d e  t h e  g r a i n  which is  s i g n i f i c a n t - i s  abou t  one- 

t e n t h  t h e  g r a i n  d i a m e t e r .  P e r h a p s i t  i s  s i g n i f i c a n t  t h a t  t h e  s u b s t r u c t u r e  

of HSLA s t e e l  f a t i g u e d  a t  144 K d i d  e x h i b i t  s u b - c e l l  s t r u c t u r e s 3  on t h e  o r d e r  

of 1 pm which i s  about  one- ten th  o f  t h e  g r a i n  d i a m e t e r .  

F u r t h e r  d e t a i l e d  s u b s t r u c t u r a l  and t h e o r e t i c a l  a n a l y s e s  a r e . i n  o r d e r  t o  

s e p a r a t e  t h e  v a r i o u s  c o n t r i b u t i o n s  and a t t e m p t  t o  d e f i n e  t h e  c o n t r o l l i n g  mech- 

111-2 F a t i g u e  c r a c k  growth i n  model a l l o y  Ti-30 Mo 

Kumar J a t a v a l l a b h u l a  and Wil l iam W. Gerber ich  

I n  body-centered-cubic  Ti-30 Mo, o v e r  t h r e e  decades .  of f a t i g u e  c r a c k  growth 

r a t e  have been s t u d i e d  i n  t h e  t h r e s h o l d  'and P a r i s  law regimes.  For  f i v e  t e s t  

t empera tu res  r a n g i n g  from 1.23 t o  340 K ,  t h r e s h o l d  regime d a t a  a r e  shown i n  

F i g u r e  6 f o r  vacuum annea led  samples w i t h  a g r a i n  s i z e  o f  9 3  pm. Compared t o  

t h e  s t e e l  d a t a ,  where t h r e s h o l d s  changed by abou t  50 p e r c e n t  a s  t h e  t e m p e r a t u r e  

was lowered by 177 K ,  r h e  Ti-30 Mu daLa o n l y  changed by abou t  30 p e r c e n t  w i t h  

a n  even g r e a t e r  217 K d e c r e a s e  i n  t empera tu re .  Fur the rmore ,  t h e  d a t a  a r e  

o n l y  o r d e r l y  t o  189 K w i t h  t h r e s h o l d s  i n c r e a s i n g  w i t h  d e c r e a s i n g  t e s t  tempera- 

t u r e .  Beyond t h a t ,  t h e r e  a p p e a r s  t o  b e  a  d e c r e a s e  i n  t h r e s h o l d  w i t h  a f u r t h e r  

d e c r e a s e  i n  test t e m p e r a t u r e .  T h i s  cor responds  t o  a f a t i g u 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  t e m p e r a t u r e  w i t h  a  g r e a t e r  tendency f o r  c y c l i c  c l e a v a g e  t o  o c c u r  

a t  t e m p e r a t u r e s  below t h i s  t r a n s i t i o n  t empera tu re .  I f  such  b e h a v i o r  can be  

e x t r a p o l a t e d  t o  t h e  s t e e l  d a t a ,  t h e n  i t  would i n d i c a t e  t h a t  t h e  d u c t i l e  mecha- 

nism i s  c o n t r o l l i n g  i n  t h e  HSLA s t e e l  a t  a l l  t e m p e r a t u r e s  down t o  123 K. 

On t h e  o t h e r  hand, t h e r e  a r e  s u b s t a n t i a l  d i f f e r e n c e s  i n  t h e  c y c l i c  c l e a -  

vage  a p p e a r a n r e  n f  t h e  Ti-30 Mo s u g g e s t i n g  t h a t  c y c l i c  p l a s t i c i t y  m o d e l l i n g  
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might be  d i f f e r e n t  f o r  t h e  two m a t e r i a l s .  For  example,  whereas  t h e  c y c l i c  

4 c l e a v a g e  a t  123 K under  a AK of 20 Mpa-m was r e l a t i v e l y  f r e e  o f  obv ious  p l a s -  

t i c i t y  i n  t h e  s t e e l ,  t h i s  was n o t  always t h e  c a s e  i n  Ti-30 Mo. The c y c l i c  

c l e a v a g e  appearance  i n  F i g u r e  7 ( a )  f o r  a  AK of 26 MP~-$ s u g g e s t  l i t t l e  p l a s -  

t i c i t y  and g i v e s  a  growth r a t e  v a l u e  roughly  cor responding  t o  t h e  macroscopic  

o b s e r v a t i o n ;  however, t h e  "cyc l i c -c leavage"  a t  a  AK of 6 ma-mg n e a r  t h r e s h o l d  

s u g g e s t s  c o n s i d e r a b l e  p l a s t i c i t y  a s  s e e n  i n  F i g u r e  7(b). '  Such c y c l i c  p l a s t i c i t y  

i s  c l e a r l y  shown f o r  t h e  same a l l o y  t e s t e d  a t  123 K ( a l t h o u g h  now c o n t a i n i n g  

1200 ppm hydrogen) i n  F i g u r e s  7 ( c )  and ( d ) .  Here ,  t h e r e  a r e  m u l t i p l e  s l i p  

bands a l o n g  each c y c l i c  c l e a v a g e  s t e p  w i t h  approx imate ly  f i v e  s l i p  bands  

spaced a t  0.4 u m  a l o n g  e a c h  c l e a v a g e  advance.  Fo l lowing  a  p r e v i o u s  a n a l y s i s  
1 

of  t h e  c r a c k  opening d i sp lacement  a s s o c i a t e d  w i t h  such  s l i p  b a n d s , . t h e  mini-  

mum r e q u i r e d  number o f  d i s l o c a t i o n s  a l o n g  n ~  rivers would b e  

where N i s  t h e  number a l o n g  each.  r i v e r , .  b  i s  t h e  b u r g e r s  ' v e c t o r ,  AK is  t h e  

c y c l i c  stress i n t e n s i t y ,  o is  t h e  y i e l d  s t r e n g t h  a n d . E ' i s  t h e  modulus o f  elas- 
YS 

t i c i t y .  .These N d i s l o c a t i o n s  may b e  d i v i d e d  i n t o  t h e  nuinber of s l i p  bands  

a l o n g  a  s i n g l e  c l e a v a g e  advance g i v i n g  

where n  i s  t h e  number o f  s l i p  bands  per .aclvance and N i s  t h e  a v e r a g e  number 
S S 

of d i s l o c a t i o n s  i n  each s l i p  band. ' I f  t h e  . d i s l o c a t i o n s  can r a d i a t e  o u t  as 

a n  a r r a r y  from a  p o i n t  s o u r c e ,  t h i n  can .be g i v e n  i n  terms of , t h e  maximum 
S 

d i s t a n c e  t h e  d i s l o c a t i o n  move, o , . a n d  t h e  d e n s i t y  e m i t t e d ,  
"E' 

The maximum 
max 

d i s t a n c e  shou ld  be  h a l f  o f  t h e  s p a c i n g  between r i v e . r s  o r ,  from F i g u r e  z ( c ) ,  

abou t  2 . 1  pm. T h i s  may b e  used w i t h  

2  
N = n ~ r  

s max "E 



(a) 22ppm: T =  123K; , (b) 22ppm: T =  123K; 
AK = 26 MPa-m 1/2 AK = 6MPa-m I /2 

(c) 1200 ppm: T = 123 K; (d l  same as (c) 
AK = 15.8 MPa-m 1 /2  



and Eq. (4) f o r '  t h e  12 r i v e r s  obse rved  i n  F i g u r e  7  ( c )  t o  f i n d  a p 1 2 . 1  x E 
12 2  

10 /m . However, t h i s  o n l y  r e q u i r e s  t h r e e  d i s l o c a t i o n s  e m i t t e d  i n t o  each  s l i p  

band o v e r ' t h e  d i s t a n c e  o f  2 .1  pm. The r e a s o n  t h i s  i s  s o  s m a l l  i s  t h a t  t h e  

c a l c u l a t i o n  h a s  i g n o r e d  t h e  f a c t  t h a t  t h e r e  i s  a s e v e r e  t w i s t  a n g l e  and t h a t  

a d d i t i o n a l  s t e p  h e i g h t  accomodation is. n e c e s s a r y .  I n  t u r n ,  t h i s  r e q u i r e s  a  

g r e a t e r  e m i t t e d d i s l o c a t i o n  d e n s i t y .  T h i s  can b e  determined r e c o g n i z i n g  t h a t  

- 
6 c  + 6 = n R h  

'JJ ' (7 

where 6 is  t h e  t w i s t  a n g l e  d i sp lacement  accomodation.  S i n c e  h i s  on  t h e  o r d e r  
'!J 

-6 
of 0 .8  pm i n  h e i g h t ,  i t  f o l l o w s  t h a t  t h e  a c t u a l  accomodation ' (nRh = 9 . 6  x  10 m) 

i s  much g r e a t e r  . t h a n  t h a t  r e q u i r e d  f o r  crack-opening d i sp lacement  a l o n e  

( 6  ' 4 . 6  x 1 0 - ~ m ) .  T h i s  r e v i s e s  t h e  d i s l o c a t i o n  d e n s i t y  r e q u i r e d  t o  4.4 x 
C 

13 2  10 /m , a r e a l i s t i c  v a l u e .  Fur the rmore ,  i t  now means t h a t  t h e r e  would be  24 

d i s l o c a t i o n s  i n  t h e  average  e m i t t e d  p i l e - u p .  T h i s  i s  more r e a l i s t i c  b u t  s t i l l  

I 
probab ly  n0.t t h e  b e s t  e s t i m a t e  s i n c e  i t  i s  n o t  s p e c i f i c  w i t h  r e g a r d s  t o  how 

many s l i p  sys tems a r e  o p e r a t i n g .  1f:one examines t h e  s l i p  t r a c e s  i n  ~ i g u r e  7., 

. there:  are probab ly  two mairi s e t s  o f  e i t h e r  { 110) ,' (112)  o r  {110) /{i211 which 

cou ld  g i v e  i n t e r s e c t i o n  ang les .  of 7.3.2 t o  !Iflo. ConsiderTng o n l y  o r t h o g o n a l  

s l i p  sys tems ,  w i t h  t h e . a r r a r y  spaced  a l o n g  t h e  c l e a v a g e  s t e p  h e i g h t  t h e  same 

a s  i t  i s  spaced a l o n g . . t h e  r i v e r s ,  one o b t a i n s  250 d i s l o c a t i o n s  e m i t t e d  i n t o  a 

s i n g l e  band. C l e a r l y ,  b e f o r e  we can do t h i s  k i n d  o f ' a c ~ o u r i ~ i n ~  a c c u r n t c l y ,  

b o t h  t h e  d i s l o c a t i o n  dynamics and t h i n  f i l m  TEN o b s e r v a t i o n s  o f  c y c l i c a l l y  

produced s u b s t r u c t u r e s  must b e  a s s e s s e d .  

F i n a l l y ,  i n  t h e  Faris law regi.me, t h e  v e r y  low s l o p e  i n  F i g u r e  8  f o r  300 K 

d a t a  o n l y  g i v e s  a n  exponent of l . 5  f o r  a !Ln(da /d~) /a !LnA~.  T h i s  i s  a lower  AK 

dependence than might  b e  expec ted  f o r  some c y c l i c  p l a s t i c 2 t y , m o d e l s  where a 2  

t o  4  dependence i s  common. Although t h e  mechanism i s  c y c l i c  p l a s t i c i t y  a t  

300 K ; i t  changes main ly  t o  c y c l i c  c l e a v a g e  a t  1 2 3  K. T h i s  l a t e r  p r o c e s s  g2ves 

rise t o  t h e  l a r g e  amount of s c a t t e r  s e e n  i n  F i g u r e  8  f o r  t h e  123 K d a t a .  
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~ecertheless, the increase in da/d~ over the stress intensity range of 15 to 

to ~ ~ a - m $  is seen to be less than an order of magnitude. This.is in striking 

contrast to the three order of magnitude increase observed for HSLA steel at 

123 K over a much smaller stress intensity range. In fact, the power-law ex- 

ponent for these two materials changes from about 3.5 for Ti-30 Mo to 25 for 

steel even tho,ugh the mechanism is basically cyclic cleavage in the vicinity 

of mlcycle growth rate. This says that a basically different dislocation 

and/or strain-rate sensitivity response in these two materials exists at 123 

K. These different responses lead to a different degree of.sensitivity to 

cyclic. cleavage. 

Examination of this premise was possible with existing strain rate sen- 

sitivity data. In the previous technical report, we had reported that m" - 17.5 for HSLA steel at 150 K. This corresponds to the Fe-Ti-C alloy pre- 

viously evaluated which gave m" values of 18 and 28.5 at 173 and 123 ..K. Ex- 

trapolating the HSLA steel data would give an m" value near 22 at 123 K. On 

the other hand, the value for Ti-30 Mo at 123 K was reported as.42. This factor 

of two difference in m". should actually produce lower slopes of da/dN versus 

AK for the steel while, in'fact, the opposite is true. This is partly due 

to the approximate nature of theoretical model but, more interestingly, due 

to an important difference iu the internal stress states when comparing 

Ti-30 Mo to HSLA steel. It may be recalled that the interna1,stress state at 

low temperatures for HSLA steel did decay and, after long time stress relaxa- 

tion, did tend toward the higher temperature internal stress state. No such 

trend was observed for vacuum annealed Ti-30 Mo. Contrary to almost all oiher 

materials evaluated by these techniques, this material demonstrated the same 

internal stress after twelve hours of high-stress relaxation as it did after 

instantaneous unloading. This implies that the backward extrapolation tech- 

-.-- 
nique-for cri is in error and hence the previous mk values would be meallingless. 

J- 

In fact, detemi.nation of m* at 173 K from stress relaxation data gave a 



vaiue of eight rather than the value of 32 previously reported. If this factor 
,., 

of four difference also applies at 123 K, then the relative slopes predicted 

. by strain-rate sensitivity arguments are much.more in line with observation. 

Still, it does not explain why the internal stress, rate sensitivity 

and concommittant fatigue-crack response in these two BCC alloys of comparable 

. grain size and strength behave so differently. This wiIl be a subject of 
. 

next year's .proposed work. 
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