


. . .  . . .  

1 

. . . . . . , . . . . . . . . . 



PROGRAM AND ABSTRACT BOOK 

Riverside Motor Lodge 
Gatlinburg, Tennessee, U.S.A.  

November 4-7, 1985 

Sponsors 

Oak Ridge National Laboratory 

National Bureau of Standards 

U .  S. Army Research Office 

Office of Naval Research 

Date Publ i shed  - October 1985 

Organizing Committee 

S ,  M. Ohr (Chairman) 

Robb Thamson 

Peter Neumann 

T. Suzuki 

Oak Ridge National Laboratory, Oak Ridge, Tennessee, U.S.A.  

National Bureau of Standards, Washington, D . C . ,  U.S.A. 

Max-Planck-Institut f u r  Eisenforschung, Diisseldorf, Germany 

Science University of Tokyo, Tokyo, J a p a n  

Lacal Committee 

M. F. Gallaham, S.-J. Chang, T. C. Estes, S. L. Evans, A. M. Keesee, 
C. 6 .  Park, J I  H. Schneibel, D. L. Slagle, C. L. White, M. €I. YOO 

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge, Tennessee 37831 

operated by 

f o r  the 
U.S. DEPARTMENT QP ENEKGY 

under Contract No. DE-ACO5-84QR21400 

MARTIN MARIETTA ENERGY SYSTEMS, INC. 

3 4 4 5 6  0 0 5 5 8 3 4  7 





Rive r s ide  Motor Lodge 
Ga t l inburg ,  Tennessee, U.S.A. 

November 4-7, 1985 

PROGRAM 

- Sunday, November 3: 7:OO p .m.--9:QO p.m. R e g i s t r a t i o n  and Reception, 
Riverside Motor Lodge 

F%nday, November 4,: 

8 : O O  a.m. R e g i s t r a t i o n  

(1) WELCOME AND OPENING LEC'TURE: S. pie Ohr, Chairman 

8:30 Welcome: M. C. Wittels, U.S. Department of Energy 

8 : 4 5  Opening Lecture:  " 'Fracture Fundamentals: An Overview" 
Robb Thornson, National  Bureau of Standards 

9:30  Break 

(11) ATOMIC THEORY: Robb Thornson, Chairman 

9 : 4 5  "Modern Atomist ic  Theories  of Fracture"  (Keynote) 
M. S I  Daw, Sandia Nat ional  Laborator ies  

10: 15 '*Interatomic P o t e n t i a l  Descri.pCion of A t o m i c  Processes 

A. E, Carlsson,  Washington I J n i v e r s i t y  
i n  Metals'* 

1 0 ~ 3 . 5  " S t r u c t u r a l  P r e d i c t i o n  with t h e  Tight Binding Bond Model" 
D. C. P e t t i f o r ,  Imperial. Col lege 

10: 55 "Electronic Theory f o r  Hydrogen Embrftt lernent of H@C 
T r a n s i t i o n  k1etal.s" 

K. Masuda-Jindo, Tokyo I n s t i t u t e  of Technollsgy 

11: 15 

11:35  

"'The E n e r g e t i c s  of S t r u c t u r a l  Re laxa t ions ,  Dynamics 
and Transport  at I n t e r f a c e s "  

U. Landman, Georgia I n s t i t u t e  of Technology 

"Dependence of Crack V e l o c i t y  on the  Interatomic 

G. .J, Dienes, Brookhaven Nat ional  Laboratory 
P o t e n t i a l "  
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11:55 "Atomic Computer Simulat ion o f  F r a c t u r e  of Metals" 
M. Doyama, Un ive r s i ty  of Tokyo 

12:15 p.m. " A  Computer Simulat ion SI:txtly on t h e  Propagation of a 
Surf aee Crack*" 

D. M. Cooper, NASA h e s  Research Center 

12:  35 Lunch 

(111) CONTINUUM THEORY I: A. S.&gon, Chairinan 

2:oo p.m* " P l a s t i c i t y  at Crack Tips: 1)islocation and Continuum 
Scales '' (Keyno t e 1 
J. R. Rice, Harvasd UnLversity 

2 : 3 0  

2:50 

"Crack Propagat ion Mechanisms and Local Crack Driving 
Force" 

E. W. Hart, Cornel1 Un ive r s i ty  

"The Ana ly t i ca l  Solution of a G K O W ~ T L ~  Steady-State 
Mode 111 Crack in an E l a s t i c  P e r f e e t l - y - P l a s t i c  S o l i d  
through an Electr ical  Analogysa 
J. Weertman, Northwe.stern Un ive r s i ty  

3:lO " F i n i t e  DFZ Cracks : An Approximate Treatment" 
N .  Lsuat , Naval Research Laboratory 

3:30 Break 

(IV) SNTINULX THEORY %I: J, R. RSce, Chairman D_ 

3 : 4 5  "The E i g e n s t r a i n  Method Applied to  F r a c t u r e  and Fat igue" 
T. Hura, Northwestern Un ive r s i ty  

4:05 ""A Simple Method of Analysis  of Crack I n t e r a c t i o n s "  
M. Kachanov, Tuf t s  Un ive r s i ty  

4 : 2 5  "Dynamic Cleavage In Duct. i.le Materials"" 
I. -H. Lin Nat ional  Bureau of Standards 

4:45 "Universal  Weight Functions f o r  Loadings and 
Screenings o f  Cracks'O 

H. 0. K. Kirchner,  Un ive r s i ty  of Vienna 

5:05 "Response of a D i s l o c a t l o n  t o  an E x t e r n a l  S t r e s s "  
F. Lund, Un ive r s i ty  o f  Chile 

5:25 Poster S e s s i o n  

6 : 3 0  Ad j ourn 
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Tuesdatr. November 5 E 

8 : 3 0  a.m. "Experimental S t u d i e s  of Crack T i p  Processes"  (Keynote) 
P. Neumann, Max-Planck-lnstitut fiis Eisenf  orschung 

9:oo ""Modeling of Ductile F rac tu re"  
A. W, Thompson, Carnegie-Mellon Un ive r s i ty  

9:2o "Frac ture  of  Amorphous Metals i n  T e n s i l e  T e s t  and 
Fa t igue  Test'* 

T,  Imura, Nagoya Un ive r s i ty  

9.40 

10: 00 

P0:ZO 

'I SXRF Stud ies  of Bulk Crack-Tip P l a s t i c  Relaxat ion" 
J. C. Bilello, S t a t e  Un ive r s i ty  of N e w  York at 
stony Brook 

"X-Ray Analysis  of Prefracture Elastic and P l a s t i c  
S t r a i n  Gradients" 

S .  Weissmann, Rutgers U a l v e r s i t y  

" Inf luence  of a P l a s t i c  Zone on the  S t a t i c  and 

e. Champier, I n s t i t u t  Nat iona l  Polyteehnique 
de  Lor ra ine  

Dynamic Toughness of Si l icon '"  

10 :40  Break 

EXPERIMENTAL STUDIES 11: A. W. Thompson, Chairman 

10:55 "Crack Tip Shie ld ing  by Di s loca t ion  Deformation 
i n  I o n i c  and Diamond Cubic Solids'" 

S. J. klurns, Un ive r s i ty  of Rochester 

11:15 "Dis loca t ion  D i s t r i b u t i o n  around a Crack T i p  and the 
F r a c t u r e  Toughness i n  H c C l  C r y s t a l s "  
N. Narita, Kyoto Unive r s i ty  

11:35 "On F a s t  F rac tu re  and Crack Arrest'* 
G .  T. k h n ,  Vanderb i l t  Un ive r s i ty  

11355 " S t a t i c s  and Dynamics of S ing le  C r y s t a l  Cleavage'' 
W. W. G e r b e r i c h ,  Un ive r s i ty  of Minnesota 

12:15 p.m. "Propagat ion of Cleavage Crack i n  I r o n  and L i F  s i n g l e  
C r  ys t a h "  

K. K i t a j i m a ,  Kyushu Unive r s i ty  

12:35 Buffe t  Lunch, Rivers ide  Motor Lodge 

2:OQ Tour of t he  Great Smoky Mountains Nat iona l  Park 
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Wednesday, November 6 :  

( V  1 K) Environmental E f f e c t s  -- I: T. SuzukA-, Chairman ..._ 

8 : 3 0  a.m. 

9:oo 

9:20 

9 : 4 0  

1o:oo 

10: 20 

"Environmental eel 1 MVEM S tud ie s  of Hydrogen E f f e c t s  
on Deformation and Frac ture"  (Keynote) 

H. K. Rirnbaum, Un ive r s i ty  of I l l i n o i s  

"Ef fec t s  of Hydrogen on Deformation and Firactwe of 
I ron" 

M. Meahii Northwestern Un ive r s i ty  

"Hydrogen Ass i s t ed  Crack ~ r o w t h  i n  S i n g l e  and 
B i c r y s t a l s  ilf FeSi  and N i l q  

R. Velaoff , Max-Plnnck-Institut f u r  Eisenforschung 

"Calcula t ions  of Two-Di mensional T rans i en t  
Concentration p r o f i l e s  during Hydrogec-Assisted 
Sustained-Z,oad Cracking ' 
J. E. I-Z;?ck, Los A l a m o s  Nat iona l  Laboratory 

I, - C'hemtstry and Frac ture"  
R. M. La t an i s ion ,  Massachusetts I n s t i t u t e  of 
Technology 

Break 

(VIII) -._ ENVIRONMENTAL . .._.__I_ EFFECTS ___I .... 11: P. Neumann, .. ._. Chairman . . I I _ ~  

10:35 

10:55 

11: 1 5  

11:35 

11:55 

12 :15  p.111. 

"Electrochemical  Reac t ions  and Corros ion  Fa t igue  
of Ferrous Alloys" 

R. P. Wei, Lehigh 1 J n i v e ~ s i t y  

"Stress Corrosion Cracking o f  High-Strength Steel 
under Mode 111 Loading" 
W. U. Chu, Be i j ing  IJni i lessPty 

"Evidence for ail Adsorption-Btitluced Local ised-Sl ip  
Mechanism of Environmentally Ass is ted  Cracking" 

S. P. Lynch, Aeronaut ica l  Research Labs-Australia 

11,- Phe Res t r a in ing  EEfect  of C1.eavage Ligaments i n  
Transgranular  Stress Corrosion Cracking 01 FCC Alloys'' 

E. N. Pugh, NatCcnal Bureau of Standards 

"Tr ansg ranular S t t-ess-Co rm s i o  n Cracking ' a  

K. S i e radzk i ,  Brookhaven Nat iona l  Laboratory 

Lunch 
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(1x1 FATIGUE I: J. Weertrnan, Chairman 

2:oo p.m. "Mechanisms of Long-Life Fat igue" (Keynote) 
C. La i rd ,  Un ive r s i ty  of Pennsylvania 

2:30 "'A Mechanistic Model of Fat igue Crack Growth" 
J. E. S i n c l a i r ,  AfSRE Harwell. 

2:50 "'Crack Tip Shie ld ing  i n  Fracture and Fatigue: 
I n t r i n s i c  vs. E x t r i n s i c  Toughening" 
R. 0, R i t c h i e ,  Un ive r s i ty  of C a l i f o r n i a  

3: 10 "Mechanisms of Fat igue Crack Growth through Aluminum 
Alloys'' 

D. L. Davidson, Southwest Research I n s t i t u t e  

3:30 Break 

(X) FATIGUE 11: W. W. Gerberich,  Chairman 

3:45  "Mic ros t ruc tu re  and Closure Related Growth 
C h a r a c t e r i s t i c s  of Short Fatigue Crack Growth at 
Constant A K" 

M. E. Fine,  Northwestern Un ive r s i ty  

4:05 "High Temperature Fa t igue  Behavior of F e r r i t i c :  
Stainless Steels" 
J. B. Weertman, Northwestern U n i v e r s i t y  

4 : 2 5  "Low Cycle Fa t igue  Behavior of Alloy 800H at 800°C" 
V. Gerold,  Max-Planck-Institut f u r  Metallforschung 

4 : 4 5  "The Growth of Pers i s ten t  Slip Bands during Fat igue" 
W. J. Baxter, General Motors Kesearch Labora to r i e s  

5 : 0 5  Poster Sess ion  Discussion 

6:OO Adjourn 

7:OO Banquet, R ive r s ide  Motor Lodge 
"Three Mile I s l a n d  and Bhopal" 

A. W. Weinberg 

. . . . . . . . 
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Thursday, November _..__. .- 7 : 

( X I )  __.^ CERAMICS: _.... B. R. J-,am, Chairman .- 

II- 

8 : 3 0  a.m. 

9 : o o  

9:20 

9 : 4 0  

10: 00 

10: 20 

"Chenis t ry  of Praeture i n  Glass" (Keynote) 
S .  M .  Wiederhorn, Nat ional  Bureau of Standards 

"Transf oranation and Dispersion Toughening" 
J. C. 14. ki, Unive r s i ty  of Rochester 

"TTEM Stud ies  of the Formation of 1.licrocraeks In 
Zirconia-Containing Ceramizs" 
M. R&de ~x-Planck-Tnstitut fGr Metallf orschung 

"On the  Apparent Toughening a t  High Temperatures 
Exhibi ted by C C X ~ K I I ~ C S  Containing an I n t e r g r a n u l a r  
Glass Phase" 

19. R. Clarke,  T. J. Watson Kesearch Center, PRM 

"The Role  of S t e r i c  Hindrance i n  S%KWS Corrosion 

T. A. mchalske ,  Sandia  Nat ional  Labora to r i e s  
F r a c t u r e  o f  Vltreor1s S i l i c a "  

Break 

(XII) I___. H I G H  TEMPEWTUKE PHENONENA: J. R. Weertman, I Chairman 

10: 35 

11:05 

11:25 

11:45 

12:05 p.m. 

12: 2 5  

" M i  c romechani cal Modeling of Micro s t r uc  cur a1 Damage 

8. S. Argon, Massachusetts I n s t i t u t e  of Technology 
i n  Creeping Alloys" (Keynote) 

"Nucleation of In t e I- g r ami1 ar C r c: ep Cav i t  i e  s '' 
El. H. Yoo, Oak Ridge Na t iona l  Laboratory 

" I n t e r g r a n u l a r  C a v i t a t i o n  a t  High Temperatures" 
II. Ride l ,  Nax-Planck-Institut f;r Eisenforschung 

"Creep Fracture of Polycrystalline @eramics" 
-K, A. Page, Southwest Research I n s t i t u t e  

"The Effects of Impurities on the Mot T e n s i l e  
D u c t i l i t y  of  T.ron" 

D. P. Pope, University of Pennsylvania 

Lunch 
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(XIII) INTERFACIAL FRACTURE: M. H. Yoo, Chairman 

2:oo p.m. " I n t e r g r a n u l a r  F r a c t u r e  due to  Impuri ty  Segregat ion i n  
Iron" (Keynote) 

H. Kimura, Tohoku U n i v e r s i t y  

2:30 

2: 50 

3: 10 

3:30  

3: 50 

4 : 1 0  

" I n t e r f a c i a l  Fa rces  and t h e  Fundamental Nature of 
B r i t t  l e  Cracks" 

B. R. Lawn, National  Bureau of Standards 

" A t  omis t i c  S t u d i e s  of Segregat ion Crack I n i t i a t i o n  
and Crack Propagation" 
J. K. Lee, Michigan Technological Unive r s i ty  

"Dis loca t ion  Pile-Up -- Grain Boundary I n t e r a c t i o n  a t  
Eleva ted  Telly, e rat u r  e" 

A. A. Rubinstein,  S t a t e  Un ive r s i ty  of New York a t  
Stony Brook 

"Structure-Dependent I n t e r g r a n u l a r  F r a c t u r e  Induced 
by Liquid Metal" 

T. Watanabe, Tohoku U n i v e r s i t y  

"Benef i c i a l  versus  Harmful Grain Boundary Segregants: 
Boron arid S u l f u r  i n  Ni3A. l ' '  

C .  L. White, Oak Ridge Na t iona l  Laboratory 

Conference Adjourn 



POSTER SESSION: ( X W  

1. 

2 .  

3 .  

4 .  

5 .  

6 .  

7. 

8. 

9. 

10. 

11. 

12. 

1 3 .  

14 D 

15. 

'I M i  c r o c r ack-p-ii c P o d e f e c t 1 n t e r ac t i  on" 
A. A. Rubinstein 

" R e l a t i v i s t i c  D i s loca t ion  Sh ie ld ing  o€ Cracks" 
I.-H. Lin and R. l%om.s;on 

"The S i z e  E f f e c t  of Crack on i'.lode 1 x 1  P l a s t i c  Deformation" 
S .  Lee and S .  T. Shi i ie  

"Elast ic  So lu t ion  of an Edge Di s loca t ion  near a %edge Crack'* 
S.-J. Chang, S. M. Ohr, and R. 'lliomson 

"Dislocation-Free Zone Model of Frac tu re  under Cyc1.j-c Loading" 
S.-J. Chang and S. M. Ohr 

"The S t a b i l i t y  of Cracks fol lowing Extensive S tab le  Grossth" 
P. F. T ~ o I ~ ~ s o ~  

"The P r o b a b l i s t i c  Physical  Theory of Thermally Activated F rac tu re"  
A. S. Krausz and K. Krausz 

"Stress Driven Migration of Po in t  Defects around Crack-Tips" 
J. E. S i n e l a i r  and C .  A. Hippsley 

"Computer Simulat ion of F rac tu re  i n  a S p a t i a l l y  Varying 
A n i s  o tr op i. c. G l a s  5 " 

D. W. Befreman, S. Meiboom, J. A. Zasadzinski,  and M. .J. Samreon 

"Effec t  of Surface Tension on the  Toughness of Glass.'" 
T . -3 .  Chuaag 

"The Role of P l a s t i c  Work i n  the Cleavage of RCC Metals" 
J. E. Hack and D. P. S t e i n  

'"The B r i t t l e - D u c t i l e  T r a n s i t i o n  i n  S i l i c o n  with P a r t i c u l a r  Kegartis 
to DopingBa 
M. Brede and P. Haasen 

''Mode 1 Crack T i p  Shie ld ing  Applied to  Warm P r e s t r e s s i n g "  
B. S. Majlnmdar and S. J. Burns 

"Direct Observation of Crack T i p  Propagation in B r i t t l e  Mate r i a l s "  
R. B. T a i t  and G. G. Garrett 

"DDislocation S t r u c t u r e s  at Crack T i p s "  
I. M. Robertson, G. M. Bond, and 1-1. K. Birnbaum 
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16, 

17. 

18. 

19. 

20. 

2 1  * 

22. 

23" 

24 e 

25 .  

26 .  

27. 

28. 

29 

30 s 

"TTEM Stud ies  of Crack T i p  D i s l o c a t i o n s  i n  BGC Metals'. 
C. G. Park and S. M. Ohr 

"Modeling of Crack Growth and F r a c t u r e  i n  Thin Specimens" 
K *  V. Ja t a ,  T. tlanamura, and W. A, Jesser 

" I n s i g h t s  i n t o  the  F r a c t u r e  Toughness of M a r t e n s i t i c  S t a i n l e s s  
S t e e l s  using S te reoscop ic  F rac tog raph ic  Measurements" 

D. S. Gelles 

"The App l i ca t ion  o f  S t a t i s t i c a l  Model of Cleavage K l C  t o  Hot-Work 
D i e  S t e e l  and Its Toughening by Double Quenching Treatment" 

M. Zheng, 8. Chen, and Q- Cat 

"Delayed F r a c t u r e  under Mode II Loading" 
T. Y. %hang, W. Y. Chu, Y. Li, and @. M. Hsiao 

"Fracto-Emission: P a r t i c l e s  from the F r a c t u r e  of Sol ids"  
J .  T. Dickinson, Lm 6. Jensen ,  and M. R. McKay 

"'The In f luence  of Hydrogen on Deformation and F r a c t u r e  Processes  
i n  High-Strength Aluminum Alloys'" 

G. M. Bond, I. M. Robertson, and B. K. Birnbaum 

"Mechanism of Hydrogen Induced Softening" 
T. Y. Zhang, W. U. Chu, and C. M. Hsiao 

"Hydrogen and Impurity Segregat ion Induced S u b c r i t i c a l  Crack Growth 
of Fe and Ni" 

R. W e  Jones 

" S t r e s s  Corrosdon Cracking of an Aluminum Alloy under Compressive 
S t: res s " 
W. Y. Chu, C. M. IJsiao, and J. W, Wang 

"Observations of Creep C a v i t a t i o n  i n  Type 304 S t a i n l e s s  Steel" 
T.-S. Liu,  Y.-W. Wu, R. J. F i e l d s ,  D. G. Harlow, and T .  J. Delph 

"The E f f e c t  of Sulphur Segregat ion and ALN P r e c i p i t a t i o n  on the 
Hot F r a c t u r e  of Ultra  High P u r i t y  I ron  Base Al loys '*  
M. Tacikowski, G. A. Dsinkolu, and A. Kobylanski 

"Rare E a r t h  E f f e c t s  i n  I n t e r g r a n u l a r  F rac tu re"  
F. Cosandey 

" I n t e r g r a n u l a r  Cracking i n  Hydrogenated Alloy Steels" 
J. Kameda 

"Temperature Var i a t ions  around the Crack Tip during a Frac tu re  T e s t "  
M. Heghi, C. E. Bo t t an i ,  and G. C a g l i o t i  



OPENING LECTURE 
10 

Robb Thornsan 
National. Bureau of Standards 
Gaithersbury, MD, 20899  

The general theme ~f this conference is the attempt to 
understand and describe the basic: events i.n a material which 
occur at the time of fracture. Much of the time, w e  s h a l l  
be concerned with prohlen-is not e a s i l y  viewed i n  terms of t h e  
continuum approximation. But since one cannot gain an 
adequate view o f  f r a c t u r e  without incorporating the average 
and collective properties of aggregates of atoms and even 
dislocations, one of the languages to be spoken 
extensively here will be that of cont inuum mechanics. T h u s  
the subject matter will span the entire spec t rum from t h e  
bonding of atoms in highly distorted crystals to continuum 
descriptions of plastic instability. 

It- i s  my purpose i n  this paper to preview a few o f  the 
new ideas and probl.erns you have presen~ted in your abstracts. 
It wi3.I. not be p o s s i b l e  or d e s i r a b l e  to cover every 
.interesting such idea or problem, but. rather, a pcrsosral. 
check list will. be attempted which may help to .identify 
i m p o r t a n t  themes which b7iJ-l emerge over  t h e  next three days. 

One of the i m p o r t a n t  propositions a number of us h v e  
made, and which should  g e t  some ' ) a i r  time" here f o r  
d i - scuss ion ,  is that the structu~e of the crack tip is 
crucial for dete1"mining the ultimate material behavior 
during fa i lure .  For this reason, the progress in? 
theoretical physics to be r e p o r t e d  here i n  p r o v i d i n g  insight 
i n t o  the bonding of metal atoms i n  the region of a crack tip 
is essent ia l  for further progress in atomic model-ing of 
cracks. We will also hear a report of some early success i n  
combining fundamental theory with actual. structure modeliny. 
In addi. t ion,  we s h a l l  a l so  hear examples of what one can do 
with sii11pl.e Sorce laws i n  suggesting some of the kinds of 
phenomena which might. be t a k i n g  p l a c e  at. a crack tip. 

The simplest fractures occur in brittle mate~ial~ like 
g las s ,  and these materials provide convenient models where 
the chemistry taking glace at cracks c a n  be studied without 
the additional complexities caused by dislocations, It has 
been found t h a t  a whole class of molecules exists which act 
like water in t h e  silicate glasses. O n  the one hand,  it is 
possible to model. how these molecules lead to slow crack 
growth in such materials. But on the other, it i s  a l so  
found that very interesting subtlet-ies exist a s s o c i a t e d  with 
the threshold region,  where st-eric hindrance and long range 
molecular i n t e r a c t i o n s  appear to play  a surpris ing role. 

A number of papers will deal  with both theoretical and 
experimental aspects of crack-dislocation effects. B a s t  



theory and model experiments have suggested that not o n l y  
are cracks in some cases sources of disl.ocations, bu t  that 
the dislocations act to s h i e l d  the crack fram the external 
stress, and that in both casesI  the idea of a dislocation 
free zone near the crack t i p  is important. A counterpart of 
these ideas has developed in ceramics where toughening due 
to stress iriduced martensite is described in terms of 
shielding. However, these general ideas are considered by 
some to be still controversial. In particular, it is not 
clear how to apply these ideas fruitfully to ductile 
fracture, where micro void formation and coalescence occur, 
and where current fracture criteria are  based on the 
critical strain near the crack tip. For ductile fracture, 
the most successful modeling so far proceeds from a 
combination of metallurgical micro structure observations 
and continuum mechanics concepts. 

A number of papers will deal with the classic problem 
of chemical effects on fracture in otherwise ductile 
materials. To some e x t e n t ,  the interpretation of these 
experiments is deeply entangled with the issues of the last 
two paragraphs. The case sf hydrogen still resists f u l l  
understanding, in part because of the csmplicating factors 
of dislocations, but a l s o  because of the ability of the 
hydrogen to penetrate the bulk, so it is still difficult to 
sort out the extent of the relative importance o f  the role 
of hydrogen at the crack tip (or an incipient internal 
crack tip), and at the internal dislocations. Some 
important new experimental studies will be reported in this 
field. 

Descriptions of new stress corrosion experiments will 
lead us to entirely new ground, because it seems clear now 
from these experiments t h a t  cleavage can be induced intG 
underlying ductile material by local corrosion ernbrittlernent 
at the surface. (These experiments are only the most clear 
cut example of the ability of ductile materials to cleave 
under dynamic conditisns.) 3ased on this ear ly  work, one 
gains the impression that some fundamental issues are here 
being raised in a new way which may lead ultimately new 
insight into a wide range of ductile/brittlc phenomena in 
materials. 

High temperature fracture, fatigue and intergranular 
effects are extensions of the forgoing subjects because of 
the additional variables introduced. A particular challange 
at this stage is see j u s t  how f a r  one can go in 
incorporating the more basic ideas which may apply to simple 
model materials into the more complex situations. Generally 
a lso ,  in these areas,  continuum mechanics concepts are the 
most u s e f u l  theoretical tools used. I n  each c a s e ,  it will 
be shown both what possibilities exist and what remains for 
the future. 
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Bow one builds an effective bridge across the 
disciplines comprising t h e  field of fracture from continuum 
mechanics  t o  atomic structure is a background i s s u e  which 
w i l l  be visible in many of OUT discussions, In p a r t ,  we 
will see the direct involvement af the practitioners of one 
discipline in another, and in part we w i l l  see 
interdiscipinary collaboration. In whatever way these 
bridges are built, however, it is an essential activity 
because it provides a needed perspective which can highlight 
the crucial problems which most need solution. 
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ATOM I C  THEORY 

MODERN ATOMISTIC THEORIES OF FRACTUIIIE Jc 

AY S. DAW & R/IICMAEL I. BASKES 
Sandia National Laboratories, Livermore, CA 94550 

Two fundamental problems currently prevent atomistic calculations of 
fracture from becoming the powerful tool that it could be. The first 
difficulty is in describing the internal forces in a realistic way. The second 
lies with the boundary conditions imposed on the calculation. 

n the past, the internal forces have been determined from two-body 
interatomic potentials. There are serious questions and also difficulties with 
the use of pair potentials, however. Pair potentials are on dubious theoretical 
grounds. One can derive pair potentials from pseudopotential theory in a 
perturbative way, leading to a succession of n-body terms (n=l,2,3, 4. The 
I-body term (or the so-called "volume-dependent tern''), is required in 
addition to the 2-body interactions in order to describe the elastic properties 
of the solid. In practice, this requires a knowledge of the volume of an 
arrangement of atoms. How does one define the volume when the solid is 
plastically deforming, cracking, or forming internal voids? This volume 
dependent term is often ignored, thus leaving the serious question as to the 
elastic properties of the model; in a sense, such calculations are describing an 
unknown solid with unphysical elastic constants. Pair potential calculations 
by definition neglect all interactions among more than two bodies. These 
many-body interactions may in fact play an important role in such interesting 
processes as hydrogen embrittlement. In fact, fundamental cluster 
calculations show that hydrogen in metals cannot be represented by simple 
pair interactions. One does not want to berate pair potential calculations, 
because they have lead to significant understanding of atomistic processes. 
However, several weaknesses in such calculations are apparent. 

The problem of realistic internal forces has been overcome largely by the 
recent development of the Embedded Atom Method (EAM). The EAM 
provides a new framework for calculating the energetics of transition metals. 
In this approach, the dominant energy of the metal is viewed as the energy to 
embed an atom into the local electron density as provided by the remaining 
atoms of the system. This is supplemented by a short-range core-core 
repulsion. The resulting approach combines the computational simplicity 
needed for defects and amorphous systems with a physical picture which 
includes many-body effecLs and avoids the ambiguities of the pair potential 
schemes. "his method has been applied to such problems as phonons, liquid 
metals, defects, alloys, impurities, fracture, surface structure, surface 
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adsorbate ordering, md surface segregation. 'The required computer time is 
not significantly more than that required for pair potential calculations. Tp"hc 
EAM should replace pair potentials in atomistic calculations. 

The second fundamental difficulty facing atomistic calculations is that of 
boutndary conditions for the calculation, Variolas schemes have been 
proposed fop. how to divide the red solid into an atomistic region surrounded 
by a boundav of some kind intended to simulate the properties of the 
extended crystal. Examples include the fixed boundary, the flexible 
boundary, and the fixed stress schemes. Even within these schemes, care must 
be taken as to how external stresses are applied; transients due to switching 
the extemal forces on too quickly may doniimate the results, The schennes 
themselves of course do not rno el exactly the fully dynamical response of 
thc extended crystal. (In fact, DQ local continuum can have the full dymmical 
properties of a real c al!) The effects of boundany conditions and possible 
solutions to the prob should be at the focus of future efforts in improving 
atomistic simulations. 

The two funndamenfal difficulties will be reviewed in depth. The EAM will be 
explored as an alternative to pair potentials. The effects of boundary 
conditions and possible solutions will be investigated. 

-1. 

T h i s  work i s  supported by the U . S .  Department o f  Energy. 
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INTERATOMIC POTENTIAL DESCRIPTIONS OF ATOMIC PROCESSES IM METALS" 

A ,  E .  Carlsson 
Department o f  Physics, Washington University, S t .  Louis, Missouri 63130 

Attempts to model the bonding energy in metallic media with inter-  
atomic potentials have ?ed t o  the use o f  a bewildering variety of potentials, 
depending on both the type of pfwblwn under consideration and the proger- 
ties o f  the local atomic awhumevLt .  The ta lk  will focus on the "problem" 
dependence of the potentials. 
may be represented by two extreme varieties:  

The types o f  problem under consideration 

1 ) "Bond-Breaki ng" Probl ems. These problems include vacancy, void, 
and surface formation, and to a lesser extent, dislocation and grain 
boundary formation.  
reduced local bandwidth. 
problems can be generated113 by analysis o f  the low-order moments4 o f  the 
electronic density o f  states .  These potentials (cf .  Fig. 1)  have a deep 
mi nimum and short range, and decay monotoni cal l y  beyond the rn i nimum. The 
relevant expansion parameter for use of the potentials i s  the change in 
coordination number. T h u s  vacancy and surface formation, which typically 
involve coordination number changes of 10-30$, cain be well treated by th i s  
type of potential, while the whole cohesive energy o f  the crystal cannot, 
"3ond-breaking" potentials depend on the local density of atoms and co- 
ordination number th rough  the local bandwidth. Empirical and  semi- 
empirical realizations of the "bond-breaking" potential include a many- 
atom cluster formalism based on the cohesive energy,5 the "embedded-atom" 
scheme ,6 and the "Johnson"-type potenti a1 . 

The loss in bonding energy i s  associated with the 
Pair potentials for  treating these types o f  

4 
Constant - volume 

,e-atom clusters "t-' \ 
/'u-6-atom clusters I 

3 

Figure 1 
Effective pair potentials f a r  
model metal with Gaussian 
interatomic hopping terms. 
rs i s  electron gas spacing 
pa raine t er 

- 
*Support&&by the Department of Energy under grant No* DE-FG02-84ER45139. 
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2 )  "Constant-Volume" Problems. These inc lude,  f a r  example, c r y s t a l  
s t r u c t u r e  energy d i f f e rences ,  phonon d ispers ion  curves, vacancy and g r a i n  
boundary r e l a x a t i o n  energies, and l i q u i d  s t r u c t u r e  fac to rs .  L i t t l e  f r e e  
volume i s  created on a l o c a l  scale, a l though atoms may rearrange themselves 
around voids.  
r a t h e r  than band-width. The appropr ia te  p a i r  p o t e n t i a l s  f o r  t r e a t i n g  these 
problems a re  obta ined by e x p a n ~ i o n ~ * ~ ~ ~  o f  the  t o t a l  energy i n  powers o f  t he  
weak e lec t ron - ion  pseudopotent ia l .  
lower than i n  "bond-breaking" p o t e n t i a l s  and d i s p l a y  long-ranged o s c i l l a -  
t i o n s  ( c f .  F ig .  1)  The i r  range of  a p p l i c a b i l i t y  excludes problems i n v o l v i n g  
l a r g e  changes i n  the  tong-wavelength p a r t  o f  the  s t a t i c  s t r u c t u r e  f a c t o r ,  
such as vacancy format ion.  On the  o ther  hand, heRaxation around a vacancy 
can be t r e a t e d  f a i r l y  accura te ly .  L i k e  the  "bond-breaking" p o t e n t i a l s  , the 
"canstant-vol  ume" p o t e n t i a l s  a re  sensi  t i v e  t o  t h e  l o c a l  environment, through 
changes i n  t h e  e l e c t r o n  gas response func t i on .  Empir ica l  "constant-volume" 
p o t e n t i a l s  can be obtained,for example, f rom measured phonon d i spe rs ion  
re1 a t i  ons lo and 1 i q u i  d s t r u c t u r e  fac to rs .  l1 

The atomic rearrangements l ead  t o  a change i n  band-shape 

They genera l l y  have f i r s t  minima shal -  

Although the  l i m i t s  descr ibed under 1 )  and 2)  a re  p h y s i c a l l y  q u i t e  
d i s t i n c t ,  they can be understood w i t h i n  a common t h e o r e t i c a l  framework2 
based on e x p l i c i t  niany-atom c l u s t e r  i n t e r a c t i o n s .  Provided the  geometry o f  
t he  system i s  w e l l  enough understood, t he  c l u s t e r  terms can be resumned i n t o  
an e f f e c t i v e  p a i r  p o t e n t i a l ,  v a l i d  f o r  a r e s t r i c t e d  s e t  o f  a tomicconf igura-  
t i o n s .  In t h e  constant-volume l i m i t ,  f o r  example, one assumes t h a t  a l l  t he  
atoms except one p a i r  a re  un i fo rm ly  d i s t r i b u t e d .  
order  p o t e n t i a l s  on t h i s  assumption one obta ins a p o t e n t i a l  
t o  the "constant-volume" p o t e n t i a l  descr ibed above. The o s c i l l a t i o n s  i n  
t h i s  p o t e n t i a l  a re  d i r e c t l y  associated w i t h  the  a l t e r n a t i n g  s igns o f  the  
c l u s t e r  i n t e r a c t i o n s  , w i t h  o s c i l l a t i o n s  a t  l a r g e  distances a r i s i n g  from 
progress ive ly  l a r g e r  c l u s t e r s .  ( C f .  F ig .  1 )  
can be used t o  generate a v a r i e t y  o f  p o t e n t i a l s  f o r  problems which cannot 
a t  present be t r e a t e d  w i t h  p a i r  p o t e n t i a l s .  
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STRUCTURAL PREDICTION WITH THE TIGHT BINDING BOND MODEL 

0. G. PETTIFOR 
Department o f  Mathematics, Imperial College, London SW7 282. 

The atomic structure of a crack tip is crucial for  determining 
whether a material is brittle or ductile and how the crack behaves in the 
presence o f  external chemical species [ I  3. Unfortunately, however, the 
computer simulation o f  structure is very sensitive t o  the particular 
choice o f  interatomic interaction, so that a theoretical model must be 
chosen which is compatible with the system under consideration. 
talk a microscopic, quantum-mechanical tight-bindinq model is presented 
which is accurate enough to predict trends in structural behaviour amongst 
the binary compounds o f  transition metals with metalloid elements, yet 
simple enough to o f f e r  the possibility o f  simulating defects and their 
interaction with impurity elements. 

In this 

Recently all binary compounds with a given stoichiometry AmBn have 
been separated successfully into different domains within a single two- 
dimensional structure map (x,,x ) ,  where x is a phenomenological chemical 
scale [ Z ] .  The upper panel o f  pig. 1 shows the structural domains o f  the 
seven most common pd bonded AB structure types, namely NaC1, CsCI, N i A s ,  
MnP, FeB, CrB, and FeSi. The lower panel shows the predictions o f  tight- 
binding (TB) bond model [ ? ]  which writes the total energy as 

U 

The repulsive energy is represented by pair potentials, whereas the quantum 
mechanical bonding energy may be expressed [ 4 1  as  a sum over the individual 
bonds, namely 

E, 

ij 
if,j 

J 

where hij is the TB hopping integral between neighbouring atoms i and j ,  
E is the Fermi energy, G i J  is the inter-site Green function, and the 
expression inside the curly brackets is the bond order. We see from fig. 1 
t h a t  the simple pd bonded TB theory predicts the broad topological features 
o f  the observed structure map, the main f a i lu re  being t h e  inability to 
predict the FeSi domain. 

f 

The preliminary results of extending this TB model t o  the striucture 
o f  q r a i n  boundaries [ 5 ]  are presented. 
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ELECTRONIC THEORY FOR HYDROGEN EMBRITTLEMENT OF BCC TRANSITION METALS 

K. MASUDA-JINDO 

Department of Materials Science and Engineering, Tokyo Ins t i tu te  o f  
Technology, Nagatsuta, Midori-ku, Yokohama 227, Japan 

INTRODUCTION 

The study of hydrogen enhanced f r a c t u r e  of metals and a l l o y s  has 
received a g r e a t  dea l  of i n t e r e s t  i n  recent  years  [l]. The purpose of 
the p resen t  paper i s  t o  inves t iga t e  the  i n t e r a c t i o n  between the  so lu t e  
hydrogen and crack t i p s  i n  bcc t r a n s i t i o n  metals using a microscopic 
e l e c t r o n i c  theory.  W e  w i l l  show that the  e l e c t r o n i c  i n t e r a c t i o n  energ ies  
Ebin between the  hydrogen and the  crack are q u i t e  i m p o r t a n t :  E b i n  depends 
stroncjly on the appl ied  s t r e s s  as wel l  as on the  geometry of the  crack. 
We also estimate the energy Ebr required t o  break the  me ta l l i c  bonding 
nea r  the crack t i p s  i n  the  presence (and absence) of hydrogen atoms. 

PRINCIPLE OF CALCULATIONS 
We c a l c u l a t e  the  binding energ ies  Ebin between the  s o l u t e  hydrogen 

and cracks i n  bcc t r a n s i t i o n  metals  tak ing  i n t o  account t h ree  contribu- 
t i ons ,  i . e . ,  the  d-band energy term which is  treated i n  the  t ight-binding 
(TS) approximation, an e l e c t r o n i c  co r re l a t ion  cont r ibu t ion  wi th in  the  
Hubbard model (second order  per turba t ion  theory)  and a pairwise repuls ive  
p o t e n t i a l  of  the  Born-&layer type: 

&band c o r r  
OE 

rep 
AE 

The band energy term A E ~ ~ ~  
of s t a t e s  (Do51 f i t t e d  t o  the f i r s t  and second moments p l i  and u 2 i p  
and using the  se l f - cons i s t en t  Hartxee approximation for  the  de fec t  per- 
t u r tu rh ing  p o t e n t i a l  [ 2  ] - 

The cor re l a t ion  terms can be ca l cu la t ed  on each s i t e  i by assuming 
a rect-angular  DOS of  e f f e c t i v e  d-bandwidth "iff, f i t t e d  to  give the  
exac t  second mment on atom i [33 For t h e  s c l * i t e  hydrogen, we also use a 
second o rde r  per turba t ion  theory f o r  the  Coulomb repuls ion  UH ( f o r  s i m -  
p l i c i t y ,  
6.16 e V )  being the d-bandwidth) . 
j are ca lcu la t ed  using a two-body p o t e n t i a l  o f  the  Born-Mayer type: 
Cod exp (-pRi. 1 . The parameter values  CO and p are determined, toge ther  
with those $or t h e  d-band, so as t o  s a t i s f y  the  equi l ibr ium condition 
and so as t o  reproduce w e l l  the experimental  b u l k  modulus and e l a s t i c  

f o r  cx-Fe. 

h o s t  metal a t o m s  a r e  estimated from the  atomic sphere approximation 

a r e  evaluated by using the  Gaussian dens i ty  

U/W = UH/W = 0.25 are used i n  the  p re sen t  ca l cu la t ions ,  W (= 

The short-range repuls ive  energ ies  AE between atomic sites i and 
rep 

constants .  Spec i f i ca l ly ,  p = 5.157 ii-l and eo = 9 . 2 4 3 ~ 1 0  4 e V  a r e  used 

The hopping matr ix  elements Vda between the  s o l u t e  hydrogen and 

)vdaI2 = ( 2 ~ ' 3 ) ~  A d - A a  - -+ Ra 1-6 
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where A and A, a r e  constants  descvi i ing  the  d-ktates  and hydrogen 
state,  xeslgectively.  he atomic level. o f  the s o l u t e  hydrogen i s  
determi-ned using the condition of  the local.  charge n e u t r a l i t y .  

a 

RESULTS 

Using t he  above mentioned t h e o r e t i c a l  scheme and d i r e c t  . t o t a l  energy 
minimization procedure [ 2 ] ,  we have ca l cu la t ed  atomic configurat ions 
around the  cracks i n  bcc t r a n s i t i o n  metals: To simulate the (micro) 
cracks,  we introduced l i n e s  of vacancies ( IDV)  along < O U D  d i r e c t i o n  
i n  the  c r y s t a l l i t e .  'En Fig.1,  we present  t"le ca lcu la t ed  l o c a l  DOS on 
atoms around a microcrack compsed of three LOV i n  a-Fe. One can see  
khat the  d e t a i l e d  e l e c t r o n i c  s t r u c t u r e s  around the micxocrack are consid- 
e rab ly  d i f f e r e n t  from those of the cleaved su.rc.Eaces and o f  the bulk c r y s -  
t a l .  This i nd ica t e s  that crack behaviors i n  twansit ion metals should be 
inve s t s g a t e  d using a micro scopic e l e  c t ron ic  theory.  

a-Fe a r e  shown i n  Fi.q.2 ( th ree  
LOV crack model). One can see i.n Fig. 2 that  depends sl:rongly on the 
appl ied  stress as well as on the  geometry o f  t k  crack: In genera l ,  
stronger ( a t t r a c t i v e )  Ebi, values  are obtained f o r  the  higher  t e n s i l e  
stresses. 

have a l s o  ca l cu la t ed  the changes i n  the meta l l i c  bonding near  the  crack 
t i p s .  We have found t h a t  energy required to  break the  bond Ebr i n  the  
presence of hydrogen becomes considerably smaller ( -80%) t h a n  that of  
the hydrogen f r e e  c r y s t a l .  We have a l s o  performed s i m i l a r  c a l cu la t ions  
f o r  other types of cracks such as those introduced from cleaved Surfaces,  
and obtained the  s i m i l a r  r e s u l t s .  I n  conclusion, the present l3eoretical. 
f ind ings  a r e  i n  good aqreert?ent with the  experimental r e s u l t s  on the hy- 

Ebin values for hydrogen s o l u t e  i n  

Using the c r i t e r i o n  for the decohesion proposed by Sayers [ 4 ] ,  we 

i ron  and high s t r eng th  steels [51-  drogen enhanced f r a c t u r e  of 
DO5 

\. 
El&)- ElrVl - Pig-2 E . f o r  H i n  a-Fe. 

b in  ..- 
Fig.1 Local DOS for  a t o m s  around the  

&ference_s microcrack i n  a-Fe. 
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THE ENERGETICS OF STRfJcpcTRAL RELAXATIONS, DYNAMICS AND TRANSPORT AT 
INTERFACES* 

U Z I  LANDMAN 
School of Physics,  Georgia Ins t i tu te  of Technology, Atlanta, GA 30332 

Extended defects such as external surfaces, grain boundaries, cracks 
and other interfaces  modify electronic,  crystallographical,  dpamical  
and mechanical properties of solid materials me energetics underlying 
structural relaxations, dynamical properties and transport a t  the 
v i c i n i t y  of interfaces w i l l  be discussed i n  the l i g h t  of recent theories 
based on total  energy minimization methods and molecular dynamics simu- 
lations a 

*Work supported by U. S.  DOE contract N o .  E-5-05-5489 
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DEPENDENCE OF CRACK VELOCI'TY ON THE INTERATOMIC POTENTIAL 

G. J .  DIENES', A. PASKIN"", K. SIERADZKI", R. MASSOUMZADEH**, AN0 
K. StOUKLA** 
*Brookhaven Na t iona l  Laboratory ,  Upton, New York 11973 
**Queens Col lege o f  C.U.N.Y., F lush ing ,  New York 11367 

The dynamic p r o p e r t i e s  o f  moving cracks were s t u d i e d  by means o f  
mol ecu l  a r  dynamic sirnul a t i  ons on two-dimensi onal  t r i  angul a r  l a t -  
t ices.11-21 The i n t e r a t o m i c  p o t e n t i a l  was found t o  be t h e  most 
i m p o r t a n t  f a c t o r  i n  l e a d i n g  t o  d u c t i l i t y  ( d i s l o c a t i o n  genera t i on )  or 
t o  b r i t t l e  c rack  propagat ion.  Care was taken t o  compare t h e  d i f f e r e n t  
p o t e n t i a l s  tinder s i m i l a r  i n i t i a l  c o n d i t i o n s  ( e e g e p  r a t e  o f  l o a d  a p p l i -  
c a t i o n ) .  Under c a r e f u l l y  c o n t r o l l e d  c o n d i t i o n s ,  t h e  Johnson, J ,  
empi r i  c a l  p o t e n t i  a1 (o r i  g i  n a l  l y  des i  gned f o r  s imul a t i  ng i r o n )  r e s u l t s  
i n  a cons ide rab ly  more b r i t t l e  behavior  than t h e  6-12 Lennard-Jones, 
L.-J., p o t e n t i a l  and reaches a h ighe r  l i m i t i n g  c rack  ve loc i t y .L3J  
Even i n  t h e  J. s o l i d  t h e r e  i s  evidence o f  d i s l o c a t i o n  genera t i on  a f t e r  
cons i  de rah l  e c rack  growth. 

"Caval e n t "  p o t e n t i  a1 s were a1 so i n v e s t i g a t e d  .) These p o t e n t i  d l  s 
were const:ructed by adding an angular  r e s i s t a n c e  t e r n  t o  t h e  L.-3, and 
J .  p o t e n t i a l s .  The l a t t i c e  r i g i d i t y  was v a r i e d  over a ve ry  wide range 
by v a r y i n g  t h e  i n t e n s i t y ,  ao, o f  t h e  angular  r e s i s t a n c e .  For these  
p o t e n t i a l s  the crack p ropaga t ion  i s  b r i t t l e  and t h e  c rack  v e l o c i t y  i n -  
c r e a s e ~  very markedly w i t h  i n c r e a s i n g  ao. The da ta  are summarized i n  
t a b l e  J. where the t e r m i n a l  crack v e l o c i t i e s ,  vet, a re  g i ven  f o r  a 
set. o f  a. va lues normal ized w i t h  respec t  t o  VL, t h e  l o n g i t u d i n a l  
sound v e l o c i t y .  The c rack  v e l o c i t y  i nc reases  by a f a c t o r  o f  two t o  
four  w i t h  i n c r e a s i n g  a. but. t h i s  i nc rease  s a t u r a t e s  a t  v c t J v ~  
4 . 4 2 .  It i s  t o  be noted t h a t  w h i l e  t h e  l o n g i t u d i n a l  sound v e l o c i t i e s  
Rave increased o n l y  by a f a c t o r  o f  1.5 t h e  c rack  v e l o c i t i e s  changed by 
almost a f a c t o r  o f  6. 

Table I. Crack v e l o c i t y  da ta  as a f u n c t i o n  o f  ao, t h e  angular  
r e s i  stance amp1 i tude. 
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ATOMIC COWLITER SIMULATZQN OF FRACTURE OF METATS 

MksAO DOYAMA AND RYOICHI Y U Y O T O  
Departinent of P???tal.lurgy and Materials Science 
Facul ty  of Engineering, The Univers i ty  of Tokyo 
7-3-1  hang^, Bunkyo-ku Tokyo 113 JAPAN 

Body centered  i r o n  and f ace  centered  copper whiskers were p u l l e d  
u n t i l  hroaken i n t o  t w o  p i eces  i n  a supe r  computer N i t ach i  S-810. 

A needle  shape whisker c o n s i s t i n g  of 2886 atoms w a s  c r ea t ed  i n  a 
computer. The a x i s  w a s  [OOl] d i r e c t i o n .  T h i s  a x i s  i s  taken as z a x i s .  
The s i z e  w a s  8a x 8a x 14a atoms, where a i s  the l a t t i ce  parameter ,  b u t  
t runca ted  at the edges. This specimen is  c a l l e d  Specimen A .  Another 
needle  shape whisker c o n s i s t i n g  of 2632 atoms were a l s o  created.The a x i s  
w a s  [I101 d i r e c t i o n ,  The s i d e s  f aces  were (110) and (001) .This s p e c i m n  
is  c a l l e d  Specimen B .  

The methad of molecular dynamics was used. Two atomic l a y e r s  a t  t h e  
both ends,  '%older" reg ion ,  were s p e c i a l l y  t r e a t e d ,  extended and h e l d  a t  
these  pos i t i ons .  The t e n s i l e  deformation of 0.004 was uniformly given i n  
a t e n s i l e  d i r e c t i o n  then  the  atoms w e r e  re laxed  by the mottiod of molecu- 
lar dynamics. Af t e r  each tens ion ,  a t o m  w e r e  re laxed  by the  molecular 
dynamics fo r  100 s t e p s .  Then uniform extension w a s  again  given.  One 
hundred s t e p s  of r e l a z a t i o n  was performed e This procedure was repeated.  
The a toun t  of tens ion  i n  each s t e p  was 0.004. 

The i n t e ra tomic  p o t e n t i a l  between t h e  i - t h  and j - t h  atoms w a s  re- 
presented  by 

f o r  $#on which was & @ w i n e d  by Pali and Doyamail] and smoothly t runca t -  
ed a t  3 . 4 4  A. 

(r. .) = -0.188917Cr - 1.82709) + 1.70192(ri.- 2.50849) -t- 0.198294 eV. 

(r. .) = -1.53233 (r -2,251664) (rij -3.139355) 
1 J  ij for copper. 

The t o t a l  fo rce  i n  the  a x i s  d i r e c t i o n  of a l l  the  atoms i n  the  
"hoIder" r eg ion  w e r e  ca l cu la t ed .  This can be taken as the  t e n s i l e  stress. 
This tensile s t r e s s - s t r a i n  curves  f o r  Specimen B i s  p l o t t e d  i n  Fig.1.  
Af t e r  t h e  y i e l d  p o i n t ,  a phase t r a n s i t i o n  w a s  observed. 

Specimen B w a s  pu l l ed  i n  [1.11] d i r e c t i o n ,  I n  the  specimen, the  
resolved shear stress t o  ill11 on 111 plane is  t h e  h i g h e s t  for one of 
the s l i p  systems. A easier g l i d e  is  expected. The s l i p  s t a r t e d  a t  the  
corner  of the  t i p  of the  crack,  i. e .  the  pl.ace where the crack ends a t  
the  su r face .  S l i p  s t a r t e d  from the (001) su r face .  Up t o  6 . 8 % ,  t he  spec- 

imen w a s  very uniformly extended except  very near  t he  crack. 
t he  specimen w a s  suddenly transformed. Ins ide  the  c r y s t a l  s ix - fo ld  sym- 
m e t r i c a l  conf igura t ion  w a s  observed. This i n t e rmed ia t e  s i x  f o l d  symmetry 

Afte r  6 . 8 % ,  
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conf igura t ion  suddenly changed t o  a twin a t  about 1 Q X  eleongat ion.  Twin 
region w a s  expanded as the  deformation progressed. The s i x  f o l d  symmetry 
region was a l s o  expanded. Above 17%, very severe deformation w a s  ob- 
served. 

The ,'necking" was s t a r t e d  above 22% e longat ion  [Fig.  21. At 28% 
elongat ion,  the specimen was brokgn i n t o  two pieces[Fig.3] .  After frac- 
t u r e  the  region ot s ix- fo ld  symmetry Configuration decreased under no 
stress and the  o r i g i n a l  body cent red  cubic  lat t ice of alpha-iron was ob- 
ta ined.  

The r e s u l t s  of copper whiskers w i l l  be reported a t  t he  conference. 
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F i g .  1. Stress-strain curve €or 
Specimen B p u l l e d  i n  [all] direct ion.  
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Fig.3. Specimen B is almost P i g . 4 .  Specimen B is c o m p l e t e l y  
brocken in to  t w o  p i e c e s .  brocken into two pieces. Six-fold 

symmetr ica l  s t r u c t u r e  is  also dis- 
appeared.  
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Iiit,roduction 

.$ molecular dynamics technique based on a pair interaction model was cm- 
plo! cd t o  iiiiiulate the propagation of surfacc cracks in a two-dimensional t r imgular  
latfice ('altulations are aimed at investigating atomistic nature of the crack tip 
procr\se> I Z n d I \ w \  iricludc an Investigation of the effect of the initial crack length 
a i  ucl !  d' t he  d i s t i i l ~ u t i o n s  of the high stress rc'gions in the s3stem arid their associ- 
a1 iorii \ \ i t h   he crach tip The. rc.lationship 1,t~tweri  t h c  stws5 distribiition and the  
plas1ic dcforniation around the crack t ip a lw  anl!zod. ('alculatcd resiilt,s were 
fo i i~ id  to be con5jstent wit 11 existing con l in i i i~n i  rheori(>-.. 

Method of Calculatioii 

In thi. inxt q1 igatiori simulation calculations mere carried out  by a molecular 
dynaniic. 1 1 1 1  1 h o d  ,iiing the fifth order Kordsieck-Gear algorithm , l , .  This method 
is bawd ori \wll ~ - 1  dhlr\hed statistical mechanical ton\iderdtions and. i i i  general, 
emploj 5 a w i r i i ~ i i i p i r i (  dl potential function to  cstirnatc forces among the particles 
in the s~sterr i  For ins tance .  for particles interacting \'id pair iriterdct ions the total 
potential e n e i g ~  of d sj'sterri of 5 pari kles ( d n  1)t. expreshed a \ :  

where, 4% represents the potential energ)  o f  I h e  / ' t 1 1  particle ~ I i i c h  is given by: 

J 

where. M is the tot a1 nuniber of rieighhors of t hc a tom z confined in a sphere of radius 
Rsul which is iised as  t h e  cu t -o f f  radii,, I I I  numerical evaluations. The  distance 

between the particles 7 a n d  -7 is deriottd b j  rz, .  To represent pair interactions. 
u ( r t J ) ,  in this stud), wc emplo)ed i h v  Lennard-Jones function. For each particle, 
stress components mere also calc ulatcd considering Lagrange strain parameters. 
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In all energy, force and stress calculations the U c u f  was assume to be equal to 
3,. Furthermore, in the calculations all values were normalized with respect to 

and r,?. In all cases, a dinlensionless time step was taken to be equal to 0.0075 
and t h e  simulation calculations were performed under isothermal conditions. The 
mode l  employed in this study corisjstpd of a two-dirnensional triangular la t t ice  i.e., 
t h e  basal plane of a~1 hcp crystal containirig 2400 - ,5000 particles . First, the 
Iwrfect lattice was brought to a stat ic eyuiljhrium condition. This system displays 
an almoc;t clastic h h a v i o r  arid resists plastic defolmations up to relatively high 
strain values (see reference 12 ). Then. a surfacc crack in the (011) direction (which 
was taker, as th r  >-direction of tht. cartesian coordiriate~, i n  t h i s  study) was c r e a t ~ d  
by r c r n o v i ~ g  s c v c ~ r a l  of aton15 frorii tht ,  su r f ace  r r y j o n  This systerrr. now, bearing 
a surfacv crack wits c l o n g a t d  in a s t t p w i s c '  fa\hiori t)) imposing a uniaxial load i n  
srriall iiicreaments 111 the  t lose-packd direct  ion  (].e. ,  the  x-direction). A periodit 
boundar! c onditiori was applied in thcx x-direction t o  proc idc coritiriuity. In the 
:-dirtJctlon. ho\cvct.r. two  t~spose(3 ~i ir iacc \ \ .  bearing ~ l i c  initial C r i i C k .  wvrc lpft 
i r i t d ~ t  :2ftc.1 edc f 1  i r i c  remental elorigaf wn. w i t h  At> 0.005 (where. 3 p  denotes the 
irnpoxtd inc rcriierital qlrain), t h e  systein allowed to full j  e q u i l l b r a t ~  under the 
rriolwulnr d:, na1tiicy code. 

Several separatc tcsts were coridiict,cd 011 t b t  niodel with an initial crack of 
varying lengths. In these tests. thf' systerrr $\as yrehtre5sed t o  e - 11.040. The 
rclsxation behavior of these p r e > t r t x d  sj'st crn4 ~ v a b  marriined undcr the moletu- 
lar dyrianiics code. All t h  r a l t r ~ l a t ~ d  values for t h e  tmcvgirs. forces strcsses and 
their ftuctuations d u e  to the thcrrnal effecf werf m o r i i t o r r t f  during t tie equilibration 
process. 

C'on c I n  s ion s 
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SYNOPSIS 

The presentation reviews various approaches t o  evaluating p las t ic i ty  
effects  a: crack t i p s .  

One fundamental issue i s  that  of whether an atomistically s h a r p  
crack remains so u p  t o  conditions fo r  cleavage decohesion a t  i t s  t i p  or  
whether, instead, a dislocation f i r s t  nucleates from the t i p  and thereby 
makes impossible, or  a t  l eas t  delays, the occurrence o f  cleavage. 
extensions of the Rice-Thomson formulation fo r  crack t i p  dislocation 
nucleation are  reviewed and examined for  consistency with the occurrence 
of cleavage i n  d i f ferent  materials and w i t h  dislocation emission observa- 
tions by electron microscope studies of the O h r  type f o r  cracks i n  t h i n  
films. 

Recent 

An important problem i s  t h a t  of i f  arid how dislocation emission 
occurs in the dynamic s i tuat ion when a rapidly moving crack leaves a b r i t -  
t l e  phase in which i t  nucleated and continues into a nonnally ducti le l a t -  
t i c e  (e.g. , crack nucleated in cementite inclusion continuing into f e r r i t e  
grain).  

To understand cracking processes i n  generality i t  i s  necessary to 
understand the kinematics and dynamics o f  large groups o f  dislocations 
near a crack t i p .  
cleated from the t i p  or may instead be dominated by dislocations moving 
from non-tip sources activated by the crack s t ress  concentration. 
sive dislocation ac t iv i ty  
scopically ducti le ( b u t ,  possibly, macroscopically b r i t t l e )  fracture me- 
chanisms involving cavity g r o w t h  by f l a w  processes, often terminated by lo- 
calized shearing-off o f  ligaments between v o i d s  and a crack t i p .  However, 
surprisingly large amounts o f  plas t ic  flow often accompany b r i t t l e ,  appa r -  
ently cleavage-like fracture processes i n  metals, and there have been sug- 
gestions t h a t  environment or  solute effects  (e.g. , hydrogen) may embrittle 
in a macroscopic sense by greatly increasing local plast ic  flow in the irn- 
mediate vicinity o f  the crack t i p .  
o f  fracture have been regarded t radi t ional ly  as being mutually exclusive 
(a1 though i t  i s  understood t h a t  both can operate simultaneously a t  d i f fer-  
ent s i t e s ,  e.g., by cavity nucleation a t  inclusions t h r o u g h  cleavage or in- 
terface decohesion and growth t o  coalescence by plast ic  shear processes). 
Various observations suggest, however, the importance of determining if 
and in what circumstances dccohesion a n d  shear can act  i n  un-ison a t  the 
same crack t i p ,  thus a1 lowing more-or-less continuous transit ions from lo- 
cal ly  b r i t t l e  t o  locally ducti le crack opening inodes w i t h  change of load- 
ing rate ,  temperature o r  environment. 

Such groups may include dislocations t h a t  have been nu-  

Exten- 
i s  obviously necessary for operation of micro- 

Cleavage decohesion and shear processes 
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There i s  now a vast l i t e r a tu re  on the treatment of multi-dislocation 
processes a t  crack t i p s  by continuum plas t ic i ty .  Most progress has been 
made w i t h  the classical  Prandtl-Reuss-Mises type of theory which i s  intend- 
ed to  address response a t  a macroscopic scale, averaging over individual 
crystal  7 i tes .  This theory has had many successes, sometimes outside i ts  
expected range of val idi ty .  These include characterizing the overall 
crack t i p  s t r e s s  f i e l d  within which microscopic cleavage or rupture events 
nucleate a t  heterogeneities, explaining the ef fec ts  o f  t r iax ia l  s t ress  con- 
s t r a i n t  and i t s  loss i n  duc t i le -br i t t l e  t ransi t ions,  describing crack t i p  
opening and large s t r a in  development near the t i p  a t  onset of ducti le rup -  
ture,  and explaining the origins of potentially stable ducti le crack 
growth and toughness increase with crack speed in dynamic fracturing. Re- 
cent extensions of such studies t o  modelling materials with nonlinear vis- 
cous response, representing elevated temperature creep, have provided a 
basis for  understanding load history and hold-time effects  on time depend- 
ent crack t i p  s t ress ing,  and suggested parameters for  correlation of crack 
growth i n  the creep range. Also, extensions to  modelling viscoplastic re- 
sponse a t  high s t ra in  rates show promise for  explaining various aspects of 
duct i le  t o  b r i t t l e  t ransi t ions in cleavable sol ids. 

In the presentation I intend to  focus on some recent continuum stud-  

These studies analyze crack t i p  
ies  aimed a t  an intermediate scale between tha t  f o r  conventional macro- 
p l a s t i c i ty  and for discrete dislocations. 
s t r e s s  and deformation f i e l d s  according to  the continuum plas t ic i ty  of sin- 
gle  crystals  (limited set  of crystal  s l ip  systems, c r i t i c a l  shear s t ress  
t o  act ivate  each) and interpret  resu l t s  i n  terms of dislocation processes 
necessary to accommodate the predicted deformations. The crystal plastic- 
i t y  solutions predict t ha t ,  t o  the neglect of hardening, crack t i p  re- 
sponse i s  dominated by discontinuity surfaces emanating from the t i p  (dis- 
continuity o f  stress and displacement for  stationary cracks, b u t  of parti-  
c l e  velocity only for quasis ta t ical ly  growing cracks), 

cubic l a t t i ce s ,  the discontinuities coincide with (171) type s l i p  planes 
fo r  the f.c.c. case. However, for  a hypothetical b.c.c. case i n  which 
{for  i l l u s t r a t ion )  s l ip  occurs only on planes of C211) type, the predicted 
discontinuities a r e  kink-like i n  tha t  they l i e  perpendicular t o  the active 
CZlll s’lip systems. Further, i n  examining the dislocation interpretation 
of deformations predicted for these two examples, p las t ic  relaxation f o r  
the f.c.c. case can be effected by dislocations swept out from the crack 
t i p ,  whereas f o r  the hypothesized b.c.c. case ( for  which comparable plas- 
t i c  s t r e s s  relaxation i s  predicted a t  the t i p )  none of the flow can be ef-  
fected by dislocations swept o u t  from the t i p ,  b u t  m u s t  involve pre-exist- 
ing sources. These resu l t s  have some experimental support and may have 
important implications for  cleavage versus duct i le  response: They suggest 
that  there i s  no requirement tha t  dislocation emission from a crack t i p  ac- 
company p las t ic  relaxation of s t resses ,  and also suggest that  significant 
changes in crack t i p  s t r e s s  f i e lds  will r e su l t ,  fo r  certain crack orienta- 
tions i n  c rys ta l s ,  when appropriate pre-existing sources are  e i ther  not 
present or do not have time to operate. 

As an example, fo r  cracks growing along [Oll] on a (100) plane i n  
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CRACK PROPAGATION MECHANISMS AND LOCAJA CRACK DRIVING FORCE 

EDWARD W. HART 
Coruel.1. Univers i ty ,  I t haca ,  NY 14853 

lJhen a micro-mechanism f o r  c rack  propagat ion i s  i n v e s t i g a t e d ,  i t  i s  
most commonly descr ibed  as though t h e  c rack  i s  embedded i n  a material 
medium that  i s  o therwise  e l a s t i c  i n  i t s  response t o  stress loading .  The 
loading t h a t  i s  then a c t i n g  on t h e  c rack  i s  descr ibed  i n  terms oE t h e  
remote loading  app l i ed  t o  t h e  medium. I n  t h i s  "small scale y ie ld ing"  
d e s c r i p t i o n  t h e  loading  can be cha rac t e r i zed  by an "apparent" stress 
i n t e n s i t y  f a c t o r  t h a t  w e  s h a l l  des igna te  by where t h e  mode of 
loading  i s  understood t o  be t h a t  appropr i a t e  t o  the problem cons idered ,  
In  t h e  contex t  of t h e  Barenbla t t  theory ,  any d i s c r e t e  c racking  mechanics 
tha& i s  r e s t r i c t e d  t o  a s i n g l e  a c t i v e  p lane  extending from t h e  a c t u a l  
c rack  t i p  can be  f u l l y  cha rac t e r i zed  by the stress i n t e n s i t y  f a c t o r  K 
t h a t  would be  o p e r a t i v e  a t  t h e  sharp  c rack  t i p  t h a t  would be p re sen t  i n  
t h e  absence of t h e  d e t a i l e d  c racking  mechanism. I f  t h e  material i s  
o therwise  l i n e a r  e l a s t i c ,  t h e  " local  c rack  t i p  stress i n t e n s i t y  f a c t o r "  
K i s  equal  t o  

KA , 

KA 

A theory has  been developed [1 ,2 ]  that extcnds t h i s  d e s c r i p t i o n  t o  
i n e l a s t i c  materials €or  which ( a )  t h e  i n e l a s t i c  deformation i s  descr ibed  
by a real-time deformation rate,  and (b)  t h e  crack t i p  i s  propagat ing a t  
a s teady ,  non-zero v e l o c i t y  v. For t h i s  case  i t  has  been shown t h a t  
t h e  l o c a l  stress i n t e n s i t y  f a c t o r  K i s  well def ined  and thac it: d i f f e r s  
from KA by t h e  amount of a t e r m  Kp t h a t  depends on t he  i n e l a s t i c  flow 
law and on v,  and t h a t  desc r ibes  t h e  e f f e c t  of t h e  i n e l a s t i c  deformation 
i n  screening  t h e  c rack  t i p .  

The importance of t h i s  r e s u l t  f o r  micro-mechanics is  t h a t  comparison 
of micro-mechanical theory wi th  experiment must a l s o  'take account of the 
p l a s t i c  e f f e c t  Kp . 
modes. 

New r e s u l t s  extend the earlier work t o  a l l  c rack  
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THE ANALYTICAL SOLUTION OF A GROWING STEADY-STATE MODE I11 CRACK 'EN AN 
ELASTIC PERFECTLY-PLASTIC SOLID THROUGH AN ELECTRICAL ANALOGY 

,a. WELSLPTPW 
Uepartment of Materials Science Ci E n g h e e r i n g  , Materials Research Center 
and Department o f  Geological  Sciences,  Northwestern Un ive r s i ty ,  Evanston, 
L l l i n o i s  60201 

No a n a l y t i c a l  s o l u t i o n  has  been found up t o  now f o r  t h e  important 
theore t ica l .  problem of a growing crack  i n  an e l a s t i c  p l a s t i c  so l id . ,  
Only p a r t i a l  s o l u t i o n s  have obtained for  q u a s i - s t a t i c  growing s teady  
s ta te  growth of mode T I L  cracks i n  an e las t ic  p e r f e c t l y - p l a s t i c  s o l i d ,  
Ghi ta ley  and McClintock [l] found t h e  asymptot ic  a n a l y t i c a l  s o l u t i o n  
which i s  v a l i d  very  c l o s e  t o  t h e  c rack  t i p .  Their  (computer) soluti .on 
a t  l a r g e r  d i s t a n c e s  from t h e  t i p  i s  no t  c o r r e c t .  The a c t u a l  p l a s t i c  
zone, as shown wi th  a computer calculation by Dean and Hutchinson [21,  
i s  inuch l a r g e r  than  t h e  p l a s t i c  zone which presumably is v a l i d  except 
very c l o s e  t o  t h e  crack t i p .  The DH computer so lu t ion  d id  not  a p p r o d - i  
t h e  CM asymptot ic  s o l u t i o n  a t  a d i s t a n c e  from the. c rack  t i p  e q u a l  co 
t h e i r  smallest mesh length .  

state mode XI1 crack  i n  an elast ic  p e r f e c t l y - p l a s t i c  s o l i d  which was 
s t a r t e d  by t h e  work of McClintock [ 3 ]  and C l z i t a l c y  and McClintock [11 
and which was g r e a t l y  en l igh tened  by t h e  computer c a l c u l a t i o n s  of Dean 
and Hutchinson [ 2 1 .  This paper i s  b u i l t  on t h e  work of a l l  of t hese  
i n v e s t i g a t o r s .  The e s s e n t i a l  and new ing red ien t  of t h e  present work is  
the i n t r o d u c t i o n  of Eshelby's screw d i s l o c a t i o n  e l e c t r i c a l  l i n e  charge 
analogy. Attacking t h e  problem through use of (non-redundant) d i s loca -  
t i o n s  enables  t h e  focus of t h e  a n a l y s i s  t o  remain very phys ica l .  The 
phys ica l  p i c t u r e  l e a d s  t h e  way and t h e  mathematics t a g s  a long ,  r a t h e r  
than t h e  o t h e r  way around. Although the a n a l y s i s  i s  long t h e  final. 
answer is  not  too  complicated.  

P l a s t i c  s t r a i n  i s  c a l c u l a t e d  from the no t ion  of non-redundant 
i n f i n i t e s i m a l  screw d i s l o c a t i o n s .  Calcu la t ion  of t h c  d i s l o c a t j o n  crack 
t i p  s h i e l d i n g  can b e  used as an approximate check of the a n a l y s i s .  (For 
t he  s t a t i o n a r y  crack it i s  s i m p l e  t o  show t h a t  t h e  d i s loca t ions  of the 
plastic zone s h i e l d  t h e  crack t i p  p e r f e c t l y . )  The so lu t ion .  conta ins  the 
Chi ta ley  and McCI.intecli. asymptot ic  s o l u t i o n  near t h e  crack t i p  the 
Chitaley and McClintock p l a s t i c  zone s e c t o r  of a crack t i p  focused f a n ,  
and t h e  Dean and Hutchinson unfocused fan p l a s t i c  s e c t e r ,  

Dis loca t ions  can move when t h e  magnitude of t h c  stress vec to r  equals  
the f l o w  stress. Di s loca t ions  can only  e n t e r  the s o l < d  from the crack  
t i p  The stress t r a j e c t o r i e s  are tangent: t o  t h e  d i r e c t i o n  of d i s l o c a t i o n  
motion. I n  t h e  secondary p l a s t i c  zone che non-redundant d i s l o c a t i o n  
dens i ty  i s  zero. The non-redundant d i s l o c a t i o n  d e n s i t y  a t  any place in 
a s o l i d  i s  equal  t o  3 .p /G  w h e r e  p is the stress vec to r  and G i s  t h e  shear 
mudulus. A t  a crack t i p  t he  stress t r a j e c t o r i e s  are a fa11 of radial  
stress t r a j e c t o r i e s .  D i s loca t ions  entcr t-he p l a s t i c  zotw Ln t h i s  fan. 
T h i s  La t h e  CM p l a s t i c  sec tor .  I f  t h e  fan i s  non-foeiised, d i s l o c a t i o n s  
cannot e n t e r  lnto it  from a Free s u r f a c e  because thc t r a j e c t o r i e s  neither 
converge t o  a p o i n t  a t  a c rack  t i p  nor are they perpendicular  t o  a f r e e  
su r face .  However, if t h e  crack moves, d i s l o c a t i o n s  from a focused Fan 

This  paper p re sen t s  an altlalytical s o l u t i o n  of the growing, s teady  
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r e g i o n  move i n t o  a non-focused r e g i o n .  T11:i.s i s  t h e  DH p l a s t i c  s e c t o r .  
The s t r a i g h t  t r a j e c t o r y ,  c o n s t a n t  magnitude stress v e c t o r s  p i n  the 
p l a s t i c  zone s a t i s f y  the e q u a t i o n s  of  s t a t i c  e q u i l i b r i u m  which i s  
Vxp = 0. 
s e c t o r .  

t h e  stress f i e l d ,  The stress v e c t o r  i n t r o d u c e d  i n  t h e  asymptot ic  c r a c k  
t i p  r e g i o n  by C h i t a e l y  and McClintock i s  used ,  T h i s  stress v e c t o r  by 
i t s e l f  i s  s a t i s  f a c t o r y  o n l y  i n  t h e  l i m i t  of v a n i s h i n g l y  s m a l l  d i s  t:ance 
from t h e  c r a c k  t i p .  The problem w i t h  t h e  CM v e c t o r  i s  "f ixed" i n  t h i s  
s o l u t i o n  by i n t r o d u c i n g  a d i s p l a c e d  CM v e c t o r  of o p p o s i t e  s i g n ,  making 
a d i p o l e  CM v e c t o r .  When p r e s e n t  as a d i p o l e  i t  i s  a d i s l o c a t i o n  s o u r c e  
f r e e  stress s u i t a b l e  f o r  any e l a s t i c  r e g i o n .  One o t h e r  stress i n  t h e  
wake i s  n o t  d i s l o c a t i o n  s o u r c e  f r e e  and i t  carries tile t n f o r m a t i o n  about  
t h e  d i s l o c a t i o n s  t h a t  e n t e r  the wake. 'By t h e  way i t  i s  d e f i n e d  i t  i s  
a u t o m a t i c a l l y  e q u a l  to zero a t  t h e  e las t ic -wake  boundary. 

The p l a s t i c  zone boundary was determined i n  t h e  paper  p r i m a r i l y ,  
b u t  n o t  e n t i r e l y ,  by s e t t i n g  t h e  d i s t a n c e  s e p a r a t i n g  t h e  two major CM 
stress v e c t o r s  o f  o p p o s i t e  s i g n  by an  a r b i t r a r y  d i s t a n c e  and t h e n  
a t t e m p t i n g  t o  c a l c u l a t e  a boundary by f i n d i n g  where the magnitude of t h e  
t o t a l  stress v e c t o r  i s  e q u a l  t o  t h e  y i e l d  stress. It t i n n e d  o u t  t h e  
s u c c e s s  of such  a c a l c u l a t i o n  i s  v e r y  s e n s i t i v e  t o  t h e  c h o i c e  of  t h e  
s e p a r a t i o n  d i s t a n c e .  The c o n s e r v a t i o n  o f  d i s l o c a t i o n  Burgers  v e c t o r s  
is  a l s o  used as a c o n d i t i o n  i n  de te rmining  t h e  p l a s t i c  wake boundary. 

But V.p f 0 and d i s l o c a t i o n s  must e x i s t  w i t h i n  t h e  p l a s t i c  

I n  the p l a s t i c  wake a mixed assortt i lent of stress v e c t o r s  d e s c r i b e  
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F i n i t e  D.F.Z. Cracks - An Approximate Treatment 

N. Louat 
C r y s t a l  Growth and M a t e r i a l s  T e s t i n g  Associates" 

Lanham, MU 20801 

iYd t hema t i ca 1 

s o l u t i o n s  f o r  f i n  

c r a c k  w i l l  be ach 

c o m p l e x i t i e s  make i t  improbable t h a t  a n a l y t i c a l  

t e  D.F.2, c r a c k s  w i t h  p l a s t i c  zones skewed t o  t h e  main 

eved i n  t h e  near  f u t u r e .  Furthermore, such s o l u t i o n s ,  

i f  and when t h e y  a r e  dchieved, a r e  l i k e l y  t o  be i n  an i n d i g e s t i b l e  form. 

Acco rd i  n y l y  , i t i s germane t o  endeavour t o  develop approx imat ions which 

a r e  reasonably  a c c u r a t e  and which can be rep resen ted  i n  terms o f  s i m p l e  

f unc t  i ons . 
Such an approach i s  cons ide red  here.  To i l l u s t r a t e  t h e  method 

employed we f i r s t  c o n s i d e r  t h i s ,  now f a m i l i a r ,  case where c rack  and 

p l a s t i c  zone a r e  c o l i n e a r  and t h e n  success i ve l y  skewed zones when t h e  

d i s l o c a t i o n s  a r e  o f  screw and edge type.  

( I )  P l a s t i c  Zones C o l i n e a r  w i t h  Crack 

We suppose a c rack  t o  l i e  i n  t h e  range -ccx<c and t h a t  each end o f  

t h i s  reg ion  t h e r e  a r e  p l a s t i c  zones b<)xl<a. To o b v i a t e  t h e  
I -  

c o m p l e x i t i e s  i n v o l v e d  i n  f o l l o w i n g  Chany and Ohr and u s i n g  

M u s k h e l i s h v i l i ' s  f o r m u l a t i o n  we c a l c u l a t e :  

( d )  t h e  d i s l o c a t i o n  d i s t r i b u t i o n  g ( x ) ,  which vanished a t  I x l = b  and 

a ,  and which i s  developed i n  t h e  r e g i o n s  b < l x l < a  by a d i s l o c a t i o n  d i p o l e  

w i t h  elements o f  s t r e n y t h  + f ( a )  l o c a t e d  a t  x= fu .  I 
I 

( b )  t h e  magnitude o f  a un i fo r t i i  s t r e s s  AT(CX)  which must a l s o  be 

supposed p resen t  i n  o r d e r  t h a t  t h e  d i s l o c a t i o n  d i s t r i b u t i o n s  e x i s t ;  

* Work performed under c o n t r a c t  N00014-84-C-2321 w i t h  t h e  Naval Research 
Labora to ry ,  Washington, DC 20375-5000 
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( c )  The s t resses  developed i n  t h e  r e g i o n  -c<x<c by t h e  d i s t r i b u t i o n  

d x ) .  

We then  s o l v e  an approx imat ion t o  t h e  r e s u l t i n g  s i n g u l a r  i n t e g r a l  

e q u a t i o n  f o r  t h e  d i s l o c a t i o n  d i s t r i b u t i o n  f u n c t i o n  f ( x )  r e p r e s e n t i n g  t h e  

c r a c k ,  w i t h  t h e  c o n s t r a i n t  t h a t  t h e  i m p l i e d  sum over  t h e  elements f ( x )  

g i v e s  C A T ( C X )  = T ,  where T i s  t h e  r e s i s t a n c e  t o  d i s l o c a t i o n  mot ion.  Tine 

r e s u l t  i s  

F o r  F = l  t h i s  represents  t h e  f a m i l i a r  form f o r  a crack o f  l e n g t h  2c under 

a l o a d  T. 

express ion  f o r  F(a,b,c), t h u s  

The e f f e c t  o f  t h e  f o r e g o i n g  c a l c u l a t i o n s  i s  t o  p r o v i d e  an 

B F(a,b,c) - 1+B’ 

where 

a nd 

2 a dx C 1-k 1 0 = -  
2 2  2 2  2 2 -  -c J ( c  -a ) ( a  -a )(!I -a 7i 

2 2  2 2  ab-J(a -c ) ( b  -c ) 
2 k =  . 

C 

Here K and i’l a r e  e l l i p t i c  i n t e g r a l s  o f  t h e  f i r s t  and t h i r d  k inds .  T h i s  

r e s u l t  i s  s u b j e c t  t o  t h e  c o n s t r a i n t  t h a t  

- 1). J (a2+b2) 
T = U F  ( 

J (a2+b2-2c2) 
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( 2 )  P l a s t i c  Zones Skew w i t h  t h e  Crack 

The analyses i n  t h e s e  cases d i f f e r  f rom t h a t  o u t l i n e d  above on ly  

t h r o u g h  t h e  a d d i t i o n a l  c o m p l i c a t i o n s  which r e s u l t  f rom t h e  fo rm o f  t h e  

i n t e r a c t i o n s  between d i s l o c a t i o n s  i n  t h e  p l a s t i c  zones and t h e  main 

c rack.  

I n  t he  case o f  screw d i s l o c a t i o n s  (mode 3) t h e s e  a r e  d e a l t  w i t h  by 

u s i n g  approx imat ions such as 

where y i s  t h e  ang le  between t h e  skewed planes. This  i n t r o d u c e s  an 

e r r o r  c e r t a i n l y  l ess  t h a n  25% p r o v i d e d  y<6Oo. 

S i m i l a r  approx imat ions a r e  i n v o l v e d  f o r  mode 1. 

R e s u l t s  o b t a i n e d  u s i n g  t h i s  method w i l l  be discussed. 
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THE E I G E N S T R A I N  METHOD A P P L I E D  TO FRACTURE AND FATIGUE 

T. Mura 
Uepartment o f  C i  v i  1 E n g i n e e r i n g  and M a t e r i  a1 s Research Center  
Nor thwestern  U n i v e r s i t y ,  Evanston, I l l i n o i s  60201 

The e i g e n s t r a i n  method has been a p p l i e d  t o  s e v e r a l  problems i n  
f r a c t u r e  and f a t i g u e  mechanics. The e i g e n s t r a i n  E * .  i s  a g e n e r i c  name 
g i v e n  by t h e  a u t h o r  t o  r e p r e s e n t  a c l a s s  o f  n o n e l a k i i c  s t r a i n s  such as 
the rma l  expansion, phase t r a n s f o r m a t i o n ,  i n i t i a l  s t r a i n s ,  p l a s t i c ,  
m i s f i t  s t r a i n s .  Eshe?by (1953)  r e f e r r e d  t o  the  e i g e n s t r a i n s  as t h e  
s t r e s s - f r e e  t r a n s f o r m a t i o n  s t r a i n s  i n  h i s  c e l e b r a t e d  paper on 
i tic1 u s i  ons and d i  s l  o c a t i  ons 

The e j g e n s t r a i n  method i s  a method t o  s o l v e  d e f e c t  problems a f t e r  
d e f e c t s  i n  s o l i d s  a r e  s i m u l a t e d  by a proper  c h o i c e  o f  e i g e n s t r a i n s  i n  
t h e  hoitiogeneous media. The d e f e c t s  i n c l u d e  c racks  , d i  sl a c a t i o n s  , 
inhomogene i t i es  and i n c l u s i o n s ,  p r e c i p i t a t e s ,  vacanc ies ,  i n t e r s t i t i a l s  
e t c  .I 

The f i r s t  p a r t  o f  t h i s  paper i s  a summary o f  t h e  f rac t i . i r e  and 
f a t i g u e  problems and r e s u l t s  kdhich were o b t a i n e d  by t h e  e i g e n s t r a i n  
method. The second p a r t  o f  t h e  paper i s  a new adven tu re  aimed a t  
e x t e n d i n g  t h e  concept  o f  e i g e n s t r d i n s  t o  t h e  a tomic  l a t t i c e  t h e o r y  and 
the q u a n t i m  mechanical  aspec ts  o f  t h e  d e f e c t  theory. 

The fundamental  equa t ions  o f  t h e  e i g e n s t r d i n  method a r e  t h e  
e q u a t i o n s  of mo t ion  i n  e l a s t i c  c o n t i n u a  under a g i v e n  d i s t r i b u t i o n  o f  
e i g e n s t r a i n  &pj. They are  

". 
- E *  ) ,  (1) P 'i 'ijkp, ( " k , a j  a k  J 

where p i s  t h e  d e n s i t y  o f  m a t e r i a l ,  C .  . 
i s  t h e  ds'spl acement . 
t h e  t o t a l  p o t e n t i a l  energy change hW caused by t h e  i n l r o d u c t i o n  
o f  c can be expressed by t h e  f o l l o w i n g  t h r e e  e q u i v a l e n t  equa t ions ,  

t h e  e l a s t i c  moduli and ui 
1 Jkk! 

0 For  a s t a t i o n a r y  c rack  c under a p p l i e d  s t r e s s  ai. a t  i n f i n i t y ,  

where Cui] i s  t h e  d i sp lacemen t  jump ac ross  c y  ni t h e  normal t o  c y  d S  
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t h e  sur face  element o f  E ,  n t h e  i n f i n i t e s i m a l l y  t h i n  e l l i p s o i d  where 
t h e  e i g e n s t r a i n  E:. i s  def ined,  and oij i s  the  e igens t ress  caused 
by E* . For  an e l l i p t i c  p lane crack,  t h e  volume element o f  D i s  

1 . j  

dD = 2h dS, ( 3 )  

w i t h  h = a3 (1 - .:/a: - x2/a2) 2 2 1 /2  , 

where a and a a r e  t h e  two p r i n c i p a l  axes of t h e  e l l i p t i c  crack and 
a3  i s  t k e  t h i r 8  p r i n c i p a l  a x i s .  I n  t h e  above equat ion  a3 e t j  i s  k e p t  
f i n i t e  w h i l e  a3 + 0. 

The crack opening displacement [u,] can be d e r i v e d  froin t h e  
equat ion (2a) = (2b) w i t h  ( 3 )  and (4 ) .  

Jhe s t r e s s  f i e l d  caused by 0 0 .  and c i s  a i .  f 0.. i n  t h e  m a t r i x  
and u . .  + ui. = 0 i n  Q. 
o b t a i h h  by t h e  m i n i m i z a t i o n  c o n d i t i o J j o f  (2c)  w i t h  respect  t o  
E*. ,  where o . .  i n  n i b  a l i n e a r  f u n c t i o n  o f  cTj. 

0 

The prop@ E*.  t o  s imu ia te  €de crack i s  

The m i n i m i z a t i o n  
c & d i t i o n  s i ihd ly  i s  oij + CYij = 0. 

The G r i f f i t h  f r a c t u r e  c r i t e r i o n  has t h e  form a(hW+ZXa a y ) / a a  =O 
o r  a(~W+2~a,a,y)/aa,=Q, where (2b) i s  used fo r  AM, and y i& ?he suhface 

I L  L energy. 

b.y a p p l y i n g  t h e  equat ion  
The s t r e s s  i n t e n s i t y  f a c t o r  K a 

Cui] 4 K (l-V) 

where r i s  t h e  d i s t a n c e  from t h e  c r a  

It w i l l  be shown t h a t  t h e  crack 

ong t h e  boundary of c i s  c a l c u  a ted  

( r/ 2lT ) ’/2/u ( 5 )  

k edge. 

s t r e s s  i n t e n s i t y  f a c t o r  i n  a f i b e r  
composite m a t e r i  a1 s a t u r a t e s  and tends t o  a constant -  va lue w i t h  
i n c r e a s i n g  crack s i ze .  

Under c e r t a i n  a p p r o p r i a t e  assumptions i t  can be shown t h a t  a 
smal le r  crack has a l a r g e r  s t r e s s  i n t e n s i t y  f a c t o r .  

I n  f a t i g u e  c y c l i c  l o a d i n g  causes inhomogeneous deformat ion.  The 
e i g e n s t r a i n  generated as a r e s u l t  o f  c y c l i c  l o a d i n g  w i l l  be discussed i n  
terms o f  numbers o f  cyc les  and a p p l i e d  s t r a i n  ampl i tudes. 

area of  d i s c u s s i o n  i s  l i m i t e d  t o  hydrogen atoms i n c l u d i n g  i n t e r a c t i o n  
w i t h  a d i s l o c a t i o n  ar ray .  

The s t r e s s  c o r r o s i o n  and c o r r o s i o n  f a t i g u e  w i l l  be discussed. The 

F i n a l l y  t h e  e i g e n s t r a i n  method i s  extended t o  t h e  atomic scales.  
The e i g e n s t r a i n  caused by hydrogen atoms i n  a c l u s t e r  c o n s i s t i n g  of s i x  
Fe atoms w i l l  be eva lua ted  by t h e  f i r s t - p r i n c i p l e  Har t ree-Fock-Slater  
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model. The d i s c r e t e  v a r i a t i o n a l  xa method i s  used. I n  t h i s  model, t h e  
one e l e c t r o n  Hami l t on ian  i s  give!? by 

( 6 )  

where U(r) i s  t h e  c l u s t e r  p o t e n t i a l  and i t  i s  t h e  sum o f  t h e  Coulorrib 
term Vc and t h e  exchange - c o r r e l a t i o n  t e r m  Vex. 
p o l a r i z e d  c a l c u l a t i o n ,  

N 

In r3. non-spin- 

where p ( r )  i s  t h e  e l e c t r o n  d e n s i t y  and ~1 i s  a parameter. The 
cigenstrzin i s  d e f i n e d  by t h e  displacement o f  atoms caused by the 
hydrogen atoms i n  t h e  c l u s t e r  d i v i d e d  by t h e  o r i g i n a l  l a t t i c e  
parameter, The atomic displacement wil? be determined by t he  minimum 
c o n d i t i o n  o f  t h e  energy 

where ~i i s  t h e  wave f u n c t i o n  o f  t he  Schrodinges equat ion.  The hydrogen 
embri t t j e m e n t  may be exp la ined  by t h e  bond orde r .  

For  t h e  atomic l a t t i c e  dynamics theory,  the  e i g e n s t r a i n  or 
e i  gendi s t o r t i  on j?f  becomes 

1 j  

, where M i s  the mass o f  t h e  atom, IU. ( a )  t h e  displacement component Pram 
the p e r f e c t  l a t t i c e  s t a t e  o f  atmn a ,  +i . ( R E ' )  t h e  f o r c e  constdnts 
between e and !?,'atoms, and x ( a l e )  = x Iti) - x ( e ) .  
c o o r d i n a t e  component o f  a at&" i n  the b e r f e c t  1 5 t t i c e  skate.  

1 

x ( a )  i s  t h e  

- ihe  i n t e r a c t i o n  o f  a hydrogen atom and a d i s l o c a t i o n  w i l l  be 
evaluated by t h i s  new lattice t heo ry .  As an a p p l i c a t i o n ,  t h e  d i f f u s i o n  
o f  hydrogen a long t h e  d i s l o c a t i o n  a r r a y  i s  solved. The crack i n i t i a t i o n  
under t h e  environment o f  sires c o r r o s i o n  o r  c o r r o s i o n  f a t i g u e  w i l l  be 
d iscussed i n  terms o f  hydrogen con ten t  accumulated a t  t h e  d i s l o c a t i o n  
pi le- lap t i p .  
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A SIMPLE METHOD OF ANALYSIS OF CRACK INTERACTIONS 

Mark KACHANOV 
Department of Mechanical E n g i n e e r i n g  
Tufts University, Medford, MA 02155, USA 

I t  i s  well known t ha t  the problem o f  a l inear  e l a s t i c  so l id  w i t h  F1 
cracks can be represented as a superposition of N problems, each i n v u l v -  
ing only one crack b u t  loaded by unknown t rac t ions .  These tract-ions can 
be in te r re la ted  th rough  a systeni of integral  equations. Approximate 
methods o f  solut ion o f  the mentioned system cons t i tu te  a possible approach 
t o  the crack problem. 
applicable t o  both 2-D and 3-D crack arrays of a rb i t r a ry  geometry. 
accuracy remains good even when the distances between cracks a re  one order 
o f  magnitude smaller than the crack s izes .  
act ions,  the method becomes asymptotically exact. 

by the other cracks as "responses" o f  the l a t t e r  t o  the uniform average 
t rac t ions  on them; the influence of t rac t ion  nun-uniformities having zera 
average i s  neglected. The averages a re  in te r re la ted  through "transmission 
factors"  (characterizing attenuation of averages i n  transmission of stress 
from one crack onto  the other crack 1 inesf . T h u s ,  the t rac t ion  averages 
a re  found from a system o f  l i nea r  a lgebraic  equations, with the matrix 
("crack interact ion matrix") composed of transmission fac tors  and re- 
f lec t ing  the i n t r i n s i c  geometry of the  crack array; the right-hand par ts  
o f  the equations r e f l e c t  the external loading conditions. After the 
averages a re  f o u n d ,  the s t r e s s  in tens i ty  fac tors  [ S I F ' s )  on a given crack 
a re  readi ly  found as generated by "responses" o f  the other cracks to  
average t rac t ions  on them and by the external loading. 

1, the  2-D 
problem of two col l inear  cracks o f  equal l e n g t h  (-1, - k )  and ( k ,  I), 
along the x-axis, loaded by uniform normal t rac t ion  pfi; dimensionless 
parameter k characterizes the r a t i o  of the distance between cracks to  
the crack length.  By superposit ion,  the problem reduces t o  two problems 
( iden t i ca l ,  i n  this case) i n v o l v i n g  only one isolated crack each. 
(-1, - k )  i s  loaded by a sum p 3- p2 where p2 = p*(x )  denotes the t rac t ion  

generated t r ac t ion ) .  Simple calculat ion y ie lds  the value o f  a single 
transmission fac tor  R (characterizing the average <p:' along the interval 
( k ,  l ) ,  as  generated b crack 1 loaded by uniform normal t rac t ion  of u n i t  
i n t ens i ty ) :  A = d 2 l + k  /(1+&) -1. Observing tha t  = Pi (pg f < p 2 > )  
and making use o f  symmetry o f  the configuration (<p > = <pz:*) we obtain 
<p1>  = p o / ( l  - A ) .  The  S I F ' s  a t  the crack 2 t ips ,  1 and k ,  a re  readi ly  
found now as induced by po plus "response" o f  crack 1 t o  'p 
compares them w i t h  the exact ones (normalized t o  KO = p {T-)~ 

The agreement is  very good; even a t  k = .05 ( d i s t a h e  bgtween cracks i s  
one order of magnitude smaller than the crack length) the e r r o r  is only 
1.4% f o r  K I ( k )  and .2% for K (1). [Note tha t  this simple configuration 
represents a d i f f i c u l t  s i t ua t ion  f o r  the proposed method: a t  k = .05, 
actual t rac t ion  along crack var ies  from 1.94 pg t o  1.07 po deviating 
considerably from the average <p, = 1.23 pol ,  

A simpler method of analysis i s  proposed. I t  i s  
The 

I n  the case of weak in t e r -  

The key idea i s  t o  take the t rac t ions  induced on a given crack l ine  

Consider, as a tes t  problem having exact solution [ 

Crack 1, 

uyy generated by crack 2 ( loa is ed by po f p 1  where ~ ( x )  i s  the crack 1 - 

Table 1 
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Table 1. Comparison with the exact solution (two col l inear  cracks) 

k = .2  
k = .1 
k = .05 

... 
E 

a .c.-~ ..-. 

....... __ 

I a 052 1.052 
1.086 1 a 087 
1.118 1 - 120 

Exact 

1.112 1 s 112 
1.251 1.255 
1 453 1 s 473 

___.._ 

......___I.____ .......... .......... 
Compari son w i  th the exact sol uti.ons f a r  periodic crack arrays y i  el d s  simi - 
l a r  r e s u l t s :  accuracy remains very good when distances between cracks a r e  
one order of  magnitude smaller t h a n  the crack lengths. 

In the general case, s ince normal (shear)  t rac t ion  on a crack gener- 
a t e s  both normal and shear t rac t ions  on the  other crack l i n e s ,  the %rans- 
mission f a c t a r s  a r e  second rank tensors.  The average t rac t ions  on cracks 
a re  found from 2N l i n e a r  algebraic equations ( N  i s  a number of cracks).  
Thus, the method operates w i t h  "standard" s t r e s s  f i e l d s  (generated by cracks 
loaded by uniform t r a c t i o n s )  and requires integrat ion of these f i e l d s  along 
the other  cracks and salving a system of l i n e a r  algebraic equations. 

The method i s  asymptotically exact in the case o f  II__.. weak crack in tc r -  
actions when the average t rac t ions  induced on a g i v e n  crack by the other 
cracks a r e  much smaller than the ~ n e s  due t o  remote loading, This condi- 
t ion can be s a t i s f i e d  f o r  r e l a t i v e l y  closely located cracks,  par t icu lar ly  
in 3-D. I f  the additional conditions (distances between cracks) >> (crack 
s i z e s )  i s  assumed (approximation o f  remotely located c racks) ,  major sim- 
p l i f i c a t i o n s  r e s u l t :  the "standard" s t r e s s  f i e l d s  can be taken as  t h e i r  
remote asymptotics Moreover, s ince t h e  s t r e s s  gradients a t tenuate  f a s t e r  
than the s t r e s s  themselves, the t rac t ion  averages can be subst i tuted by the 
values of the remote f i e l d s  a t  the crack centers.  In this case the f i r s t  
orders corrections t o  S I F ' s  on a g i v e n  crack S will  depend an the other  
cracks'  s izes  b u t  n o t  on the s i z e  o f  S, In t h i s  approximation, s o m n s  
f o r  various crack arrays ( i n  bath 2-D and 3 4 )  a r e  obtained prac t ica l ly  
without any calculations.  

More detai led presentation and examples a r e  g i v e n  i n  [2,3]. 
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DYNAMIC CLEAVAGE IN DUCTILE MATERIALS 

1.-H. Lin and R .  Thomson 
National Bureau of Standards 
Boulder, CO and Gaithersburg, MD, USA 

Experiments in a variety of materials indicate that 
fully brittle cracks fin the atomic sense) are possible 
under dynamic conditions in normally completely ductile 
materials. Probably the most clear-cut evidence of this 
fact is found in the experi Tyjts described at this 
conference by Kaufman and Pugh This result poses a 
considerable problem to conventional treatments of the 
competition between dislocation emission and crack cleavage, 
which we believe is at the heart of the ductile or brittle 
response of the material. The reason is that if a 
dislocation is emitted from a fast moving crack, it creates 
a shielding K-field at the crack of the form 

~1 is the shear modulus, b the Burgers vector and K is the 
distance from the dislocation to the crack tip. This 
shielding f i e l d  is singular at the crack tip, and means that 
a strong impulse is gi o the crack on emission. Current 
theories of cracks y''3F. have shown that cracks have zero 
inertia, and respond instantaneously to local stresses. 
Thus, the expectation is that the crack is stopped when the 
dislocation is emitted, and continuous emission can then 
take place, thereby blunting the crack. 

In this paper, we investigate this paradox, and show 
that there is a critical velocity near that of sound above 
which the crack can propagate by cleavage. We shall do this 
in two different approximations. In the first, we assume 
the crack-dislocation system move at a constant uniform 
velocity with only small accelerations, and rederive the 
dislocation emission/cleavage crossover point. This 
approximation yields the result that bath emission and 
cleavage critical K-values increase with velocity. In pure 
mode 111, there is therefore no tendency to shift to more 
brittle behavior as the velocity is increased. However, in 
a mixed mode case, where the cleavage condition is set by 
the mode I loading, and emission is achieved in additional 
mode I11 loading, increasing the velocity decreases the 
emission capability. This result is shown by the equation 
Eor the critical K for emission, Ke(v),in the forward 
direction, 
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k,(v) = k,(o) dG/y 

v is the velocity of the crack, and c is the velocity of 
sound. 

The approximation of constant velocity i s  a poor one 
for the dislocation emission event for the reason mentioned 
that the interactions and accelerations are large. FOP: 
t h i s  reason, we have estimated the shielding k on the crack 
during the emission, taking account of time retardation 
effects. It. turns out that the crack experiences a maximum 
dislocation induced shielding k-field during emission. Thus 
a criterion can be written such t h a t  the crack is a 
stopped by the emission in terms of the external K-field 
which is required to drive the crack at the velocity, v. 
This criterion is 

A critical velocity is therefore predicted above which 
cleavage occurs, but the reader is reminded that ( 3 )  is a 
very rough estimate. vd is the average dislocation velocity 
af ter  emission and may simply be set to v=c for estimation 
purposes e 
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UNIVERSAL WEIGHT FUNCTIONS FOR LOADINGS AND SCREENINGS OF CRACKS 

+ 
M.O.K. KIRCHNER 
Laboratoire de Physique du Sol ide ,  A s s o c i &  au CNRS n0155 
Ecole des f i n e s ,  Parc de Saurupt, F-54042 NANCY Cedex, FRANCE 
+ on leave  of absence from I n s t i t u t  f .  Festkoerperphysik,  
Universi ty  of  Vienna, Boltzmanngasse 5,  A-1090 VIENNA, AUSTRIA 

The stress i n t e n s i t y  vec tor  K .  i s  def ined as the l imi t ing  
behaviour of stress o r  displacemenk near  t he  t i p  of a crack, these  being 
propor t iona l  t o  Y1I2 and 
loading. I n t e r n a l  s t r e s s e s  caused by d i s l o c a t i o n s  show t he  same power 
dependence a t  the  crack t ip ;  the  stress i n t e n s i t y  assoc ia ted  with a 
loading can thus  be screened (or amplified) by a p l a s t i c  zone, 

respec t ive ly ,  for  any type of ex te rna l  

Since f o r  any particular specimen or  crack geore t ry  the  stress 
i n t e c s i t y  vec to r  must be a func t iona l  of the loading or screening which 
are of v e c t o r i a l  charac te r ,  it is poss ib l e  t o  def ine  t w o  tensorial  weight 
func t ions ,  one f o r  screenings,  D,.(x,a), and one for  forces ,  Fsi(x,aa), 
so t h a t  t he  stress i n t e n s i t y  can be found by in t eg ra t ion  over the product 
of weight func t ions  and d i s l o c a t i o n  or  force densi ty .  With b, being the  
Burgers vec to r  of t he  d i s loca t ion  and fs being the  s t r eng th  of the  Line 
force  , 

where a i s  the  crack length.  The e l a s t i c  energy of a d i s t r i b u t i o n  of 
d i s loca t ions  and l i n e  fo rces  is  

where # i s  t he  v e c t m  Airy s t r e s s  funcvion and. u 
S S 

i s  t h e  displacement. 

Even f o r  e l a s t i c a l l y  an i so t rop ic  media the energy release rate i s  
a quadra t ic  form i n  the  stress i n t e n s i t y  vec tor  

-. 1 
Ki(B  I i j K j  = -87r dG/da 

I f  t he  cross t e r m s  between two e l a s t i c  states under mixed mode loading or 
screening a r e  considered, t he  product of the  stress i n t e n s i t y  vec tors  ~ O K  

the t w o  s t a t e s  is  r e l a t e d  t o  the  d e i i v a t i v e  of the  i n t e r a c t i o n  energy 
between the  t w o  states w i t h  r e spec t  to  the  crack length.  With B e t t i ' s  
theorem for  the  i n t e r a c t i o n  between t w o  e las t ic  states,  the  s t r e s s  
i n t e n s i t y  fcr any s t a t e  becomes propor t iona l  t o  the de r iva t ive  of the 
Airy stress func t ion  or displacement field with respect t o  the  crack 
l eng th ,  t h e  p ropor t iona l i t y  f a c t o r  being the force and d i s l o c a t i o n  
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d e n s i t i e s .  With t h e  three stress i n t e n s i t y  vec to r s  €or  t h e  t h r e e  r e  Eerence 
states z=1,2,3 w r i t t e n  as a mat r ix  Kz and i t s  i nve r se  

j' 

the imiversal weight; func t ions  a re rwi th  R being known from di s l o c a t i o n  it 
theory [I] 

F .  
S1 

si 
D 

-1 %, 
x,a)  = -8n 9 it (K )t duz/da S 

-1 z 
it .t 

x,a) = -877 B (K ) d@z/da 

2 
Although t h e  displacements uz and stress funct ions  g S  are taken f o r  

t h r e e  s p e c i f i c  re ference  states, t h e  t e n s o r i a l  weight func t ion  can- 
s t r u c t e d  f r o m  t h e i r  d e r i v a t i v e s  wi th  r e s p e c t  t-o t h e  crack lcngth are 
un ive r sa l ;  t h e  p a r t i c u l a r  choice be ing  compensated f o r  by t h e  stress 
i n t e n s i t i e s  for  t h e  reference conf igura t ions  chosen. The: un ive r sa l  wei.yht 
func t ions  depend only  on the crack geometry, hut are independent o E  
loading or  scxeening, 

If t h e  two s t a t e s  i n  t h e  quadrat i -c  form f o r  t h e  energy release rate 
are chosen as loaded (and unscreened) and screened (but without  loads)  
it i s  p o s s i b l e  t.0 f i n d  t h e  stress i n t e n s i t y  f o r  a screening  from t he  stress 
func t ion  of t h e  loaded crack.  Knowledge o f  the  stress Eunction o r  dis- 
placement. f i e l d  for t h e  screeried crack are no t  necessary.  V i c e  versa ,  it 
is  p o s s i b l e  t o  f i n d  the stress i n t e n s i t y  f o r  a loading from t h e  d isp lace-  
ment f i e l d  arouind a screened,  b u t  loadless crack by i n t e g r a t i o n .  Si.nce t h e  
st.ress fiunction of a loaded crack i s  essent l ia l ly  known once t h e  d isp lace-  
ment f i e l d  i s  known, computation of t h e  screening  e f f e c t  of a p l a s t i c  zone  
i s  reduced t o  s t r a igh t fo rward  i n t e g r a t i o n .  

Tliis work p r e s e n t s  a n  ex tens ion  of the scalar u n i v e r s a l  weight func t ion  
def ined  by Aueckner 121 €or loadings t o  p l a s t i c  zones aid e l a s t i c  
anisotropy.  

1. D.J. Bacon, D.M. Barne t t ,  arid H.O. ScatLergood, Progress  i n  Materials 

2. H.F. Rueckner, Z e i t s c h v i f t  angew. Math. Plech. z, 529 (1970) .  
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RESPONSE OF A DISLOCATION TO AN EXTERNAL STRESS 

FIilWANm LuNn 
Departaliento de FZsica, Facultail de Ciencias Flsicas y Mater&icas, hi- 
versidad de Chile, Casilla 5487, S m t i a p , Q i i l e .  

Dislocation dynamics i n  an elastic continuum is studied in  the con 
tex t  of c lass ica l  f i e l d  theory. The idea is  to  have a theory of sources 
(dislocation Zoops) interacting with a f i e l d  (par t ic le  displacement) i n  
the same sense tha t  c lass ica l  electrodynamics is a theory of point char- 
ged par t ic les  interacting with the electromagnetic f i e l d  . 

Although the pa r t i c l e  displacement generated by a moving disloca- 
t ion involves an integration over the whole s l i p  plane, i t  was shown by 
Mura 11 1 tha t  both pa r t i c l e  velocity and s t r a i n  c% Qe expressed i n  terms 
of‘ l i ne  integrp along the dislocation loop. If u(x, t )  is the displace- 
ment a t  point x a t  t i m e  t ,  the Mura expressions are 

Namely, strain and velocity a re  given as convolutions of the elastodynd- 
niic Green function G& with functionals fk  and gkn of the dislocation 
loop tha t  vanish everywhere except along the loop i t s e l f .  The slip pla- 
ne does not appear. Since physical quantit ies carried by the f i e l d  such 
as energy and nlomentum depend only on s t r a i n  and velocity and not on d i s  
placement, t h i s  j u s t i f i e s  the ident i f icat ion of the dislocation loop as- 
the source of the f i e l d  and ( I )  gives the value of the f i e l d  fo r  a pres- 
cribed motion of the source, analogously t o  w h a t  the Lienard-Wichert p- 
ten t i a l s  do i n  electrodynamics. 

We have a source, the  dislocation loop, which can be mathematical- 

‘Is it possible t o  determine the response of t h i s  source t o  a 
l y  described a5 a timedependent curve Xi(O,t’) with 0 a parameter along 
the curve. 
prescribed, externally applied, e l a s t i c  f i e l d ?  Yes. To see t h i s ,  con- 
s ider  The action integral  whose extrema give the equations of classical 
dyiamic el a s t i c i ty :  

Since the medium is l inear ,  displacements a t  &y p i n t  i n  the presence 
of a dislocation loop w i l l  be the sum 6 = u + U of the displacements u due 
t o  the loop, given by (1) and a displacement U due to  externally applied 
s t resses ,  which may be timedependent, Substitution of this suii into (2 )  
gixes ;in action tha t  depends functionally both on the external f i e l d  
U(x,t) and the dislocation loop X(o,t) . Extrema of t h i s  action with res 
pect to variations of U give the displacements generated by the loop 

- 



46 

X(o,t) undergoing prescribed motion, i n  the form of a d i f fe ren t ia l  equa- 
t ion  whose solutions a re  (1 ) .  
of the loop X select  the t ra jectory that w i l l  be followed by the  disloca 
t ion 1 oop under prescribed external stresses. 
( 2 )  w i l l  become the sum of thrce terms: 

Extrema of S with respect t o  variations 

More przcisel y, the act  i6!n 

an external action S, that  depends only on the external U ,  a mixcd action 
Sa depending both on U and X ,  aid a self action S, involving only the 
loop X. The l a s t  one i s  divergent and must be regularized with a cut-off 
procedure. 

'Ihe evolution of the loop will be governed in general by an integral  
(both i n  o and t )  equation. IT is  possible t o  get a diffcrent ia l  equation 
i n  the following approximation: a) Tne work done on the dislocation by ex- 
ternal  stresses is  much larger than the radiation emitted and b) The mo- 
t ion  o f  any point on thc loop is affected only by those other loop points 
i n  i t s  inmediate neighborhood. 
Burgess vector b m o v i n g  with velocity V a  ( a =  1 , 2 )  in a medium of density 
p, shear inodulus 11 and shear wave vclocity (3 the different ia l  equation is 

In thc case of a screw dislocation of 

121 

where ~ 1 1  = ~ 2 2  = 0 ,  ~ 1 2  = ~ 7 1  = 1 and M =  (pb2/4ir)Rn(8/E) , i n  which 8 >> E are 
two cut-offs. 
Koehler force while the second is a velocity dependent force proposed by 
Eshelby 13 1 . 

The first term on the r ight  of (4) is the usual Peach- 

I t  is  hoped t o  apply these results t o  study the interaction of dis-  
locations and cracks, a problem whose relevance t o  fracture has been par- 
t i cu la r ly  emphasized by Thomson 141. 
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E X ~ E ~ I ~ ~ ~ ~ T A ~  STUDIES OF CRACK T I P  PROCESSES 

PETER ~~~~A~~~ 

4000 Dussel d o r f  , FRG 
ax-Pl  a n c k - I n s t i t u t  fur E i  senforschung , Max-Pl anck-Str .  1 

There a r e  t o  d i f f e r e n t  s e p a r a t i o n  modes a t  c rack  t i p s  by which t h e  
crack can grow: t e a r i n g  bonds by o v e r - s t r e t c h i n g  ( " b r i t t 1  e f r a c t u r e " )  
o r  shear ing  bands by d i s l o c a t i o n  egress or m i s s i o n  ( " d u c t i l e  f r a c t u r e "  
o r  @' rup tu re ' * ) .  8 t t i  processes usual ly  depend s t r o n g l y  on t h e  gast?ous 
environment i n  t h e  c rack  and/or an ' layers on the c rack  surface. The 
exper imenta l  s t u d i e s  rev iewed i n  t h e  f a l l o w i n g  a r e  those, which a l l o w  
local measurements of t h e s e  p r o c e s w s .  

F r a c t u r e  mechanics c h a r a c t e r i s e s  t h e  e x t e r n a l  l o a d i n g  and the 
r e s u l t i n g  d r i v i n g  fo rce  f o r  t h e  crack.  These parameters should be  
measured whenever p o s s i b l e  a s  p a r t  o f  the c h a r n c t e r i  zat l ion o f  t h e  
exper imeratal 5 it iiat i on. 

The environment a t  t h e  c r a c k  t i p  can be r e a d i l y  c h a r a c t e r i z e d  only 
under equlibrium c o n d i t i o n s .  Then the a c t i v i t i e s  o f  r e l e v a n t  components 
(e,g.hydrogen) which a r e  neasured e x t e r n a l l y  a r e  a goo apQrQximdk: 
t o  t h e  v a l u e s  a t  t h e  c r a c k  t i p .  Therefore,  K I c  measured a s  a functian 
o f  these activities y i e l d  v a l u a b l e  i n f o r m a t i m  w i t h o u t  e x p l i c i t l y  loca l  
~ ~ ~ a ~ ~ ~ ~ ~ ~ n t s .  

A more l o c a l  crack t i p  q u a n t i t y  i s  t h e  s i z e  o f  t h e  p l a s t i c  zone 
and t h e  amount o f  s t r a i n  i n  it, The knowledge a f  t h e s e  parameters 
allows an e s t i m a t e  o f  the p l a s i c  work bec ing  done dt r r ing f r a c t u r e  i n  
the framework o f  a m o d i f i e d  G r i f f i t h  f r a c t u r e  c r i t e r i o n ,  There a r e  
v a r i o u s  c lass ica l  rnethods o f  measurements ow t k  side Faces o f  a 
c r a c k i n g  specimen: D i s t o r t i o n  o f  s u r f a c e  g r l d s  ( s c r a t c h e d  8 r  etche 
and broadening o f  e l e c t r o n  channel- ing p a t t e r n s ,  

Higher  s e n s i t i v i t y  f o r  small amounts o f  p l a s t i c i t y  i s  ob ta ined  by 
etch-iny o f  i n d i v i d u a l  d i s l o c a t i o n s  o r  by examinat ion of  t h e  f rac t i . r re  
sur face,  Two methods a r e  used t o  de te rm ine  t h e  p l a s t i c  s t r a jn  
underneath t h e  f r a c t u r e  su r faces :  broaden ing  o f  el ect,son channel ing 
p a t t e r n s  and X-ray topography ( m o s t l y  u s i n g  synchro t ron  radiation) I 
Both methods c d n  be usen t o  measure depth profiles b y  . l i n te r~ i r i t ten t  
po l  a'shi ng . 

D e t a i l e d  i n f u r m a t i o n  about the  s t r u c t u r e  near  c r a c k  t i p s  i s  
obtained by TEM s t u d i e s ,  F o i l s  c u n t a i n i n g  c r a c k  t i p s  were prepared P r m  
b u l k  specimens. I o  d u c t i l e  rrietals v e r y  h i g h  d i s l o c a t i o n  dens i t ies  dre 
usua l ly  r e p o r t e d  h u t  a? so atoriiical l y  sharp b r i t t l e  crirck w i t h  smdi 1 
d i s l o c a t i o n  d e n s i t i e s  were observed i n  ceramics.  The measured 
q u a n t i t i e s  a r e  t h e  geomet r i ca l  shape of  the c r a c k  t i p  and the 
d i s l o c a t i o n  d e n s i t y  i n  t h e  v i c i n i t y .  
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I n  s i t u  TEM o b s e r v a t i o n  o f  c r a c k i n g  f o i l s  i s  t h e  most powerfu l  
t o o l  t o  s tudy  tb7e c r a c k  t i p .  Cracks i n  a l l  t h r e e  inodes o f  l o a d i n g  were 
observed i n  such s t u d i e s .  The r e s u l t i n g  c rack  geometry and t h e  
processes o f  d i s l o c a t i o n  emiss ion can be f o l l o w e d  i n  a l l  d e t a i l s .  The 
most i m p o r t a n t  r e s u l t  i s  t h e  o b s e r v a t i o n  o f  a d i s l o c a t i o n  f r e e  zone a t  
t h ?  c r a c k  t i p  under these  c i r cuas tances ,  which can be r a t i o n a l i z e d  i n  
terms o f  d i s l o c a t i o n  c r a c k  i n t e r a c t i o n s .  These r e s u l t s  have l e d  t o  a13 
ex tens ion  of  t h e  Dugdale model a l l o w i n g  f a r  a d i s l o c a t i o n  f r e e  zone and 
non-zero l o c a l  s t r e s s  i n t e n s i t y  a t  t h e  c rack  t i p .  The d i f f e r e n c e s  
between f r a c t u r e  exper iments i n  f o i l s  3nd those  i n  b u l k  m a t e r i a l  have 
been recognized and will be d iscussed.  

P l a s t i c i t y  i s  o f t e n  considered o n l y  as  an energy consuming 
p e r t u b a t i o n  o f  b r i t t l e  f r a c t u r e  as d e f i n e d  above, I n  d u c t i l e  m e t a l s  
t h i s  i s  n o t  always j u s t i f i e d  because sl i d e  o f f  on two  a l t e r n a t i n g  s l i p  
p lanes may c o n t r i b u t e  s i g n i f i c a n t l y  t o  the c r a c k  g r o  h process. The 
b e s t  parameter t o  measure t h e  r e l a t i v e  abundance o f  b o t h  f r a c t u r e  
processes i s  t h e  c rack  t i p  angle,  because s l i d e  o f f  produces a 
c h a r a c t e r i s t i c  c rack  t i p  a n g l e  o f  t h e  order o f  90'. Thus i n t i m a t e  
m i x t u r e s  between s l  i d e  o f f  and b r i t t l e  f r a c t u r e  ( z e r o  c rack  angle)  
produce i n t e r m e d i a t e  angles depending on the r e l a t i v  amounts of b o t h  
processes I n  inonocrystal  s 1 arge amounts of  p l  a s t i c i  t y  can be 
accommodated i f  sl  i p extends th rough  t h e  who1 e 1 igament . Thus c rack  t i p  
p l a s t i c i t y  c a n  be s t u d i e d  i n  5 u l k  specimens w i t h o u t  t h e  conf inement o f  
an e l a s t i c  surrounding.  Such exper iments were performed t o  s tudy t h e  
ernbr i t t lement  due t o  temperature,  s t r a i n  r a t e ,  gaseous hydrogen and 
aqueous s t r e s s  c o r r o s i o n  c o n d i t i o n s .  

The c rack  t i p  ang le  o f  i n t e r g r a n u l a r  c racks  was s t u d i e d  i n  a 
corresponding my  i n  b i c r y s t a l s  as a f u n c t i o n  o f  d i s o r i e n t a t i o n ,  
seg rega t ion  and SCC c o n d i t i o n s .  By d e l i b e r a t e  changes i n  the l o a d i n g ,  
markings Carl be produced on t h e  f r a c t u r e  s u r f a c e  which i n d i c a t e  t h e  
p o s i t i o n  o f  t h  c rack  t i p s  a t  g i v e n  i n t e r v a l s .  I n  t h i s  way p r e f e r r e d  
c rack  f r o n t  d i r e c t i o n s  c o u l d  be s t u d i e d  and c o r r e l a t e d  w i t h  t h e  
c r y s t a l l o g r a p h y  o f  s l  i p  i n t e r s e c t i n g  v a r i o u s  t y p e s  o f  g r a i n  boundar ies.  

I f  inhomogenei t ies a r e  absent,  c r a c k  i n i t i a t i o n  i s  a h i g h l y  
unde f ined  process. I n  f a t i g u e  c racks  i n i t i a t e  ove r  a p e r i o d  o f  many 
c y c l e s  i n  a r a t h e r  well de f ined  way a t  s l i p  l o a l i z a t i o n  ( " p e r s i s t c m t  
s l  i p  bands") .  q e c e n t l y  progress has been made i n  obse rv ing  e a r l y  c rack  
n u c l e i  by  h i g h  r e s o l u t i o n  s e c t i o n s  made a t  r i g h t  a n g l e  w i t h  t h e  s u r f a c e  
t h u s  revea l  i n y  t h e  s u r f a c e  p r o f i  1 e *  
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MODELING OF DUCTILE FRACTURE 

ANTHONY W. THOMPSON 
Department o f  Metallurgy and Mater ia ls  science,  Carnegie-Hellon 
Universi ty ,  P i t t sburgh ,  P A  1521 3 

The process of d u c t i l e  f r a c t u r e ,  which is w e l l  established t o  
proceed by nucleat ion,  growth and coalescence of microvoids, i s  a 
complex phenomenon from t h e  perspect ive o f  physics,  b u t  is f a i r l y  w e l l  
charac te r ized  i n  mechanics terms. Moreover, extensive meta l lurg ica l  
knowledge of microvoid nuc le i  and matrix p l a s t i c  f l o w  proper t ies  provides 
e s s e n t i a l  input  t o  o v e r a l l  understanding of the f r a c t u r e  process. There 
i s ,  however, no comprehensive mechanics ana lys i s  which encompasses a l l  
the  important va r i ab le s  o f  stress state,  s t r a i n  l o c a l i z a t i o n  tendency, 
and microvoid nuc1eati.on parameters, nor i s  there  a complete metallurgi-  
ca l  model which incorporates  d e t a i l s  of the micromechanical processes 
which accompany nucleat ion I growth and coalescence of the microvoids 
Aecordinyly, i t  is not su rp r i s ing  t h a t  a t  p resent  it is  not possible to 
predict f r a c t u r e  s t r a i n s  accura te ly ,  using e i t h e r  mechanics or 
me ta l lu rg ica l  approaches. These problems are perhaps most evident  i n  
consider ing d u c t i l e  f r a c t u r e  events a t  sharp crack t ips,  although other 
mechanical condi t ions also pose challenqes t o  e x i s t i n g  viewpoints. 
Recent work from a ma te r i a l s  perspect ive has addressed t h i s  problem by 
combining a genera l  meta l lurg ica l  model with cu r ren t  mechanics work 
wh ich  incorporates  "microscale" parameters. This permits an in tegra ted  
t rea tment  of "micromechanisms" , i .e. f r a c t u r e  processes which take place 
on  the scale of the microstructure .  Fwactographic information appears 
e s s e n t i a l  to experimental t e s t i n g  of this approach, and has i n  fact  k e n  
incorporated i n t o  the model d i r e c t l y .  One outcome i s  that a d i r e c t  
experimental  value of the local f r a c t u r e  s t r a i n  can be obtained under 
any state of stress or s t r a i n ,  rather than obtaining such a value by 
back-calculation or est imat ion,  as is otherwise the procedure ,, For t h i s  
ana o ther  reasons,  the  present  modeling approach appears t o  have promise 
i n  extending understanding af d u c t i l e  f r ac tu re .  
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INTRODUCTION 

A number of s t u d i e s  on mechanical p r o p e r t i e s  of amorphous m e t a l s  
have been r epor t ed  t o  d a t e  and t h e  s t a t i c  s t r e n g t h  of amorphous metals i s  
found t o  be u s u a l l y  h igher  than t h a t  of o rd ina ry  metals. On f a t i g u e  be- 
hav io r  of amorphous metals, however, only a few s t u d i e s  have been r epor t -  
ed so f a ~ I - - ~ ) ~  
conducred i n  tension-tension mode except  oi1rs5). i n  t h i s  s tudy ,  a c y c l i c  
bending appara tus ,  which can a l t e r n a t e l y  apply  t ens ion  and compression t o  
a r ibbon specimen of 20-30 Prn t h i c k ,  was cons t ruc t ed ,  By us ing  t h i s  appa- 
r a t u s ,  f r ac tog raph ic  i n v e s t i g a t i o n  and p repa ra t ion  of s t r a i n - l i f e t i m e  d ia-  
gram of amorphous r ibbons a s  well as r e fe rence  metal r ibbons  w e r e  made. 
I n  a d d i t i o n ,  f r a c t u r e  i n  t e n s i l e  tests and comnress inn  test% o f  aT-ory)hous 
blocks prepared by t he  a u t h o r ' s  groap was s t u d i e d  f o r  comparison. 

Furthermore,  i n  such cases ,  a l l  t h e  f a t i g u e  tests were 

EXPERIMENTAL PROCEDURE 

Amorphous r ibbons  and powders ( Fe-B-Si, Co-B-Si, Ni-B-Si  ) were 
prepared by r a p i d  quenching from t h e  m e l t ,  us ing tw in - ro l l  method and 
modified in - ro t a t ing - l iqu id  quenching method, r e s p e c t i v e l y ,  Amorphous 
b locks  of Fe7gBp3Sig a l l o y  w e r e  prepared by explos ive  conso l ida t ion  a t  
aboi-it lOGPa and a l s o  by high-pressure-high-temperature s i n t e r i n g  a t  L 5 O 0 C  
i n  t h e  p re s su re  range of 1-5 GPa, 
des-lgned and cons t ruc ted  f o r  f a t i g u e  tes t  of t h i n  r ibbons.  Tens i l e  
test o r  compression test of  amorphous b locks  w a s  conducted up t c  fra-Lure 
by ordinar;. t e s t i n g  machine. X-ray d i f f r a c t i o n  and h igh  r e s o l u t i o n  elec- 
t r o n  microscopy w e r e  used f o r  i d e n t i f i c a t i o n  of amorphous s t a t e .  Obser- 
v a t i o n s  of f r a c t u r e  s u r f a c e  w e r e  made by SEM and o p t i c a l  microscope. 

A c y c l i c  bending appara tus  was newly 

RESULTS AND DISCUSSIONS 

F ig .1  i l l u s t r a t e s  s t r a i n - l i f e t i m e  diagrams; (a) f o r  f a t i g u e  t e s t s  
of d i f f e r e n t  f requencies  ( 1-8 Hi: ), and (b) f o r  those i n  vacuum, Ar-gas 
and t h e  a i r ,  Even i n  t h e  case of  amorphous meta ls  which u s u a l l y  have 
h igh  cor ros ion  r e s i s t i v i t y  , e f f e c t s  of environment arc conspicuous i n  
room temperature  f a t i g u e  tests, F rac tu re  s u r f a c e  cbservritions s u p p o r t  
t h i s  v i e w  as i s  i l l u s t r a t e d  i n  Fig.2 (a) and ( h ) ,  Vein s t r u c t u r e  can be  
seen on t h e  f r a c t u r e  sur face  of the specimen tested i n  Ar-gas and vacuum 
but  no t  so  f o r  t h e  specimen t e s t e d  i n  the  a i r  The specimen showed b r i t -  
t l e  m a t e r i a l - l i k e  behavior  i n  t h e  l a t t e r  case. Pig.3 i n d i c a t e s  f r a c t u r e  
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su r faces ;  (a )  t hose  of  t h e  amorphous block prepared by exp los ive  consol i -  
d a t i o n  and (b) t hose  of t h e  c e n t r a l  p a r t  of t h e  same block where high 
concen t r a t ion  of shock waves w a s  expected.  
s u r f a c e  w i l l  be  d iscussed .  

E f f e c t s  of oxide  f i l m  of  t h e  
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SXRF STUDIES OF BULK CRACK-TIP PLASTIC RELAXATION* 

JOHN C. BILELLO 
Department of Materials Science and Engineering, State 
University of New York at Stony Brook, Stony Brook, NY 11794 

INTRODUCTION 

Synchrotron x-ray fractography (SXRF) has been developed 
as a non-destructive probe of the plastic relaxation zone 
accompanying bulk fracture in semi-brittle crystals. [l] 
This method uses white beam synchrotron x-radiation imping- 
ing on the cleavage surface of a fractured sample at grazing 
angle incidence. Topographs are collected in the 20 = 90° 
with information obtained about the bulk microstructure down 
to the first extinction depth, i.e. approximately 5-10 
micrometers below the surface. In comparison with other 
fractography methods such as, Berg-Barrett topography, opti- 
cal and Scanning Electron Microscopy, SXRF offers some 
unique advantages. These include the ability to assess the 
bulk microstructure associated with crack initiation and 
propagation coupled with extremely high data collection 
rates. SXRF data taken at Daresbury, U. K., Stanford SSRL 
and Brookhaven NSLS will be compared with the more conven- 
tional fractography methods. 

RESULTS AND DISCUSSION 

Investigations on crack-tip plasticity using SXRF have 
been performed on a wide variety of crystals including Mo, 
Nb, Mo-Nb alloys, Zn, and Zn-Cd solid solution alloys. [2, 
31 The extent of the plastic zone can be mapped out using 
level polishing techniques. A Mo crystal, with a precursor 
crack having a radius of a few micrometers, had a measured 
plastic zone approximately 10 times larger. White beam 
radiation is also sensitive to local lattice rotations with 
the diffracted beam being broadened when reflected from such 
a region. Data for such a Mo crystal is shown in Table 1. 

Table 1. Crack-tip lattice rotations in the plastic relaxa- 
tion zone of a Mo crystal measured by SXFU?. 

Reflection Image Width (20 -goo) Lattice Rotation 
(hkl) (mm) (degs.) (rads) 

051 0.246 
031 0.194 
042 0.144 
011 0.102 
024 0.208 

67.38 0.0012 
53.14 0.0023 
36.88 0.0031 
0.0 0 . 0034 
36.88 0.0044 
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s, 
1. 

The n a t u r e  of t h e  l oca l  
d i s t o r t i o n  c a n  a l s o  b e  
s t u d i e d  by t a k i n g  advan- 
tage of t h e  c r y s t a l  sym- 
met ry  properties. F i g u r e  
1 s h o w s  t w o  S X R F  
t opographs  t aken  on a M o  
c r y s t a l  w i t h  t h e  i n c i d e n t  
on  v e c t o r  So r o t a t e d  180° 
between each  topograph  as 
shown by arrows on  t h e  
f i g u r e ;  t h e  image con-  
t r a s t  is n o t  e q u i v a l e n t .  
The c o n t r a s t  is t h u s  n o t  
due to t h e  s t r a i n  t e n s o r ,  
w h e r e  of n e c e s s i t y  i j  
components must equal j i ,  
r a t h e r  t h e  c o n t r a s t  is 
a t t r i b u t e d  t o  t h e  l oca l  
r i g i d  body r o t a t i o n  a t  F ig .  1 SXRF for So = -So 
t h e  crack-tip g i v e n  by t h e  c u r v a t u r e  t e n s o r  K i  . 
s e r v a t i o n  may be r e - l a t e d  t o  t h e  d i s l o c i t i o n  t e n s o r  
d e s c r i b e d  by Nye [ 4 ]  to  f i n d  t h a t  t h e  e x c e s s  d e n s i t y  of edge 
d i  l o c a t i o n s  segments  a t  t h e  crack-tip is of t h e  o r d e r  of 
l o a 1  cm-2. 

T h i s  ob- 

.)L 
urn 

SUMMARY 

The d i s l o c a t i o n  d e n s i t y  and p l a s t i c  zone s i z e  h a s  been 
de te rmined  for f i n e  scale cracks i n  bu lk  c rys ta l s  of a num- 
b e r  of elastic-plastic cracks u s i n g  a new n o n - d e s t r u c t i v e  
s y n c h r o t r o n  x - r a d i a t i o n  imaging t e c h n i q u e .  
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X-RAY ANALYSIS OF PREFRACTURE ELASTIC ANTI PLASTIC STRAIN GRADIENTS 

SIGMUND WEISSMANN 
Department of Mechanics and Materials Science,  College of Engineering, 
Rutgers Un ive r s i ty ,  Piscataway, N J  08854,  USA. 

INTRODUCTION 

To c h a r a c t e r i z e  and t o  determine q u a n t i t a t i v e l y  e l a s t i c  s t r a i n s  and 
m i c r o p l a s t i c i t y  i n  a material induced by deformation,  i t  is  most d e s i r -  
a b l e  t h a t  p r i o r  t o  deformation t h e  material should con ta in  none of them. 
S i l i c o n  c r y s t a l s  f u l f i l l  t h i s  requirement because they can be obtained 
f r e e  of e l a s t i c  s t r a i n s  and of d i s l o c a t i o n s .  A t  room temperature  t h e  
f r a c t u r e  c h a r a c t e r i s t i c s  are  those  of an i d e a l  b r i t t l e  material  and 
above 60% of Tm t h e  c r y s t a l s  become d u c t i l e  and behave l i k e  metal  
c r y s t a l s  [l]. Consequently, s i l i c o n  c r y s t a l s  w e r e  used as model mater- 
i a l s  f o r  t h e  e l u c i d a t i o n  of t h e  s t r a i n  g rad ien t s .  

ANALYSIS OF ELASTIC STRAINS 

The i n t e g r a t e d  X-ray r e f l e c t i v i t y  of e l a s t i c a l l y  ben t ,  p e r f e c t  
S i  c r y s t a l s  w a s  ca l cu la t ed  f o r  Laue type  of r e f l e c t i o n s  covering t h e  
e n t i r e  cu rva tu re  range .  
were taken i n t o  account ,  and i t  i s  shown t h a t  both t h e s e  e f f e c t s  have 
a s u b s t a n t i a l  i n f luence  on t h e  r e f l e c t e d  i n t e n s i t i e s  of weakly and 
s t r o n g l y  bent  c r y s t a l s  [ 2 ] .  The v a l i d i t y  of t h e  r e f l e c t i v i t y - v e r s u s -  
cu rva tu re  r e l a t i o n  thus  obtained w a s  experimental ly  confirmed f o r  a num- 
ber  of r e f l e c t i o n s  as shown i n  Fig.  1; t h e  s o l i d  curves  r ep resen t ing  
ca l cu la t ed  va lues .  The d a t a  a c q u i s i t i o n  from many (hkl )  r e f l e c t i o n s  
l e a d s  d i r e c t l y  t o  t h e  cons t ruc t ion  of a s t r a i n  e l l i p s o i d  f o r  every de- 
formation s t a g e .  I f  stress raisers are  present  such as notches,  ho les  
and i n c l u s i o n s ,  and i f  an  e x t e r n a l  bending moment i s  app l i ed ,  t h e  l a t t i c e  
cu rva tu re  a s soc ia t ed  wi th  stress raisers become l o c a l l y  enhanced, mani- 
f e s t e d  by l o c a l  i n t e n s i t y  enhancement. This  enhancement w a s  experimen- 
t a l l y  determined f o r  a v a r i e t y  of stress raisers by measuring on X-ray 
topographs t h e  r e f l e c t e d  i n t e n s i t i e s  from point-to-point a long t h e  pa th  
of t h e  s t r a i n  g rad ien t .  Good agreement w a s  obtained between experiment 
and t h e o r e t i c a l  c a l c u l a t i o n s  based on continuum mechanics [ 3 , 4 ] .  Elas t ic  
s t r a i n  i n t e r a c t i o n s  emanating from several stress raisers have a l s o  
been determined experimental ly  and t h e  r e s u l t s  are being compared t o  
those  of f i n i t e  element a n a l y s i s .  It i s  w e l l  known t h a t  i n  a n i s o t r o p i c  
materials t h e  t r i a x i a l ,  e l a s t i c  s t r a i n  d i s t r i b u t i o n  near  a stress raiser  
cannot be ca l cu la t ed  t h e o r e t i c a l l y .  The pre l iminary  X-ray s t u d i e s ,  how- 
e v e r , i n d i c a t e  t h a t  such de termina t ion  can be achieved by X-ray i n t e n s i t y  
measurements of s e v e r a l  (hk l )  r e f l e c t i o n s ;  t h e  d a t a  a c q u i s i t i o n  being 
g r e a t l y  f a c i l i t a t e d  by us ing  a whi te  beam synchrotron source.  

Anomalous t ransmiss ion  and e l a s t i c  an iso t ropy  

ANALYSIS OF PLASTIC STRAIN DISTRIBUTION 

A computer-aided X-ray double c r y s t a l  d i f f r ac tomete r  method (CARCA) 
w a s  developed [5] t o  ana lyze  t h e  d i s t r i b u t i o n  of mic ro -p la s t i c i ty  induced 
i n  s i n g l e  and doubly-notched s i l i c o n  c r y s t a l s  deformed i n  mode I under 
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p lane - s t r a in  condi t ion  a t  800OC. 
deformation s t a g e  the d i r e c t i o n  of t h e  rnaximum p l a s t i c  s t r a i n  t r a j e c t o r y  
i n  the  p l a s t i c  zone, manifested by maxima of measured lattice misal ign-  
ment, ou t l i ned  t h e  f u t u r e  zigzag fracture path ( F i g .  2 ) .  The r e s u l t s  
are complementary t o  the  TEM. s t u d i e s  of Gardner and Wilsdorf [f;]  and 
p a r t i c u l a r l y  to those  of Ohr and Narayan [ 7 1  and Norton and Ohr [ $ I ,  
showing t h e  a s s i s t a n c e  which c e l l  and subgra in  w a l l s  i n  t h e  p l a s t i c  zone 
o f f e r  t o  c rack  propagation. 

It w a s  shown tha t  a t  a very  ear ly  

4 u z 

C.l”.J ’ 
IMPR€SSED CURVATURE - 

Fig .  1 Dependence of ca l cu la t ed  and 
observed X-ray r e f l e c t i v i t y  on Impressed 
curva ture  

F ig .  2 CARCA mapping of l a t t i c e  rnisalign- 
anent: by p l a s t i c  zone i n t e r a c t i o n ;  induced by t e n s i l e  deformation of 
daubly-notched s i l i c o n  c r y s t a l  (0‘=27.5 MPa, ~ = 1 . 0 4 % ;  MCA, multicli iannel 
ana lyzer  1 
S D j R Y  

induced by stress raisers, are determined by l o c a l  measurements of re- 
f l e c t e d  X-ray i n t e n s i t i e s .  Microplas t ic  s t r a i n  g rad ien t s  and i n t e r -  
a c t i o n s  are determined by X-ray double c r y s t a l  d i f f r ac tomet ry .  
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INFLUENCE OF A PLASTIC ZONE ON THE STATIC AND DYNAMIC TOUGHNESS OF SILICON 

G. MICWOT, G. CHAMPIEK 
Ins t i tu t  National Polytechnique de Lorraine - ENSMIM - Parc de Saurupt  
54042 NANCY Cedex - FRANCE 

I - EXPERIMENTAL RESULTS 

A litiiited (111)  b r i t t l e  cleavage crack h a s  been introduced a t  300 K 
-in dislocation free single crystals .  Creep t e s t s  a t  high temperature 

,.- ~ (T > 900 K )  shaw a.developrnent 
of a p l a s t i c  zone for a stress 

2 .  7- 
3 3  I 

I 

- 2. 5 
S I  

96 ,’ 
I 

intensity factor K I  higher t h a n  
KY = 0.25 MPav/rfi. After freezing- 
in o f  t h e  dislocations by cooling 
down, t h e  toughness increase of 
the material has been measured 
via fracture tes ts  carried aut 

u c  

2l 
I 1 a t  300 K (Fig.1) [ I ] .  

i 
1 

Figure I ~ 

1 
1 ) I ........... 1 oxygen (CZ) .  Under a c r i t i c a l  

H i g h  temperature dynamic 

‘ 2 .  25 1 
.‘ 

. ,‘ 
8 ,‘ . ,; 

1 . 5 c  ,!’ 

1.75!  1 

I, 

,’ ~ 

i .  25 t e s t s  have been performed under 
a constant opening rate 6 on pure 
crystals  (FZ)  and crystals  with 

K I / K  I c temperature Tc , fracture occurs 
f o r  a low s t r e s s  level ,  upper 

Tc a strong plast ic  opening of the crack i s  observed (Fig.,?). TC i s  clear- 
ly higher for CZ crystals t h a n  for FZ crystals  [,?]. 

. ,’ 
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I 1  - DISCUSSION 
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I t  can be shown t h a t  blunting i s  negligible L1,2,4]. The toughness 
increase must be related essentfally t o  a shielding effect .  During a 
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dynamic tens i le  t e s t  the applied s t r e s s  f i e l d  
creases. The shielding of the developinq plast ic  zone corresponds t o  an 
opposite s t ress  f ie ld  - zp depending on the duc t i l i ty  of the material and 
limited by the nucleation ra te  and mobility o f  dislocations. The mobility 
beeing thermally activated, the higher the temperature, the more effect ive 
w i l l  be the shielding. For a_ c r i t i c a l  temperature Tc a stationnary s t ress  
f i e ld  can be obtajned for dtjA/dt = dGp/dt .  The Arrhenius plot o f  the plas- 
t i c  opening ra te  6 of the crack versus the b r i t t l e  t o  duct i le  transit ion 
temperature Tc giv&s the same value of the activation energy for  disloca- 
t i o n  movement for  FZ and  CZ crystals  as mentionned i n  the l i t t e r a tu re  L5]. 
This point could n o t  be explained by a blunting model [6,2]. 

a h p a d s f  the crack t i p  i n -  

For t h i s  reason creep resul ts  have been interpreted with the help o f  
a mode I11 model : the equilibrium of a dislocation distribution submitted 
t o  a K/& applied s t ress  and -A/r image s t r e s s  i s  solved using singular 
integral equations methods [ 7 ] .  Following Chang and Ohr  f8] a DFZ has been 
introduced. A complete solution needs one more additionnal information than  

the shielding [ C K (  = K2 - K I C  (F ig . ! ) "  

The threshold value k!! is  related t o  a barr ier  fo r  inhomogeneous 
nucleation e Mumerica? app l  icatian of the model gives s a t T f 3 n g  agreement 
with the measured extension of  the plast ic  zone /91 and number o f  disloca- 
t ions inside th i s  plast ic  zone [4]. A reasonnable value of the f r ic t ion  
s t ress  i s  also obtained, 

i n  the BCS mode!. This i s  obtained in our  experiments i n  measuring 
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CRACK T I P  SHIELDING BY DISLOCATION DEFORMATION IN I O N 1 6  AND DIAMOND CUBIC 
SQLIaS 

K.Y. CHIA .AND S.J. BURNS 
m t e r i a l s  Sciefice Program 
Department of Mechanical Engineer ing  
U n i v e r s i t y  of Rochester  
Rochester, Mew York 14627 

INTRODUCTION 

Dislocations when e m i t t e d  by a crack relax the c r a c k  t i p  s t resses  and 
s h i e l d  t h e  true crack t i p  from t h e  a p p l i e d  stress i n t e n s i t y  f a c t o r ,  K.  
The s h i e l d i n g  of  cracks by d i s l o c a t i o n s  11,21 and d i s l o c a t i o n  d i p o l e  [ 3 1  
arrangements ,  wi th  the d i s l o c a t i o n  l i n e s  p a r a l l e l  to t h e  c r a c k  f r o n t ,  have 
been ana lyzed  and are i n  t h e  l i t e r a t u r e  ( t h e  above references are not 
in tended  to  be eomplete3. 

S h i e l d i n g  and b l u n t i n g  phenameiad have now been observed u s i n g  e t c h i n g  
t e c h n i q u e s  €or mode I and mode I1 c r a c k s  in t roduced  i n t o  {loo> s u r f a c e s  of 
LiF c r y s t a l  s l a b s  and {Ill} surfaces of  Si crystals. Microhardness 
i n d e n t s ,  crack the Lip  c r y s t a l s  on { 110)  p l a n e s  and subsequent ly  on 
{ l o o )  p l a n e s .  ~ o t h  c r a c k  systems contain c r a c k  t i p  d i s l o c a t i o n s  - t k e  
{ 1lO) plane c r a c k s  have dislocations wi th  Burge r s !  vectors p e r p e n d i c u l a r  
to  t h e  crack p l a n e  when loaded i n  mode I.  
s h i e l d e d  and b lunted ,  When loaded i n  node I1 the  d i s l o c a t i o n s  have  
Burgers '  V ~ C ~ Q K S  t h a t  are parallel t o  t h e  crack p l a n e  and the c r a c k s  a r e  
sh ie lded  h u t  A O ~  b l u n t e d .  
crack t i p  d i s l o c a t i o n s  s t r u c t u r e s  and a r e  only  p a r t i a l l y  s h i e l d e d .  These 
cracks subsequent ly  propagate and break the  sample. Observations of 
a d d i t i o n a l  deformat ion  and crack p r o p a g a t i o n  a f t e r  unloading w i l l  be 

These cracks are very  s t r o n g l y  

 he (100) p l a n e  cracks are  jogged by unique 

presented (see ~ i g u t - e  1). 
Silicon crystals indented  and cracked  at e l e v a t e d  temperatures 

produce c r a c k  t i p  deEormation as observed by e t c h i n g  when subsequent ly  
ccm1ed, under load, t o  room temperature .  The i n d e n t s  i n i t i a l l y  produce 
cracks on three 1112) p l a n e s .  These c r a c k s  are s h i e l d e d  and b lunted  by 
s l i p  on { l 1 1 )  p l a n e s .  
with l i t t l e  or no s h i e l d i n g  d i s l o c a t i o n s .  

At. higher loads t h r e e  a d d i t i o n a l  11121 planes crack 
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Figure  1 - A crack t i p  deformation zone i n  LiF f o r  a [ l o 0 1  p lane  crack. 
The h a l f  dozen or so very  l a r g e  p i t s  are from a pre-etch t o  show grown-in 
d i s l o c a t i o n s .  The l a r g e r  p i t s  are from e tch ing  while  he ld  under load. 
The smallest p i t s  are from e tch ing  a f t e r  t h e  load was removed. The crack 
is  on t h e  l e f t  s i d e  of t he  photo. Note the  symmetry of each s l i p  system 
about t h e  crack plane.  
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CISLOCATION DISTRIBUTION AROUND A CRACK TIP AND THE FRACTURE TOUGHNESS 
IN NaCl CRYSTALS 

N. NARITA,* K. HIGASHIDA,* S. KITANO* AND J. TAKAMURA"" 
"Department of Metallurgy, Kyoto university, Kyoto, Japan ; **Department of 
Metal Science and Technology, Kyoto University : Now, Professor Emeritus 

INTRODUCTION 

Modification of the stress intensity factor for a mode I crack by dis- 
locations introduced at the crack tip has been theoretically treated in 
terms of crack tip shielding [1,2]. However, little observation has been 
made on the actual configuration of dislocations in connection with frac- 
ture toughness. The purpose of the present work is to obtain the quantita- 
tive evidence for the crack tip shielding due to dislocations by the obser- 
vation of dislocation etch-pits and the fracture toughness. 

EXPERIMENTAL PROCEDURE 

Single crystals of NaCl (99.95% purity) grown by Bridgman technique 
were used. The crystals were cleaved along {loo) plane into pieces for ten- 
sile and fracture toughness tests. The fracture toughness tests were made 
by using two kinds of loading methods, i.e., tensile loading on edge-cracked 
specimens (ECT) having the <loo> axis, and wedge opening loading of double 
cantilever-beam type (DCB). The dimensions of tensile and ECT specimens are 
3 X 3 X 4 0  mm, and of DCB specimens are 6 X 3 X  50 mm. To observe the disloca- 
tion distribution, etch-pit tests were made by using an etchant developed 
by Argon et a1.[3]. The location of each dislocation etch-pit was read 
from the photograph by use of a graphic digitizer, in order to calculate 
the contribution to the local stress-intensity factor. 

RE'SULTS AND DISCUSSION 

NaCl crystals studied are easily deformed in tension at room tempera- 
ture but are very brittle at 77K. In specimens fractured at 77 K, the dis- 
location density near the crack surface was only 
about 106/cm2 or less. ECT and DCB specimens were 
deformed at room temperature to introduce dislo- 
cations of density about 107/cm2 near the crack 
tip. In ECT specimens, dislocations were observ- 
ed rnostlyin frontof the crack tip along oblique 
(110) slip planes. In DCB specimens, however, 
dislocation clusters tend to appear behind the 
crack tip. Such dislocation distribution in DCB 
specimens may not give a large effect to the 
stress intensity factor, as predicted from the 
theory [l] . A half of ECT and DCB specimens were 
directly subjected to fracture toughness tests 
at 77 K. The others were annealed for 1 hr at 
1033 K to remove the dislocations, and subse- 
quently subject to the fracture toughness test 
at 77 K. The results for ECT and DCB specimens 

I 

Fig.1 Dislocation 
distribution near 
crack tip in a DCB 
specimen deformed. 
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Annealed a f t e r  deform. 

(without di s l  ocations ) 

are listed in Table 1;the increase of KIC value 
due to dislocations introduced is more pronounc- 
ed for ECT specimens than thatfor DCB specimens. 
This implies that the method of loading affects 
the value of KIC through the configuration of 
dislocations. 

When a dislocation is located at(X,Y) on an 
oblique IllO) slip plane near the tip of crack 
existing along the negative X-axis, the change 
of stress intensity factor due to dislocations, 
kd , can be expressed as [ll , 

0.330 
0.348 
0.386 
o. 280 

where 
ratio 
tween 

calcu 
speci 
value 

and 4 

p is the shear modulus, v the Poisson's 

Fig.2 The distribution 
of dislocations intro- 
duced around a crack 
tip in a ECT s2ecimen. b the Burgers vector, p the distance be- 

the dislocation and the cracktip (=-) 
the parmeter relating to the direction of the Burgers vector. Inthe 
ation, we assumed the parameter, q , to be 1 for ECT and -1 for DCB 
ens by keeping in mind the slip direction of dislocation. The overall 
of kd arisen from dislocations was computed byusing the etch-pitdata 

(Fig.2). The results show that the average kd values for ECT and DCB spec- 
imens are about -0.4 and -0.3 MPafi, respectively ; the values of lkdl are 
somewhat larger than the actual increase of fracture toughness KIC by the 
introduction of dislocations, but the tendency is similar. The discrepancy 
is ascribable to the presence of anti-shielding dislocations, i.e., dislo- 
cations having the opposite Burgers vector. 

To sum up, dislocations introduced around a crack tip really raise the 
value of KIC, and their configuration also has a substantial effect on the 
fracture toughness. 

Table 1 Values of KIC for NaCl crystals tested at 77K. 

I 
I 

Specimen I a/W 

1 0.257 
0.320 

As deformed a t  R.T. I 
I ::z (with dislocations) 

ECT type 

K I C  (mafi) ' 
0.211 17.32 
0.225 13.00 

0.214 
0.229 
0.166 18.44 

15.03 
0.178 
0.165 

I 

W :  Width of specimen a : Crack length 

REFERENCES 

DCB type 
K I ~  (MPaJfii) 

Average 
0.245 
0.236 0.205 
0.159 
0.179 

0.182 
0 * 1 7 3  0.170 0.167 
0.157 

1. R.M.Thomson, I.-H.Lin, S.M.Ohr and S.-J.Chang, Dislocation in Solids,Ed. 
by H-Suzuki, T-Ninomiya, K.Sumino and S.Takeuchi, (University of Tokyo 
Press, 1985) , p.613. 

2. N.Narita and J.Takamura, ibid., p.621. 
3 .  A.S.Argon and G.E.Padawer, Phil. Mag., - 25, 1073 (1972). 
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GDyn = GD(a ' )  
..-.--.. ny 
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China; ***Professor, Vanderb i l t  Un ive rs i t y ,  Nashv i l le ,  TN 

INTRODUCTION 

ao aa 
Crack Length, a 

F igure  1. Figure 2. 

F igure  1 schematical ly descr ibes the operat ion o f  the device. The 
design prov ides more measuring capaci ty  by a t tach ing  reusable, hardened 
s t e e l  arms (B) t o  a small, precracked, and deeply face grooved t e s t  
specimen (A). 
the notched b o l t  (C) breaks. 
b r i t t l e  crack were propagat ing f rom C t o  E. When t h i s  hypothe t ica l  crack 
a r r i v e s  a t  E, t he  energy re lease rate,  GDYn, increases r a p i d l y  as shown 
i n  F igu r  2. The p re -ex i s t i ng  crack extends when t h  ropagat ing con- 
d i t i o n  G'yn = GD(b ) i s  s a t i s f i e d  and a r r e s t s  when G'YR < GD (a' = 0) 

approaches the s t a t i c  con f igu ra t i on  charac ter ized  by G S t a t ,  the s t a t i c  
energy re lease ra te .  

The arms at tached t o  the specimen a r e  wedged open u n t i l  
The system then behaves as i f  a very 

Ga. The remain ing k i n e t i c  energy i s  d iss ipa ted  and the system 

The average value of the propagat ing crack f r a c t u r e  energy, GD, 
expressed as an equ iva len t  s t ress  i n t e n s i t y  parameter, KID, was e s t i -  



mated assuming a l l  the energy i s  conserved or converted t o  f rac ture  
energy. 
the compliance a f  the device, just before the rupture o f  the notched 
bol t  and a f t e r  crack a r r e s t  derived from a f i n i t e  element model. A 
lower bound value o f  G a r  eygtssed as a s t r a i n  intensity parameter, 
K S a  1B was obtained from G 
l a t f a n s  a r e  summarized i n  Table I .  

The energy values U(a = ao)  and U(a = a i )  were calculated fron 

evaluated a t  arrest. The above calcu- 

RESULTS 
Table I .  Sumrnary of  compliance ana lys i s  u s i n g  energy balance, 

HY-80 80% 712.8 416.0 5499 1099.3 259 >172 
Steel 

7075- 252 808.0 357.0 2439 430.0 226 >I56 
A1 

*BN = Notched thickness, B = F u l l  thickness; r*Frorn Dant.am L3J. 

I t  i s  t o  be observed t h a t  K E D  i s  very large due to  the combined 
e f f e c t  of rising R-Curve and f u r t h e r  increase due t o  h i g h  crack velocity.  
KJR values determined from ordinary J-test  are f o r  zero crack veloci ty ,  
and due t o  the e f f e c t  o f  velocity the KJR values seem t o  approx i  
double. T h i s  observation i s  qual i ta t ive ly  consis tent  w i t h  the calcula- 
t i o n s  o f  H o f f  C4l and experimental masurements [SI. ?he value o f  Kja, 
a n  estirnate o f  a r r e s t  toughness d e r i v e d  f r o m  the s t a t i c  J ~ - c ~ r v e :  MJa 12 

KJR ( &  = 1.5 mm), i s  consis tent  w i t h  K l a , ~ ~ ,  the Ioder bound estimate. 

CONCLUSIONS 

rough materials a r e  very r e s i s t a n t  t u  r a p i d l y  propagating crack, 
and can absorb the k ine t ic  energy released. d-resistance curve cdn 
p r o v i d e  an estimate o f  a r r e s t  capabi 1 i ty e 

REFERENCES 

1. Rosenfield, A .  R., e t  a l . ,  Fracture Mech: 1 5 t h  Symp., ASTM STP 
833, Sanford,  R. j., Ed, (June 84,  i n  press), 

2.  Daratam, V., and Hahn, G, T., Proc, o f  US-Japan Coop. Seminar, 
"'Fracture Tolerance Evdlua t jmng Wanolulu, (1981). 

3,  Dantarn, V . ,  M.S. Thesis, Yanderb i l t  Univ., (1.980). 
4. tloff, R., Rubin, G ,  A . ,  and Hahn, G ,  T., Fracture Mech: 16th  

5. Joyce, J . A . ,  No, NUREG/CR-2274,  Washington, (1981) 
Syrnp,, Ohio, (1983) .  



64 

STATICS AND DYNAMICS OF SINGLE CRYSTAL CLEAVAGE 

WILL1AP.I W. GERBERICH 
C h e m i c a l  Engineer ing  and Materials Sc ience ,  UniversEty of Minnesota, 
Minneapol is ,  MN 55455 

A combinat ion of continuum f r a c t u r e  mechanics and d i s l o c a t i o n -  
micromechanics is be ing  applied to  t h e  unders tandiny  o f  c leavage  
f r a c t u r e  i n  Fe-4 at .% S i .  For measured v e l o c i t i e s  up to 800 m / s ,  the 
s u r f a c e  p l a s t i c i t y  is  be ing  nieasuxed with an electroil channel ing  tech- 
n i q u e  which w i l l  be described i n  some d e t a i l .  The p l a s t i c i t y  is shown 
t o  account  f o r  much o f  t h e  energy d i s s i p a t i o n  a t  i n i t i a t i o n .  IS this 
f o r t u i t o u s ?  Related to  t h i s  q u e s t i o n  are some s u r p r i s i n g  f e a t u r e s  of 
t h e  f r a c t u r e  s u r f a c e ,  l i g a m e n t s  and ledges, which f o r m  a t  cleavage steps 
between parallel  (100)  f r a c t u r e  p lanes .  The importance of these to t h e  
s u r f a c e  p l a s t i c i t y  as w e l l  as t o  t h e  e f f e c t i v e  stress i n t e n s i t y  and 
hence t h e  e f f e c t i v e  s u r f a c e  energy i s  given. 



PROPAGATION OF CLEAVA6E CRACK IN IRON AND L I F  SINGLE CRYSTALS 

K e  K I T A J I M A  

Research I n s t i t u t e  for Applied Mechanics, Kyusyu TJniversity, 
Kasuga-koen 6 I Kasuga-shi , mkuoka 81 6 I Japan 

C h a r a c t e r i s t i c  mechanisms of cleavage f r a c t u r e  o f  semi-brittle and 
b r i t t l e  materials are discussed based on t h e  experimental evidences 
obtained using i ron  and L i F  s inq fe  c r y s t a l s .  

The evidences of thermally ac t iva t ed  nucleat ion of d i s loca t ion  h o p s  
observed a t  the t i p  of f a s t  propagating cleavage crack sugqest the 
condi t ion  a t  the t i p  of the crack, ( ~ t h / n t h )  2 (rmax/amax), where r t h  
and u t h  are the cr i t ical  stresses of s l i p  and separa t ion  of l a t t i c e ,  and 
Tmax and omax the maximum shear and t e n s i l e  stresses aperat ing a t  the 
t i p  of crack. I 

On the other hand, the  evidences of athermal nucleat ion of d is loca-  
t i o n  loops produced by indenta t ion  i n  L i F  sugcyest that some type of 
d i s l o c a t i o n  sources with various s i z e s  present  even i n  high pu r i ty  
czrys ta l s ,  and t h i s  explain the production o f  d i s loca t ion  loops a t  the 
t i p  of propagating crack under condi t ion of ( r t h / a t h )  > (rmax/omax) i n  
the c r y s t a l s .  

Calculat ions a re  t h e n  presented €or the p l a s t i c  work depending on 
temperature and ve loc i ty  of crack, and appl ied t o  the explanations f o r  
var ious  expesinental  evidences observed. 

An explanation w a s  suggested on the increase  or decrease of 
d u c t i t i l y  of i r o n  by a l loy ing  of N i  or S i ,  which i s  known t o  be 
a u s t e n i t e  s t a b i l i z i n g  or  d e s t a b i l i z i n g  e l e m e n t  respec t ive ly .  



ENVIRONMENTAL EFFECTS 
66 

ENVIRONMENTAL CELL HVEM S T U D I E S  OF HYDROGEN EFFECTS O N  DEFORMATION AND 
FRACTURE 

H.K. R I R N B A U M ,  I.M. ROBERTSON, D. SHIH, AND G.M. BONII 
Department o f  Metal 1 urgy and M in i  ng Engineer ing and Mater? a1 s Research 
Laboratory ,  U n i v e r s i t y  o f  I l l i n o i s ,  Urbana, I L  61801, USA 

The de fo rma t ion  and f r a c t u r e  o f  a number o f  m e t a l l i c  systerns have 
been s t u d i e d  u s i n g  env i ronmenta l  c e l l  techniques i n  t h e  Argonne N a t i o n a l  
Laboratory  H V E Y ,  
specimens were s t ressed  i n  vacuum and i n  atmospheres o f  Hy - o r  H2 
s a t u r a t e d  w i t h  H30. 
dynamical l y  u s i  ncJ v ideo  techn iques"  
environmental  c e l l  were 1 i m i t e d  t o  about 300 t o r r  by e l e c t r o n  s c a t t e r i n g  
from t h e  gas, t h e  f u g a c i t y  o f  t h e  hydrogen was ve ry  much g rea te r .  
f u g a c i t y  was es t ima ted  from s t u d i e s  of  t h e  bubble Format ion under t h e  
aluminum o x i d e  t o  be i n  excess o f  about 400 atmospheres. 
hydrogen f u g a c i t y  p robab ly  r e s u l t s  from d i s s o c i a t i o n  and p o s s i b l y  
i o n i  z a t i o n  o f  t h e  hydrogen under t h e  e l  e c t r o n  beam. 

I n  s i t u  dynamic sturdies have been performed as t h e  

The responses o f  t h e  m a t e r i a l s  were recorded 
Whi 1 e t h e  pressures i n  t h e  

T h i s  

The h i g h  

The specimen behav io r  was s t u d i e d  d u r i n g  slow s t r a i n  r a t e  t e n s i l e  
de fo rma t ion ,  d u r i n g  cons tan t  d isp lacement  r e l a x a t i o n  and d u r i n g  cons tan t  
l o a d  r e l a x a t i o n s .  I n  broad o u t l i n e ,  t h e  behav io r  o f  t h e  m a t e r i a l  war, 
c o n s i s t e n t  f o r  these t h r e e  modes o f  l o a d i n g .  The deformat ion innde was 
t e n s i o n  and t h e  general  f r a c t u r e  mode observed was p r i m a r i l y  Mode I 
t r a n s g r a n u l a r  f r a c t u r e .  I n  a few cases, Mode I 1  f r a c t u r e  was observed 
and a few cases o f  i n t e r g r a n u l a r  f r a c t u r e  were s tud ied .  

A number o f  systems have been examined w i t a h  t hese  techniques. 
i n c l u d e  h y d r i d e  formers such as a lpha and b e t a  T i ,  non-hydr ide formers 
such as Fe and N i  a l l o y s ,  p o s s i b l e  h y d r i d e  fermers such as A1 and AI 
based a l l o y s ,  and h i g h  s t r e n g t h  a l l o y s  such as gamma pr ime st rengthened 
N i  supera l l oys .  These were chosen t o  i l l u c i d a t e  t h e  v a r i o u s  mechanisms 
o f  hydrogen embr i t t l emen t  which have been suggested i n  t h e  l i t e r a t u r e .  

These 

Whi le  r e l a t i v e l y  " t h i c k "  specimens c o u l d  be used i n  t h e  HVEM, the 
s t r e s s  s t a t e  o f  t h e  c r a c k  t i p s  was s t i l l  p lane s t ress ,  The q u e s t i o n  o f  
whether t h e  behav io r  observed i n  t h e  e l e c t r o n  micrtrscope was 
c h a r a c t e r i s t i c  o f  t h i c k  specimens i s  o f  concern. This  i s s u e  was 
addressed by a p a r a l l e l  s e r i e s  o f  exper iment which used r e l a t i v e l y  t h i c k  
specimens; t he  behav io r  o f  which was s t u d i e d  by i n  s i t u  SEM de fo rmat ion  
and f r a c t u r e  s t u d i e s  as  ell as s low s t r a i n  r a t e  de fo rma t ion  and f r a c t u r e  
s t u d i e s .  It w i l l  be demonstrated t h a t  t h e  r e s u l t s  observed i n  t h e  HVEM 
a r e  c h a r a c t e r i s t i c  o f  those observed i n  more macroscopic specimens and 
t h a t  w h i l e  t h e  d e t a i l s  o f  some o f  t h e  obse rva t i ons  may be a f f e c t e d  by  t h e  
p lane  s t r e s s  n a t u r e  o f  t h e  HVEM obse rva t i ons ,  the genera l  conc lus ions  
drawn a re  n o t  unique t o  t h i n  spscimens. 

Two mechani sms o f  "hydregen e m b r i t t l  enrent" have been observed; 
s t r e s s  induced h y d r i d e  f o r m a t i o n  and f r a c t u r e  and hydrogen enhanced 1 oca1 
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p l a s t i c i t y .  
Vb meta ls  and t h e  present  work extends these observa t ions  t o  a lpha T i  
a l l o y s .  
t i p s  and t h e  subsequent f r a c t u r e  o f  t h e  h y d r i d e s  have been made. The 
c o n d i t i o n s  f o r  t h e  growth o f  t h e  h y d r i d e s  w i l l  be discussed. 

The former mechanism had been w e l l  e s t a b l i s h e d  i n  t h e  group 

Dynamic observa t ions  o f  t h e  growth o f  t h e  hydr ides  a t  t h e  c rack  

Tn t h e  case of  t h e  non-hydr ide fo rming  systems, "hydrogen e m b r i t t l e -  
mentt' was caused by hydrogen enhanced d i s l o c a t i o n  m o b i l i t y  and t h e  
l o c a l i z a t i o n  o f  t h e  de format ion  i n  t h e  v i c i n i t y  o f  t h e  crack t i p s .  
I n t r o d u c t i o n  o f  hydrogen i n t o  t h e  specimens o r  i n t o  t h e  environmental  
c e l l  r e s u l t e d  i n  an inc rease o f  d i s l o c a t i o n  v e l o c i t i e s  f o r  b o t h  screw and 
mixed d i s l o c t i o n s .  Crack propagat ion  occurred as a r e s u l t  o f  t h e  
enhanced p l a s t i c  de format ion  a t  t h e  crack t i p  when hydrogen was added t o  
t h e  environment. Thus a c rack  which was s t a b l e  i n  vacuum a t  cons tan t  
s t r e s s  c o u l d  he s t a r t e d  o r  stopped by t h e  a d d i t i o n  o r  removal o f  hydrogen 
f rom t h e  environment, The f r a c t u r e  mechanism i n  vacuum and i n  hydragen 
atmospheres were e s s e n t i a l l y  t h e  same; a f a i l u r e  due t o  l o c a l  p l a s t i c  
processes, The s i g n i f i c a n t  d i f f e r e n c e s  were t h a t  these processes 
occurred a t  much lower  stresses i n  hydrogen atmospheres and appeared t o  
b e  more l o c a l i z e d  than i n  specimens s t r e s s e d  i n  vacuum. Hydrogen r e l a t e d  
f r a c t u r e  occurred a long  s l i p  planes and appeared t o  be " b r i t t l e "  when 
viewed a t  r e l a t i v e l y  low r e s o l u t i o n ,  as t h e  p l a s t i c i t y  was l o c a l i z e d  t o  
reg ions  close t h e  f r a c t u r e  sur faces.  Carefu l  observa t ions  o f  t h e  
f r a c t u r e  sur faces  o f  macroscopi c specimens revealed features which c o u l d  
b e  d i r e c t l y  assoc ia ted  w i t h  t h e  mic roscop ic  observat ions.  These suppor t  
ou r  c o n t e n t i o n  t h a t  t h e  mic roscop ic  observa t ions  a r e  n o t  q u a l i t a t i v e l y  
d i f f e r e n t  than those which c h a r a c t e r i z e  f r a c t u r e  o f  l a r g e  sec t ions .  

T h i s  work was supported by t h e  Department o f  Energy th rough c o n t r a c t  
DE AC02 75 ER01198. 



'lhe multipl i c i t y  of effects of kiyiirqen on mechanical properties of 
metals has been the  d i f  Eiculty i n  understa.nding hydrogen embrittlement, 
but. can  be ra t iona l - ized  by examinii-ig t h e  s ta tes  of hydrogen i.n meta.1.s 
dnd r d a t i n g  each s t a t e  to  various obscrvatioris of mechanical effects. 
The state of hydrajen xas examined by measuring hydrogen evol.ution i n  a 
UI-iv system dur ing  i sochronal  and isothermal annealing. It: w a s  found 
tha t  the miltha3 of hydrogen chargin9 in to  a specimen and the  s t r u c t u r e  
of the specimen strongly influenced khc state of hydrogen. For example, 
t h e  electuo-chemical  charging produces a 1 arge quanti.t_y of mol.ecular 
hydrqen strongly trapped i n  micro-cavities, while the hydrogen intro- 
duced i n to  a specimen by quenching from a high temperature i n  the hydro- 
geri atmosphere is hj.ghly mobile and is  thought t o  be i n  s o l u t i o n  i n  
iron. 'The presence of grain boundaries promotes the gascaus precipita- 
tioil of hydrccqcn by forming micirscjracks a t  the 'ooundzrj.es. 

A soft-ening c-ffcct has been observed i n  i.ron s i n g l e  c r y s t a l s  t o  
which hydrogen is intrrduced by the high tt?mperature yuenchi.ng technique 
in the tcmperaturc r a g e  betwcien 7'7 and 200 K. Therefore, the softening 
ef fec t  must  be causec3 by the interact ion of so lu te  hydroyen with dislo- 
c a t i o n s ,  proving the presence of tihe i n t r i n s i c :  so f t en ing  e f f e c t  of 
hydrogen. The presence o f  hydrogen also lowers the twinning stress. 
T h e  forinat i o n  of micro--cavib.i.es due  t o  the p r e c i p i t a t i o n  of gaseous 
hydrogen causes a hardeni.ng effect which persists after the cornpletie 
evolution of hydrogen at elevated temperatures. I t  also has been shown 
that  hydrogen-sol-ute atom coinpl~exes also cause a hardenincj effec i-... 

Ilydrogen-induced f rac ture  takes  p l a c e  i n  a numbei- of d i f f e r e n t  
ways. The I.ooering of twinning stress prorciotes cleavage f r a c t u r e  in 
i ron.  Hydrogen alsc induces yuzsi--cleavage f r a c t u r e :  t h i s  mode of 
f r a c t u r e  is caused by t h e  severe  l o c a l i z a t i o n  of p l a s t i c  deformation. 
'Bitxefore, the f racture  is dominated by shear in spi.t.6: of t;k implica- 
t i on  of t h i s  terminolcq.  'ike presrrice of hydrogen i n  a highly mobil~e 
form is rcquircd for this fracture  m o d e  to  take plase. 

Iqdrogen a1 so promotes the intergraiiular fracture hy t w o  d i f fe ren t  
mechanisms. The segr<qation of hydrogen as solutes onto qmin  kmuntlaries 
lowers the cohesion across thc boundaries. '17ne rr,agni.tude of the rwluc- 
t ion  i n  the f racture  strrss per atomic fract ion has been estimated for 
hydrogen and is s igni f icant ly  higher tlui those oE other grain bundary 
weakening Elements such as  s u l f u r .  Since t h i s  f r a c t u r e  is cciused by 
hydrqen a s  solutes which a r e  high1.y mobil.e, the effec:t  can be coniplete- 

*I?abec?. on resedrih projects sponsor& by the N2-;*F'-MI& p x - c x j r a m  thrO11<-$ the 
Northwestern University Nateria1.s Rezearch Center  and ?.he Wprtnienk of 
bt?rg-y. 
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ly removed by aging at room temperature when the supersaturation of 
hydrqeri is relatively low. On the other hand, hydrogen preferentially 
precipitates along grain boundaries and forms microcracks when the 
supersaturation becomes high. These microcracks lower the intergranular 
fracture stress, thus,  the intergranular fracture is promoted even a f t e r  
hydrogen diffuses out  of a specimen. Since the sintering of the micro- 
cracks j s  considerably slower than the hydrogen evolution out of the 
specimen, the effect can be considered a5 permanent. 
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In p r e  w t a l . l i c  s ingle  and bicrqstals, b n d  bra3king  a n d  dislo- 
c a t i o n  mission must. occur sim~altmwusPy, s i n c e  the 1-1 stress m@i- 
tude a t  the t i p  of a sha rp  crack j.s large enough to activate dis lcmtion 
souzces. V& now postulate that, for a given stress, the m m k r  of tmnds 
whicrti c l ~ ~ v e  per mitt& dislocation is simply proportiom1 to the atmic 
f r a c t i o n  of hydroyen i n  the defect. field. 

Crack growth k s t s  i n  oriented s i n g l e  and bierystals have sham that 
the crack t i p  c9peniri.y angle &creases with increasing hydrogen pressure 
3or cracks, i ~ h i c h  grow w i t h  a C Q ~ S ~ Z ~ I - ~  rate* For the typical V-shaped 
cracks sb ta ined  in these tests, a simple geometric consideration shows, 
timL the inc rease  i n  the cotangent of "he crack tip apsniny angle, a 
is 1inearl.y relabed to  the twmber of E-pI1pnds which break p r  mitted &slo- 
c a t i o n .  This angle change i s  measured as a func t ion  of the hydrogen pres- 
sure, 
t.o x, t e hydrogen cwverage, as p s t u l a t . &  above, a I a n q v ~ i r - f k H n  plot 
of the pressure and tanp~.rati.ure d e ~ n d e n c e  oE a 
s t ra ig th  line, 

t-rature, T a n d  frequency.  If arh i s  l i n e a r b y  rela"& Pg2, 

should give a 
&I 
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Fig. 1: bkLean plot of x = anh/kl Fig. 2. Frac ture  and side sur face  
vs. 1/T of a N i  bicrystal a f t e r  crack- 

growth i n  hydrogen and i n  vacuum. 

Resul t s  obtained from tests on N i  and FeSi s i n g l e  crystals are s h a m  
i n  Fig.1 [1,21. This p l o t  supports the assumption that f o r  a near ly  con- 
s t a n t  stress state, which can be rea l i zed  i n  f u l l y  plastic specimens, t h e  
number of bonds which break per enitted d i s l o c a t i o n  is simply proportion- 
a l  to t h e  atamic f r a c t i o n  of hydrogen i n  the d e f e c t  f i e l d .  I n  addi t ion ,  
t h e  s t rong  frequency and temperature dependence of anh, observed i n  N i  
s i n g l e  crystals, 
of less than 10 nm from t h e  crack t i p  [2  I .  

can be only explained i f  f r a c t u r e  occurs wi th in  a zone 

On the other lxmd, under otherwise i d e n t i c a l  conditions,  N i  bicrys- 
tals show increasing e n b r i t t l e r e n t  with increasing sulphur coverage on 
t h e  g ra in  boundary . For the severest hea t  treatment, clear Kikuchi pat- 
t e r n s  can be observed on &he f r a c t u r e  surface. But, i f  t h e  hydrogen pres- 
sure is reduced below 10- 
as can be seen on Fig.2. FeSi bicrystals, however, which are found to  be 
s t rongly  s e n s i t i v e  to stress corrosion cracking, show no in te rgranular  
cracking i n  hydrogen gas. Therefore, HE s t rongly  depends on t h e  chemical 
nature of the stressed bonds. In  order to understand t h e  role of hydrogen 
and of impur i t ies  i n  reducing the cohesive s t rength ,  cluster ca l cu la t ions  
are needed, which simulate t h e  actual conditions a t  the crack t ip.  

Pa, d u c t i l e  crack growth is observed again 

1. FI. Vehoff and W. Rothe, Acta  &tal., 31, 1781, 1983 
2. H. Vehoff and H. K. K l e t h ,  Acta  =tal., 33, 955, 1985 
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CALCULATIONS OF TWO-DIMENSIONAL TRANSIENT CONCENTRATION PROFILES DURING 
HYDROGEN-ASSISTED SUSTAINED-LOAD CRACKING 

J. E. HACK1, K. A. ROBBINS2,  A. NACHMAN3, AND H. L. MARCUS4 
1) Center for  Materials Science, Los Alamos National Laboratory, Los 
Alamos, NM 87545; 2) Dept. of Math. and Computer Science, University of 
Texas a t  San Antonio, San Antonio, TX 78249; 3) Dept. of Math. and Com- 
puter Science, The Hampton I n s t i t u t e ,  Norfolk, VA 23668; 4) Dept. of 
Mat. S c i .  and Engrg., University of Texas a t  Austin, Austin, TX 78712. 

The tendency for  solute  atoms to r e d i s t r i b u t e  due to a stress-induced 
chemical potent ia l  gradient has long been accepted. Such red is t r ibu t ion  
i n  the hydrostat ic  stress f i e l d  a t  the t i p  of a loaded crack has been pro- 
posed as the r a t e  control l ing s t e p  i n  hydrogen-assisted sustained load 
cracking of metals in  i n e r t  atmospheres, where the bulk hydrogen content 
i s  too low to  cause embrittlement i f  randomly dis t r ibuted.  Calculation of 
the k i n e t i c s  and degree of the red is t r ibu t ion  of hydrogen about a loaded 
crack t i p  have been hindered by the lack of a su i tab le  crack t i p  s t r e s s  
f ie ld .  

In the present study, a closed-form crack t i p  hydrostatic s t r e s s  
f i e l d  was developed based upon the approach of Barenblatt [ l ] .  The solu- 
t ion is unique i n  tha t  the s t r e s s e s  a r e  f i n i t e  and continuous a t  a l l  
points. Although an ana ly t ica l  solution to the governing p a r t i a l  d i f f e r -  
e n t i a l  equation was not possible,  a numerical procedure was establ ished,  
which incorporates the desired s t r e s s  f ie ld .  I n  the calculat ions,  the 
maximum hydrostat ic  stress was assumed to  occur a t  the e l a s t i c - p l a s t i c  
boundary d i r e c t l y  ahead of the crack or notch. Calculated concentration 
prof i les  a t  observed incubation times f o r  cracking in  4340 s t e e l  and 
T i -6Al  have been obtained. These prof i les  have been rat ional ized w i t h  
respect to the various f rac ture  mechanisms proposed for  these materials. 

Table I gives a comparison of calculated maximum concentration en- 
hancement r a t i o s  f o r  times equivalent to  those observed by Page and 
Gerberich [ 2 ]  in  4340 steel  a s  a function of notch roof radius (and, 
therefore,  maximum hydrostatic s t r e s s ) .  

Table I. Maximum hydrogen concentration enhancement r a t i o s  calculated for  
4340 s tee l .  

Calculated 
Maximum 
E q u i  li br ium C a  l c l u l a  ted Maximum 

Applied Stress  P l a s t i c  Zone Concentration En- Concentra- 
I n  tens i ty  Length Ahead Incubation hanacement Ratio a t  t ion En- 
(mPa vm) of Notch(pm) Time  (sec) Incubation Time hancemen t 

54.9 175 120 1.74 14.34 
54.9 325 370 1.59 6.86 
54.9 475 920 1.70 4.82 

Ratio 
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As can be seen from the t ab l e ,  a l though the equi l ibr ium concent ra t fan  en- 
hancement r a t i o s  a t  the e l a s t i c - p l a s t i c  boundary ahead o f  the notch varEed 
by a f a c t o r  o f  3 the  maximum value achieved before  f r a c t u r e  was e s s e n t i a l -  
l y  constant .  The full two-dimenstonal d i s t r i b u t i o n s  were a l s o  equiva- 
l en t .  Thus, in the ease of 4340 steel, the r e s u l t s  s u p p a r t  the conten- 
t i o n s  of Troianto [I] t h a t  a c r i t i c a l  d i s t r i b u t i o n  of hydrogen is requi red  
f a r  embri t t lement  and t h a t  the d i s t r l b u t t o n  is not  dependent on the stress 
leve l .  The results are also q u a l i t a t i v e l y  i n  agreement wfth genera l  
t rends  observed i n  crack v e l o c i t y  a s  a func t ion  of appl ied  stress inten- 
s l t y  and y i e l d  s t r e n g t h  131. 

The r e s u l t s  of ca lcu la t fons  i n  Ti-6Al suggest  that  there  is no eor- 
r e l a t i o n  between cracking and s o l u t e  r e d i s t r i b u t i a n  due ts s t r e s s - a s s f s t e d  
diffusion. Cracking was not  observed i n  specimens which were predic ted  to 
have s i g n i f i c a n t  enhancement o f  hydrogen above the s t r e s s - f r e e  solvus 
value. On the o the r  hand, s i g n i f i c a n t  cracking was observed i n  specimens 
tested below room temperature where the pred ic ted  r e d i s t r i b u t i o n  is t r i v i -  
al. The data  i n  t h i s  case support  the conclusions of Pardee and Paton [ 4 ]  
which suggest t h a t  the nuc lea t ion  k i n e t i c s  f o r  hydride formation c o n t r o l  
sustained-load crack growth k i n e t i c s  in  t i t a n i u m  a l loys .  
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I NT RODlJ CT 1 ON 

I n  the final analysis fracture,  regardless of o r i g i n ,  i s  the macro- 
scopic manifestation of the breaking of chernical bonds. Consequently, a 
complete view of fracture,  and certainly an atomistic understanding, 
requires a description o f  what i t  means to break a chemical bond. Despite 
the Fact t h a t  there has been much recent attention directed toward 
gaining a f i r s t  principles understanding of t.he origin and mechanisms o f  
environmeutally induced intergranular embrittlcrnegt ( 1  -5) , an electronic 
description of a broken bond has not been forthcoming. 
certainly because t h e  idea of a broken bond i s  treated as  a fundamental 
concept, n o t  requiring further def ini t ion,  within t h e  metallurgical 
community. H o w ~ v ~ E " ,  an electronic undet,standing of bond breaking a's 
fundamental t o  the study of chemical reaction thewry. Here we exploit 
chemical reaction theory to  describe the electronfc process leading t o  
bond breaking,  I t  will be shown that a broken bond i s  characterized 
by a unique feature o f  the electronic structure which allows one i o  
uti1 i z e  molecular orbital  ttieory t o  suggest possible medianistiis for  
embrittlernent. 

This i s  almost 

BOND FoRFlATIOM AND BOND BREAKING 

En order t o  understand t h e  electronic origins o f  bond breaking i t  i s  
f i rs t  necessary t o  describe the process af bond formation. 
consider t h a t  the products o f  a cleavage process are t o  be b r o u g h t  
together so as t o  form a single system (as i f  the fracture i s  t o  be 
hea lEd)  
charge d i s t r i  butiofl which i s  ful ly  determined iry the wavefunction. 
wavefunction derives i t s  name froni the fac t  t h a t  i t  behaves mathematically 
as a wave, t h a t  i s ,  the t a i l s  o f  the wavefunctions corresponding t o  
each of the cleavage products can interfere  when they are  b r o u g h t  near 
each other,  Just  as waves can interefere constructively o r  destructively, 
so too do the t a i l s  of the wavefunctions of the cleavage products. 
Therefore, when the  cleavage products are brought together, two new 
wavefunctions will be formed; one in which the t a i l s  of the original 
wavefunctions add constructively, and another where they add destructive y. 
The  new wavefunction resulting from constructive interference generally 
i s  of lower energy than t h e  wavefunction resulting f r o m  destructive 
interference. For a system which i s  t o  be bound a l l  of the electrons wi 1 
occupy the wavefunction o f  lowest. energy (pictured in F i g .  1 ) .  The impor- 
tant point i s  t h a t  the process can bc reversed, t h a t  a material can be 
strained and the wavefunction resulting from des t ruc t iw interference will 
mave down i n  energy, whi 1 e the wavefunction correspondi ng t o  coristrwctive 
interference will begin t o  move u p  in energy. 
functions are of equal energy, i . e .  degefierate, the bond betweers the two 
products o f  the cleavage process i s  broken. 

Therefore 

Each o f  the cleavage products i s  characterized by a n  electronic 
The 

When both of these wave- 
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Figure 1 ,  
cleavage products are  shown to  the r i g h t  and l e f t .  
these wavefunctions overlap constructively and destructively t o  form the 
t-wo new wavefunctions shown i n  the center. Fracture i s  j u s t  the reverse 
of th i s  process and must be characterized by a degenerate pair of wave- 
functions. 

The process o f  bond formation. The two wavefunctions of the 
When brough t  together 

What we are  suggesting is tha t  a broken band must be characterized 
by degenerate wavefunctions. There i s  a good deal o f  experimental 
support fo r  this view. For example, an EPR experiment detects unpaired 
electrons, which can only be unpaired when a degeneracy of  the type 
discussed above ex is t s .  EPR experiments performed on polymeric systems 
broken i n  tension reveal the existence of unpaired electrons that  
accompany the fracture o f  the system. 

The simplifying p o i n t  t o  the above comments i s  t h a t  degeneracies 
and the underlying causes o f  degeneracies are easi ly  ident i f iable  
through f i r s t  principle quantum mechanical calculations. While on the 
other hand ,  there i s  currently no feasible way t o  determine the energy 
differences t h a t  are  responsible for  b r i t t l e  fa i lure .  As a r e su l t ,  i t  i s  
possible t o  ascertain information regarding the mechanism of hydrogen 
embrittlement (6,7), fo r  example, w i t h o u t  the necessity to  calculate 
thermodynamic data (as w i 1 7  be demonstrated i n  the oral presentation 
accompanying this extended abs t rac t ) .  
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C o r r o s i o n  f a t i g u e  crack g rowth  of f errow a l l o y s  i n  aqueous  env i -  
ronments  is  a n  i m p o r t a n t  t e c h n o l o g i c a l  problem i n  terms of t h e  d u r a b i l -  
i t y  and r e l i a b i l - i t y  of e n g i n e e r i n g  sys t ems .  Accumula t ing  e v i d e n c e  now 
c l e a r l y  shows a s t r o n g  dependence of c o r r o s i o n  f a t i g u e  c r a c k  g rowth  rate 
on t h e  c y c l i c - l o a d  f r equency  and t e m p e r a t u r e .  Crack g rowth  rates t e n d  
t o  i n c r e a s e  w i t h  d e c r e a s e s  i n  f r e q u e n c y .  The  o v e r a l l  c r a c k  groaqth  
r e s p o n s e  t e n d s  t o  s h i f t  t o  h i g h e r  f r e q u e n c i e s  ( o r  s h o r t e r  t i m e s  p e r  
c y c l e )  w i t h  i n c r e a s e s  i n  t e m p e r a t u r e ,  a n d  e x h i b i t s  " s t r u c t u r e " .  The  
e v i d e n c e  s t r o n g l y  j n d i c a t e s  e l e c t r o c h e m i c a l  r e a c t i o n  ra te  c o n t r o l  of 
c o r r o s i o n  f a t i g u e  c r a c k  growth ,  w i t h  t h e  f r equency  dependent  s t r u c t u r e  
c o r r e s p o n d i n g  t o  s p e c i f i c  e l e c t r o c h e m i c a l  r e a c t i o n s  w i t h  t h e  env i ron -  
ment. To p r o v i d e  a b e t t e r  u n d e r s t a n d i n g  of t h e  r e l a t i o n s h i p  be tween t h e  
k i n e t i c s  o f  e l e c t r o c h e m i c a l  r e a c t i o n s  and c o r r o s i o n  f a t i g u e  c r a c k  g rowth  
r e s p o n s e ,  c o o r d i n a t e d  e l e c t r o c h e m i c a l  and f a t i g u e  c r a c k  g rowth  e x p e r i -  
m e n t s  o n  h i g h  s t r e n g t h  s t e e l s  h a v e  b e e n  a n d  are  b e i n g  c a r r i e d  o u t .  A 
r e v i e w  of t h e  background and t h e  d a t a  i s  g iven  t o  i l l u s t r a t e  t h e  c u r r e n t  
s t a t e  of unde r s t and ing ,  The need f o r  c o o p e r a t i v e  r e s e a r c h  by c h e m i s t s ,  
s o l i d - s t a t e  p h y s i c i s t s  and materials s c i e n t i s t s  t o  f u r t h e r  advance  t h e  
u n d e r s t a n d i n g  of t h i s  i m p o r t a n t  problem is  d i s c u s s e d .  

F a t i g u e  c r a c k  g rowth  e x p e r i m e n t s  have been and are be ing  c a r r i e d  
o u t ,  under p r e s c r i b e d  mechanj-cal d r i v i n g  f o r c e  ( c o n s t a n t  stress i n t e n -  
s i t y  r a n g e ) ,  o v e r  a r a n g e  of f r e q u e n c i e s  (0.03 t o  10 I-Iz) a n d  t e m p e r a -  
t i i res  ( 2 7 5  t o  363 K )  o n  a number  o f  s t e e l s  i n  d i s t i l l e d  water ,  a n d  
acetate b u f f e r ,  c a r b o n a t e - b i c a r b o n a t e ,  sodium c h l o r i d e  and sodiuni sul- 
f a t e  s o l u t i o n s .  The r e s u l t s  show c o n s i s t e n t  i n c r e a s e  of c o r r o s i o n  
f a t i g u e  c r a c k  g r o w t h  r a t e  w i t h  d e c r e a s i n g  f r e q u e n c y ,  a n d  a s h i f t  i n  
r e s p o n s e  t o  h i g h e r  f r e q u e n c i e s  ( o r  s h o r t e r  e x p o s u r e  t imes pei-  c y c l e )  
w i t l i  i n c r e a s i n g  t e m p e r a t u r e .  The dependence on f r equency  and tempera- 
t u r e  i s  c o n s i s t e n t  w i t h  e l e c t r o c h e m i c a l  r eac t ion  c o n t r o l ,  and t h e  p re s -  
e n c e  of s p e c i f i c  i o n s  a p p e a r s  p r i n c i p a l l y  t o  m o d e r a t e  ( o r  r e t a r d )  t h e  
k i n e t i c s  of t h e  e l e c t r o c h e m i c a l  r e a c t i o n s .  

To e s t a b l i s h  t h e  r e l a t i o n s h i p  between e l - ec t roche rn ica l  r e a c t i o n s  and 
c o r r o s l o n  €atigue c r a c k  growth i n  h i g h  s t r e n g t h  s tee l s ,  a s p e c i a l  t ech-  
n ique  w a s  deve loped  t o  measure t h e  g a l v a n i ~ c  c u r r e n t  t r a n s i e n t  between a 
c lean"  s u r f a c e  a n d  a s u r f a c e  (of  t h e  szme m a t e r i a l )  t h a t  h a d  b e e n  

" o x i d i z e d "  i n  t h e  e l e c t r o l y t e .  The  t e c h n i q u e  i s  i n t - e n d e d  t o  s i m u l a t e  
r e a c t i o n s  a t  t h e  c r a c k  t - i p  u n d e r  f r e e l y  c o r r o d i n g  c o n d i t i o n s ,  a n d  t h e  
g a l v a n i c  c u r r e n t  t r a n s i e n t s  are expec ted  t o  p r o v i d e  i n f o r m a t i o n  on t h e  
k i n e t i c s  of t h e s e  reactions. Based on e x p e r i m e n t a l  s i m p l i c i t y  and on 
t h e  r a p i d  p r o d u c t i o n  of a r e l a t i v e l y  l a r g e  area of f r e s h  s u r f a c e s ,  t h e  
" c l e a n "  s u r f a c e  i s  o b t a i n e d  by i n - s i t u  f r a c t u r e  of  a s h a r p l y  n o t c h e d  
round t e n s i o n  spec imen,  Counter e l e c t r o d e s  made f rom t h e  same material 

I I  
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a re  p l a c e d  c . o n c e n t r i c a l l y  a r o u n d  t h e  work ing  e l e c t r o d e .  The r a t i o  of 
geometr ic  s u r f a c e  areas between t h e  coun te r  e l e c t r o d e s  and t h e  f r a c t u r e  
s u r f a c e s  is  g r e a t e r  t han  250:l. 

I n  t h e  experiment ,  t h e  coun te r  e l e c t r o d e s  are f irst  "ca thodica l ly  
cleaned" i n  t h e  e l e c t r o l y t e ,  and are a l lowed t o  e q u i l i b r a t e  under open 
c i r c u i t c o n d i t i o n s  t o  e s t a b l i s h  a s u r f a c e  c o n d i t i o n  t h a t  would s i m u l a t e  
t h a t  of t h e  "oxidized" c rack  f l ank .  The e l e c t r o l y t e  is f lushed  o u t  and 
is  rep laced  w i t h  a f r e s h  s o l u t i o n ,  and t h e  test specimen (working elec- 
t rode )  is  then  loaded t o  f a i l u r e  t o  exposure new su r faces .  The r e s u l t -  
i n g  ga lvan ic  c u r r e n t  t r a n s i e n t  and t h e  mixed p o t e n t i a l  are measured wi th  
a p o t e n t i o s t a t  opera ted  as a zero-impedance ammeter, and are recorded 
d i g i t a l l y  f o r  f u r t h e r  analyses. Although t h e  technique  i s  designed t o  
measu re  t h e  g a l v a n i c  c u r r e n t  t r a n s i e n t ,  b e c a u s e  of t h e  l a r g e  r a t i o  
be tween  t h e  s u r f a c e  areas of  t h e  c o u n t e r  and  w o r k i n g  e l e c t r o d e s ,  t h e  
measurements would correspond t o  those  of a p o t e n t i o s t a t i c  experiment  
a t  t h e  f r e e  co r ros ion  p o t e n t i a l .  It is expected t h a t  t h e  technique  can 
be adapted  f o r  measuring t h e  k i n e t i c s  of r e a c t i o n s  under p o t e n t i o s t a t i c  
cond i t ions .  

Experiments have been c a r r i e d  o u t  a t  several t empera tu res  on h igh  
s t r e n g t h  steels i n  several deaera ted  s o l u t i o n s  used i n  t h e  c rack  growth 
experiments .  The c u r r e n t  t r a n s i e n t s  i n d i c a t e  t h e  o p e r a t i o n  of s e v e r a l  
p rocesses ,  and show clearly t h e  i n f l u e n c e  of temperature .  The very f a s t  
i n i t i a l  decay may be a s s o c i a t e d  w i t h  t h e  i n i t i a l  chemisorp t ion  of water 
o r  w i t h  t h e  f o r m a t i o n  of t h e  d o u b l e  l a y e r .  The s l o w e r  p o r t i o n s  are  
t e n t a t i v e l y  i d e n t i f i e d  w i t h  a n o d i c  r e a c t i o n s  t h a t  c o n t r o l  c o r r o s i o n  
f a t i g u e  c r a c k  g r o w t h  r e s p o n s e .  P r e l i m i n a r y  e s t i m a t e s  o f  "time con- 
s t a n d q  and apparent  a c t i v a t i o n  energy a s s o c i a t e d  wi th  t h e s e  r e a c t i o n s  
are c o n s i s t e n t  with t h a t  obta ined  from a v a i l a b l e  f a t i g u e  c rack  growth 
d a t a ,  and tend  t o  conf i rm e l e c t r o c h e m i c a l  r e a c t i o n  c o n t r o l  of c o r r o s i o n  
f a t i g u e  c rack  growth. 

The need f o r  more d e t a i l e d  s t u d i e s  of t h e  mechanisms and k i n e t i c s  
of e l e c t r o c h e m i c a l  r e a c t i o n s ,  however ,  i s  i n d i c a t e d  and  i s  d i s c u s s e d .  
The r e l e v a n c e  of t h i s  f i n d i n g  t o  r e l i a b l e  s e r v i c e  l i f e  p r e d i c t i o n  i s  
cons idered .  
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The 3 O C r M k S i l d i 2  Stack with tens i le  strength 1 '{50NPd was IX&.* Tne 
circular notched specimex was o f  gau62 diameter I&m artd the radius o f  
the notch was a b u t  0,3 urn. TQdrogen induced crw,king under Kode T I T  
loading can occu-r during dynamic charging i n  I N  H2SO4 6 2.25,7/E As203 
solution wid the cracks i n i t i a t e  and pmpa-gate intergrariularly along the 
planes inclined at 4.50 t o  the or iginal  notch plane. E'or a pixch8,qpd 
III type speciiaen loaded i n  air  under o o m % m t  toque, hydrogen induced 
cracking can a l s o  occiir along the 450 planes. 
T I E  type specimen was twisted - - t o  failu-re immediately, a flat f r z u t x  
surfa@e w i l l  be obtained, which is coiilposed o f  torsional dimples (1,2 ) 
'The threshold R t:i.ess inieiisi t;y of  hydrogxi iiiduced f rac-ture duriqy dy- 
namic charsing under blode I11 and I.Isde I: loading were K I I I H / I = I ~ ~ = O . I ~  
and I ( I I ~ K ~ ~ = O  a 045, re spec t ive Q- . 

ibwsver, i f  the precharged 

Stress  corrosion c r z k i n g  of  the higii-stren@ s t e e l  i n  3.5;3'0 KaCl 
solution clan a lso  occur under JSode III locading. The s t r e s s  corrosion 
cracking i n i t i a t e  and g r o w  intergrsiiularly along the plavleo incliiied at 
(1-503 similar t o  hj.drogen induced cracking u ider  I-iode 111 loading, 

resul-t will be obtained. The threshold. st.res3 in tens i ty  o f  stress corm- 
s ion  cra@lcing und:;r Lode 111 and Xode I loLading w e r e  K I I I S C @ / I C I ~ ~ ~ ~  0.'{3 
ma K ~ & K ~ = o . L ~ ,  respectively. ~f them w m  a poison i n  the so1irtion, 
the con-t-espor1di.n~ values were KII-S@C/KI-JI;C"O. 40 and KJSCC/KI~;=O. 12, E- 

spec tive l&r * 

If lg/L 
thouma as a poison is 'added in to  the 3.5$ KaCl ~olution, tize airnilas? 

The s-train TFeld of kyydrogen i n  c&-Fe i s  non-s,herical syimetqyt 

2=E33 (3) .  
d-rogeii i e O * '  "11, o m  a~ld  the t o m i o n s l  stress f i e l d  and a rni.niillurn interact ive 
energy on the plznes inclined at 4501 i.eSg 

l'herefo-re, t'nerc is an intera&ion 'netween b- 

whe-re 7 =KTTT/(%P)~, irhich 1s a tors ional  stress at the saotch t i p  ii? 

the 111 type specinen. .Qdrog,-n b i l l 1  e ~ r i c ' n  tovard these planes and the 
equilibrium h+ydiwgea concentration on these pl,,nes i.8 

when the hydrogcir concentration reaches a c r i t i c a l  value Cth, the hyclm- 
grn imiuced cracking will occurc I n  t h i s  case, KTJI-;;T-JILJ. 
T'herefore, ITC can r;et 
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For I t n e  crack, we obtain similarly 

Since ECIIIB is larger  than KLH, though KXIISCC is larger then K13Ccf 
we still consider tha t  stress corrosion cracking of  hi&h-stsengt;lz steel  

under Ibde 111 loading is a kind of  hydrogen induced cracking. Fie ma- 
sons  am below. 
1.  

2. 

3. 

Stress  c o r m s ~ o n  cracking under Lode 111 loading i n i t i a t e  and i,sopa- 
gate along the planes inclined at 4509 similar t o  kfciroi:Gn intt~iced 
cracking avld both have the same fractograph. 
Tie addition of a poison 4ecmased the threshold value far st.mss 
corrosion cracking under 140&e I11 and Lode I laading. 
The irlfluence of loading mode on stress corrosion cracking w a s  ccn- 
s i s ten t  with that on i3;rdmgen iilduced cracking. 
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EVIDENCE FOR AN ADSORPTION-INDUCED LOCALISED-SLIP MECCIANISM OF 
ENVIRONMENTALLY ASSISTED CRACKING 

S.P. LYNCH* * 
Aeronautical Research Laboratories, Defence Science and Technology 
Organisation, Dept. of Defence, Melbourne, Australia 

INTRODUCTION 

Detailed metallographic and fractographic comparisons of hydrogen- 
assisted cracking (HAC) and stress-corrosion cracking (SCC) with 
adsorption-induced liquid-metal embrittlement (LME) in a number of 
materials suggest that HAC and SCC are commonly caused by adsorbed 
hydrogen rather than by dissolved hydrogen, hydri-des, or  dissolution [ 1- 
31 .  These observations also suggest that crack growth is accomplished by 
localised slip rather than by decohesion. Results for single crystals of 
nickel (fcc), iron-silicon (bcc), and magnesium (cph) are outlined below. 

RESULTS 

Nickel Single Crystals [1,2]: Crack growth in specimens, with a < l o o >  
axis, in gaseous hydrogen and in liquid mercury at 25OC produced 
cleavage-like fractures approximately parallel to {lo01 planes (on  a 
macroscopic scale) with crack fronts parallel to <110> directions; 
extensive slip was observed on ill11 planes intersecting cracks. For 
crystal orientations such that {lo01 planes were at large angles to the 
specimen axis, deviations of fracture planes of up to 25' from 
{lo01 planes were often observed in both environments. The detailed 

appearance of fracture surfaces, e.g. numbers of serrated steps, tear 
ridges, dimples, slip lines, varied with crystal orientation but was the 
same in mercury and hydrogen for each orientation. Fracture surface 
characteristics were not markedly affected by strain rate and 
embrittlement was observed at crack velocities as high as lmm/s in 
hydrogen and lOmm/s in mercury. 

Fe 2.6% Si .- Single Crystals [ 3 , 4 ] :  Slow crack growth (.-0.002rnm/s) in 
specimens, with a < l o o >  axis, in gaseous hydrogen (at 2SoC) and rapid 
crack growth (-lOmm/s) in liquid lithium (at 220'12) produced cleavage- 
like fracture surfaces parallel to {lo01 planes with crack fronts 
parallel to (110) directions; significant slip was observed on 
{112/ planes intersecting cracks. Fine details on fracture surfaces, 

e.g. river lines, tear ridges, were similar i n  both environments. 

Magnesium Single Crystals [ 3 ] :  Crack growth in specimens, with a wide 
variety of orientations, in an aqueous NaC1+K2Cr04 environment at 25OC, 
liquid sodium at 120°C, and dry air at 25°C-1200C prodiiced fluted 
fracture surfaces which were macroscopically paralLel to (17021 planes; 
crack growth generally occurred in an overall < l i O l >  direction with slip 
predominantly on pyramidal planes intersecting cracks. Flutes produced 
in aqueous and sodium environments were much shallower than those 
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produced in dry air (Fig. 1). Fracture surface characteristics were not 
markedly affected by strain rate and embrittlement was observed at crack 
velocities as high as-lOmm/s in both s o d i u m 4  aqueous environments. 

I 

FIG. 1 SEM of fracture surfaces of magnesium produced by crack growth 
in (a) liquid sodium, (b) NaC1+K2Cr04, and (c) dry air environments. 

DISCUSSION 

The observations that fracture planes and directions, active slip 
planes, fine details on fracture surfaces are the same f o r  HAC/SCC 
fractures as for LME fractures strongly suggest that the mechanism of 
embrittlement is the same in all the environments. Observations of 
embrittlement under conditions where hydrogen does not have time to 
diffuse ahead of cracks, e.g. at high crack velocities for HAC of nickel 
and SCC of magnesium, HAC of nickel at 77K [ 5 ] ,  support this suggestion. 

The metallographic and fractographic observations, e.g. large 
localised strains beneath fractures, slip on planes intersecting cracks, 
dimples, flutes, tear ridges on fracture surfaces, suggest that HAC, SCC 
and LME occur by a plastic-flowlmicrovoid-coalescence process that is 
more localised than that which occurs in inert environments. 
Specifically, it has been proposed that adsorption reduces the strength 
of interatomic bonds at crack tips thereby facilitating the nucleation of 
dislocations and promoting the coalescence of cracks with small voids 
ahead of cracks, as described in detail elsewhere [1 ,2 ] .  
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THE R E S T R A I N I N G  EFFECT OF CLEAVAGE LIGAMENTS I N  TRANSGRANULAR STRESS 
CORROSION C R A C K I N G  OF FCC ALLOYS 

M. J .  KAUFMAN," E.  N.  PUGH,* AND A .  J. FORTY ** 
*Nat iona l  Bureau O f  S t a n d a r d s ,  G a i t h e r s b u r g ,  MD 20899, U S A  
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I t  is characterist ic of t r a n s g r a n u l a r  stress c o r r o s i o n  c r a c k i n g  
(T-SCC) i n  FCC a l loys  tha t  the f r a c t u r e  resembles c l e a v a g e  of b r i t t l e  
s o l i d s  a l t h o u g h  these metals are normally d u c t i l e .  The crack s u r f a c e s  
show e x t e n s i v e  f a c e t i n g  and c l e a v a g e  s t e p s  [ l ] .  Furthermore,  measure- 
ments of the  crack v e l o c i t y  o b t a i n e d  by p e r i o d i c a l l y  p u l s i n g  the load 
on a test  p i e c e  have shown tha t  the f r a c t u r e  proceeds  by shor t  s t e p s  of 
fas t  c l e a v a g e  between periods of n a t u r a l  crack arrest [2]. It  is sup- 
posed that r e - i n i t i a t i o n  of t h e  b r i t t l e  c l e a v a g e  a f t e r  each arrest 
follows chemical e m b r i t t l e m e n t  of t h e  material a t  t h e  t i p  of t h e  crack 
by the  c o r r o s i v e  environment  C31. T h i s  phenomenological d e s c r i p t i o n  of 
the stress c o r r o s i o n  crack raises the impor tan t  q u e s t i o n  of whether i t  
is p o s s i b l e  for  a b r i t t l e  crack t o  propagate  i n  a d u c t i l e  material, and 
the  e q u a l l y  impor tan t  q u e s t i o n  of why the c l e a v a g e  o c c u r s  d i s c o n t i n u -  
ous ly .  T h i s  paper  is concerned o n l y  wi th  t he  l a t t e r  q u e s t i o n .  

I t  has been sugges ted  [ 4 ]  t h a t  t he  work done i n  forming c l e a v a g e  
s t e p s  may be a n  impor tan t  c o n t r i b u t i o n  t o  the  work of f r a c t u r e  i n  quasi-  
b r i t t l e  c leavage .  Cleavage s t e p s  may be c o n s i d e r e d  t o  be formed by the  
breakdown of t h e  l i g a m e n t s  a r i s i n g  from the  o v e r l a p  of ne ighbor ing  c leav-  
a g e  facets as t h e  f r a c t u r e  is propagated.  I f ,  as seems l i k e l y  for  a 
d u c t i l e  metal, t h i s  breakdown o c c u r s  by s h e a r i n g  of t h e  l i g a m e n t s ,  which 
presumably o c c u r s  a t  a lower v e l o c i t y  t h a n  the  o v e r a l l  c l e a v a g e ,  t h e n  
the  l e n g t h  of u n f r a c t u r e d  l i g a m e n t s  should  i n c r e a s e  d u r i n g  a crack pro- 
p a g a t i o n  e v e n t  and t h e r e b y  i n c r e a s e  i n  load b e a r i n g  c a p a c i t y .  It  is 
possible  that  crack arrest, and hence the  d i s c o n t i n u o u s  n a t u r e  of T-SCC, 
is a direct  consequence of t h i s .  T h i s  would e x p l a i n  why t he  p r o p a g a t i o n  
of T-SCC is favored  i n  t he  case of  a-brass s i n c e  t he  s h e a r i n g  of t h e  
l i g a m e n t s  by p l a n a r  s l i p  absorbs r e l a t i v e l y  l i t t l e  energy  whereas for  
pure copper  the  l i g a m e n t s  r u p t u r e  l ess  r e a d i l y  making propagat ion  more 
d i f f i c u l t .  

We have i n v e s t i g a t e d  t h i s  p o s s i b i l i t y  c o n s i d e r i n g  two modes of s t e p  
format ion .  The f i r s t  of these e n v i s a g e s  s t e p  format ion  t o  be a s imul tan-  
eous shear of a l igament  which shows that  for  l igament  t h i c k n e s s ,  h ,  
and y i e l d  stress, T t he  w o r k  t o  create u n i t  l e n g t h  of s t e p  is approxi-  
rnately Tyh2 and t h e  energy  a b s o r p t i o n  f o r  n such  s t e p s  is n-cyh . 
practice a c l e a v a g e  s u r f a c e  has a d i s t r i b u t i o n  n ( h )  of s t e p  h e i g h t s  b u t  
we assume t h i s  s i m p l i f i e d  model f o r  t h e  purpose of  a n  estimate. The 
energy for  s t e p  f o r m a t i o n  is s u p p l i e d  by the  release of p o t e n t i a l  energy 
which otherwise, f o r  a b r i t t l e  crack, is used t o  create new crack s u r -  
face of energy d e n s i t y  Y ,  s a t i s f y i n g  the G r i f f i t h  c n d i t i o n .  The energy 
absorbed d u r i n g  crack advance by t h e  s h e a r i n g  of 10' l i g a  e n t s  mml of 
crack f r o n t ,  each 
about  1J1n'~ which is comparable wi th  Y. 

Y '  2 I n  

8 t h i c k ,  under  a y i e l d  stress of 10  Nm'2 is 
S t e p  d e n s i t i e s  of t h i s  kind 
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are commonly found on T-SCC fracture surfaces in brasses and stainless 
steels. 

The second estimate considers the ligament to be deforming in anti- 
plane strain SO that the cleavage step is formed by a highly localized 
progressive shear which propagates along the ligament under an applied 
stress well below the yield stress. The tearing of the ligament can 
therefore be modelled by the motion of a distribution of diSlQCatiOn2 in 
the manner first suggested by Bilby, Cottrell and Swinden C51. Accord- 
ing to this model the work done in forming unit length of cleavage step 
is again approximately T h e This is not surprising because, for large 
h, the plastic zone within which the shear takes place becomes compar- 
able with the length of the ligament and thiS second model approximates 
to the former model of uniform shear. The dependence on h2 means that 
o n l y  the larger cleavage steps have a significant effect on crack pro- 
pagation and the estimates based on step heights of 0.1 pm are probably 
realistic. 

2 
Y 

These simple estimates demonstrate the feasibility of crack arrest 
by ligament formation. The crack advance distance between arrests 
should therefore be related to the length of the ligaments at which the 
restraining effect is sufficient to reduce the stress intensity at the 
tip of the cleavage crack to below the critical value Kcrit for propa- 
gation. Since the maximum length attainable by a ligament must be the 
crack length it can be shown that the maximum restraining effect is 
about one-tenth of Kcrit for a cleavage in which there are 1/10 
steps spaced 1 pm apart. Shorter ligaments will have a smaller effect; 
for example, for a similar cleavage topography but ligaments extending 
only one-hundredth of the crack length the average restraining effect 
is one-hundredth of Kcrit. 
distance of 10 pm for an overall crack length of 1 mm which fs compara- 
ble with the observed T-SCC behavior in brass. Thus it seems possible 
that ligament formation can have a significant influence on brittle 
crack propagation, especially near the critical condition where a rela- 
tively small change in crack tip stress intensity might reduce the 
crack velocity to a level at which plastic blunting occurs. 

This would correspond to a crack arrest 
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TRANSGRANULAR STRESS-CORROSION CRACKING 

I(. SIERADZKI 
Brookhaven Nat ional  Laboratory,  Upton, New York 11973 

We d i scuss  the phenomenon of  t r ansg ranu la r  s t r e s s -co r ros ion  crack- 
ing.  Expertmental evidence i s  presented which i n d i c a t e s  t h a t  during 
t h i s  process  d u c t i l e  metals such a s  a-brass  and copper f a i l  by the 
propagation of cracks whose microscopic f e a t u r e s  a r e  cons is  t e n t  with 
the occurrence of cleavage f r a c t u r e  [ l ] .  Simultaneous e lec t rochemica l  
and acoustlc emission measurements i n d i c a t e  t h a t  the f a i l u r e  i s  actu-  
a l l y  the r e s u l t  of i n t e r m i t t e n t  microcleavage even t s  [ 2 1 .  

The i n t e r a c t i o n  of the aqueous environment and the metal  r e s u l t s  
i n  the formation of a t h i n  sur face  f i l m  which f a c i l i t a t e s  cleavage 
crack nuc lea t ion .  We d iscuss  how the presence of a f i lm surrounding a 
crack t i p  can modify the l o c a l  deformation i n  such a way as to i n i t i a t e  
cleavage. In t h i s  r e spec t  we a r e  concerned with the f i lms  e f f e c -  
t i veness  i n  changing the balance between cleavage and d i s l o c a t i o n  e m i s -  
s i on .  The important parameters determining the e f f ec t iveness  of f i lms  
i n  i n i t i a t i n g  cleavage include the f i lm-subs t r a t e  i n i s f i t ,  the s t r eng th  
of the bonding ac ross  the f i lm-subs t r a t e  i n t e r f a c e ,  the f i lm  thickness  
and the f i lm d u c t i l i t y .  S u i t a b l e  combinations of these parameters 
which can lead to  microcleavage a r e  determined by the s ta te  of coher- 
ency o f  the  i n t e r f a c e  and the f r a c t u r e  toughness of the subs t r a t e .  
FOP example, i f  a d u c t i l e  de-alloyed l a y e r  i n  (~b bras s  remains coherent  
with the  s u b s t r a t e  and has a m i s f i t  of 0.02 {equiva len t  to  complete de- 
a l l o y i n g  o f  a 70-30 b r a s s ) ,  i t  m u s t  be -200 monolayers th ick  i n  order  
t o  i n i t i a t e  a microcleavage event  [ 3 1 .  

Experiments [ 3 ]  and molecular dynamic s imula t ions  [ 4 ]  i n d i c a t e  
t h a t  under appropr i a t e  circumstances once a cleavage crack is  nucleated 
i n  the f i lm  i t  cont inues on i n t o  the s u b s t r a t e  i n  a b r i t t l e  mode owing 
t o  dynamic e f f e c t s .  Once i n  the s u b s t r a t e  the crack f i n a l l y  a r r e s t s .  
We s h a l l  consider  var ious  processes  which may be respons ib le  f o r  crack 
a r r e s t .  
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MECHANISMS OF LONG-LIFE FATIGUE 
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INTKODUC'TION 

S i n c e  c r a c k s  are  w i d e l y ,  and u s u a l l y  c o r r e c t l y ,  b e l i e v e d  t o  
n u c l e a t e  e a r l y  i n  t h e  f a t i g u e  l i f e  of most: metals and strticttires prone 
t o  f a r i g u e ,  rriost r e s e a r c h  e f f o r t  i n  t h e  l a s t  20 y e a r s  has  been devoted 
t o  c r a c k  p ropaga t ion .  Because of t h e  methods of l i n e a r  e l a s t i c  f r a c t u r e  
mechanics ,  t h e  emphasis has  been on the growth of 1 0 1 %  c r acks .  Much 
p rogres s  h a s  been made and rather  s e c u r e  d e t e r m i n t s t i c  methods have 
been  developed f o r  l a r g e  s t r u c t u r e s .  llowever, t h e  great m a j o r i t y  of  
f a t i g u e  cr i . t ical  components are  no t  of t h e  type i n  which l i v e s  can be 
p r e d i c t e d  by l o n g  c rack  methods. Kecent. em-phasis has  t h e r e f o r e  tu rned  
t o  t h e  s h o r t  c r a c k .  I n  t h i s  t a l k  t h e n ,  emphasis wi-1.1. be placed on t h e  
behav io r  of sho r t  c r acks  and i t s  r e l a t i o n  t o  c y c l i c  deformation.  

The conven t iona l  view i s  t h a t  pu re  metals have a two-phase s t r u c -  
t u r e  i n  tine range of s t r a i n  ampl i tudes  where f a t i g u e  l i v e s  a re  f i n i t e .  
These stri.rct:ures are  ' l m a t r i ~  s t r ~ c t u r e " ,  o r  d i s l o c a t i o n  I.oop pa tches  
s e p a ~ a t e d  by channels  r easonab ly  f r e e  of d i s l o c a t i o n s ,  and " p e r s i s t e n t  
s l ip  bands (PSR's)" c o n s i s t i n g  of t h e  well  known l a d d e r  s t r u c t u r e .  It  
i s  shown t h a t  t h i s  view of d i s l o c a t l o a  s t r u c t u r e  i s  o v e r s i m p l i s t i c  and  
results on PSB n u c l e a t i o n  are  i n c o n s i s t e n t  w i t h  i t .  Moreover, t h e  
f e e l i n g  t h a t  t h e  average s t r a i n  1ocaS.i.zed i-n t h e  PSB"s i s  c o n s t a n t  a t  
around 0.01 c a n  be m i s l e a d i n g  f o r  m d e r s t a n d i n g  Stage 1 crack propaga- 
t i o n .  The d i s t r i . b u t i o n s  of s l i p  o f f s e t s  a t  PSR's f o r  copper sing1.e 
c r y s t a l s  cyc led  a t  s t r a i n s  i n  t h e  p l a t e a u  of t h e  c y c l i c  s t r e s s - s t r a i n  
curve are  shown i.n F i g .  1. These o f f s e t s  r e f l e c t  t h e  l o c a l  s t r a i n  
and can  be used t o  measure i t  p r e c i s e l y .  S i n c e  the PSB w i d t h s  a l s o  
vary widel.y, the  range of l o c a l  s t r a i n s  i s  c o n s i d e r a b l e .  The magnitude 
of t h e s e  s t ra ins  i.s even l a r g e r  i n  a l l o y s ,  depending on t h e  n a t u r e  of 
t h e  ha rden ing  mechanism, For much of the f a t i g u e  L f e ,  the  l o c a l  
s t r a i n s  remain c o n s t a n t  (asstiming c o n s t a n t  a p p l i e d  c y c l i c  s t r a i n ) ,  b u t  
f o r  l a r g e  numbers of cycl-es t h e  l o c a l  s t r a i n  d imin i shes  and new PSB's 
a r e  c r e a t e d .  The r e a s o n s  f o r  t h i s  b e h a v i o r  and i t s  i m p l i c a t i o n  f o r  
l i f e  are d i s c u s s e d .  

STAGE I CRACK PROPL4CATION 

The r e c e n t  r e s u l t s  of t h e  B a s i r i s k i  s c  [ 11 and Ilurische & Neumarin [ 2 ]  
have provided e x c e l l e n t  d a t a  o n  Stage I c r a c k  growth i n  i d e n t i f y i n g  t h e  
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l o c a t i o n s  of Stage I c racks  f o r  va r ious  types  of PSB's. Extensions of 
t h e i r  work, u s ing  t h e  newly-developed "comer"  technique f o r  measuring 
t h e  growth of Stage 'r c racks ,  have been c a r r i e d  out  i n  OUT labora tory .  
A t y p i c a l  c rack  s i z e  d i s t r i b u t i o n ,  again f o r  a copper s i n g l e  c r y s t a l ,  
i s  shown in Fig.  2. Note t h e  s i m i l a r i t y  of t h e  d i s t r i b u t i o n  t o  t h a t  
i n  F ig ,  1,  showing t h e  l o c a l  s t r a i n  t o  c o n t r o l  the g r o a h  Fdnetics. 
The impl i ca t ions  of t hese  r e s u l t s  f o r  life behavior  i n  p u r e  metals and 
a l l o y s  a r e  explored. 

CRACK DEPTH (/,Lm) 

Fig. 1 D i s t r i b u t i o n  curves of PSB Fig.  2 Histogram of crack 
s l i p  o f fse t s  and s t e p  h e i g h t s  f o r  populat ion i n  a copper s i n g l e  
copper single c r y s t a l s  (single s l i p )  c r y s t a l  cycled a t  y = 2 x 
cycled a t  t h e  ind ica t ed  p l a s t i c  
shea r  s t r a i n  amplitudes.  Taken Taken from [ 4 ] .  
from [ 3 ] .  

f o r  30,000 cyc le s  (-p1.5% l i f e ) .  

SUMMARY 

Fat igue mechanisms a&? dominated by t h e  occurrence of l o c a l i z e d  
s t r a i n  and i t s  magnitude. New r e sea rch  has  q u a n t i f i e d  t h i s  s t r a i n  and 
has  i d e n t i f i e d  i t s  dependence on m i c r o s t r u c t u r e ,  environment, app l i ed  
amplitude and h i s t o r y .  This Information is most encouraging fo r  
understanding s h o r t  crack behavior .  
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A F B C W I S T I C  MODEL OF FATIGUE CRACK GROWTH 
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As with nom-cyclic f r a c t u r e ,  f a t i g u e  c rackfng  depends upon a n  
i n t e r a c t i o n  between mechanics on a large scale, f o r  which some k i n d  of 
e l a s t i c - p l a s t i c  a n a l y s i s  can he used,  and t h e  microscopic  p r o c e s s e s  of 
material  s e p a r a t i o n  producing crack  e x t e n s i o n .  Concerning the. 
l a r g e - s c a l e  mechanics,  t h e  c h i e f  n o v e l t y  of t h e  p r e s e n t  approach i s  t o  
a l l o w  f o r  t h e  format ion  of a wake o f  d i s l o c a t i o n s  as c r a c k  propagat ion  
proceeds.  Former models w i t h o u t  such allowance e s t i m a t e d  c r a c k  opening 
displacement  and p l a s t i c  zone s i z e  as i f  on ly  one l o a d i n g  and unloading  
had occurred .  The r e s u l t s  f o r  t h e s e  q u a n t i t i e s  was t h e n  mch t h e  same 
u s i n g ,  f o r  i n s t a n c e ,  the i d e a l i s e d  eo-planar y i e l d  r e p r e s e n t a t i o n  of 
Dugdale o r  Bi lby  C o t t r e l l  & Swinden (.OBCS> as w i t h  a more r e a l i s t i c  
continuum e l a s t i c - p l a s t i c  model. But of course  t h a t  p a r t  of the p l a s t i c  
zone whi.ch i s  n o t  r e v e r s e d  a t  each unloading  must g e t  l e f t  behind as t h e  
c r a c k  propagates ,  and w i l l  need t o  be r e p l e n i s h e d .  To a l low f o r  t h i s ,  
t h e  one-dimensional DRCS model i s  i n a d e q u a t e ,  and Che s i m p l e s t  r e l a t e d  
model i s  t o  u s e  i n c l i n e d  bands through t h e  t i p .  It can then be argued 
t h a t  a wake o f  sl ip-hand fragments  of t h e  t y p e  i l l u s t r a t e d  below should 

Form of t h e  s t e a d y - s t a t e  wake o f  d i s l o c a t i o n s  g e n e r a t e d  by many c y c l e s  
of l o a d  v a r i a t i o n  on a crack .  



develop. I n  t h e  t a l k  I w i l l  de sc r ibe  s o l u t i o n s  o f  t he  mechanics of t h i s  
model when a f r i c t i o n  stress and a c rack  propagat ion rate are given. 
The numbers of d i s l o c a t i o n s  i n  t h e  d i f f e r e n t  s e c t i o n s  of t he  i n c l i n e d  
bands a t  h i g h  and low load relate q u a n t i t a t i v e l y  to t h e  h o r i z o n t a l  wake 
d e n s i t y  and t o  t h e  c y c l i c  c rack- t ip  p l a s t i c  displacements.  

To make these q u a n t i t i t e s  c o n s i s t e n t  with t h e  propagat ion rate, a 
microscopic  model is necessary.  Initially, I have assumed t h a t  
propagat ion i s  by p las t i c  s l i d i n g  o f f  and re-sharpening only.  This  
makes the crack  l eng th  increment p ropor t iona l  t o  the  cyc l ic  c rack- t ip  
p l a s t i c  displacement ,  and t h u s  R a K )  dependence i s  obtained.  
However, i t  i s  in tended  t o  inco rpora t e  more complex propagat ion models. 
Plodif i c a t i o n  of the e f f e c t i v e  A K  by crack f ace  c losu re  (poss ib ly  
enhanced by surface roughness) would be p a r r i c u l a r l y  easy t o  
inco rpora t e .  I n  a d d i t i o n ,  t h e  amount of s l i d i n g  off should be reduced 
i n  accordance with the f r a c t i o n  of y i e l d i n g  which i n t e r s e c t s  t h e  c rack  
p lanes  o the r  than a t  t h e  tip. 

2 
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INTRODUCTION 

Crack t i p  shielding phenomena, whereby the "effective crack 
driving force" actual ly experienced in the near-tip region is reduced 
compared to the applied (far-field) value, are examined w i t h  reference 
to the fracture toughness and fatigue crack growth behavior in metals, 
ceramics a n d  composites. Examples are taken f r o m  the extrinsic 
toughening o f  brittle materials, by mechanisms involving phase. 
transformations, microcracking and fiber toughening, and from the crack 
closure and deflection of fatigue cracks, by mechanisms involving 
cyclic plasticity, corrosion deposits, meandering crack paths and 
fluids inside cracks. 

FRACTURE TOUGHNESS 

Extr i ns i c toughening o f  m e t a  1 1 5 e a 1 1 oys genera 1 1 y is not very 
important: because o f  the high a p p l  ied stresses involved i n  the  fracture 
of ductile materials w i t h  their inherent toughness. Brittle mateelrials 
such as ceramics and rocks, conversely, rarely can be toughened 
intrinsical ly, e.g., attempts to promote ducti 1 ity in ceramics h a v e  
been largely unsuccessful. A s  i s  now wel?  known [l], extrinsic 
taughening u t i  1 izing crack tip shielding mechanisms, such as  crack 
deflection, microcracking, and phase transformation, has been very 
successful in raising K I ~  values in ceramics f r o m  almost zero to above 
20 M P a g 6  (Fig- l a ) .  Similar effects are seen w i t h  deflection and fiber 
o r  ligament toughening mechanisms in composites. I n  a1 1 cases, the 
material i s  not inherently tougher, i.e., the local ductility or strain 
t o  failure is unchanged: simply the crack tip has been shielded from 
the Pull applied "driving force" such that the effective stress 
intensity actually experienced at the crack t i p  becomes less than t h e  
nominal ly applied value. 

FATIGUE CRACK PROPAGATION 

Extrinsic toughening can be u t i  1 imed in metal 1 ic materials where 
app 1 i ed stresses are not 1 arge, e.g., duri ng sub-cri t i cal crack growth. 
The most notable example has been for fatigue crack p r o p a g a t i o n ,  
particularly when cracks are growing at low (near-threshold) growth 
rates, where crack tip shielding from crack deflection and particularly 
crack closure can provide extremely potent mechanisms for retarding 
crack growth rates [2]. Whereas deflection can be promoted by such 
microstructural factors as coarse planar slip or t h e  presence of a 
dispersed hard phase, closure is promoted by various mechanical, 
microstructural and environmental mechanisms (Fig. l b ) .  
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EXTRINSIC TOUGHENING. CRACK TIP SHIELDING MECHANISMS 
lo) MONOrQNlC LOAOING (b l  CYCLIC LOADING 

t r i c k  delleclion Residuol stresses 
b i b 4  

I_ - ./@ I t 1 1  

Phose transformation Crack defleclion 

Micracrocking 

Crack cl05ure 

F i g .  1. Crack t i p  shielding mechanisrris under a >  monotonic 
and b )  cyclic loading conditions. 

Such extrinsic mechanisms are potentially far more  potent in 
reducing crack extension rates than with intrinsic mechanisms which 
attempt to enhance the inherent resistance of the microstructure. The 
comnon phenomena here are related primarily to processes which occur in 
the wake of the crack tip, whether associated with an enclave o f  
previous Iy deformed (e.g., p l  astic or transformed) zones, the formation 
of fracture surface asperities t o  yield an interlocking zone behind the 
t i p ,  o r  the presence o f  fluid or debris within the crack. Such 
processes effectively shield the crack from the f u l l  (far-field) 
applied loading, yet since they act on the wake of the crack, their 
influence must diminish with decreasing crack length and increasing 
applied stresses. There are specific implications of this which 
distinguish the intrinsic and extrinsic mechanisms, namely the 
existence of a resistance curve in fracture toughness measurements [31, 
the mean stress and "short crack" effects i n  fatigue c21, a n d  i n  
general the widely differing microstructural factors which control 
crack initiation as opposed t o  crack growth. 
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The o b j e c t i v e  o f  t h i s  paper w i l l  be t o  summarize r e c e n t  observa- 
t i o n s  of f a t i g u e  crack growth arid measurements o f  crack t i p  mechanics, 
and t o  hypothes ize a mechanism o f  crack growth which i s  c o n s i s t e n t  w i t h  
t h e  observat ions.  

F a t i g u e  crack growth has been observed dynamica l l y  i n  t h i c k  spec i -  
mens through t h e  use o f  a c y c l i c  l o a d i n g  stage which f i t s  i n t o  t h e  scan- 
n i n g  e l e c t r o n  microscope [ 1 ]. Measurements o f  c y c l i c  displacements 
w i t h i n  t h e  near f i e l d  o f  t h e  crack t i p  were made us ing  t h e  s tereoimaging 
technique [2l Crack opening loads and displacements and s t r a i n s  were 
d e r i v e d  from these measurements. By combining these crack t i p  analyses 
w i t h  dynamic observa t ions  and measurements f ro in f r a c t o g r a p h y  and q u a n t i -  
t a t i v e  meta l lography,  a conceptual  d e s c r i p t i o n  o f  t h e  mechanism o f  
f a t i g u e  crack growth has emerged. 

Dynamic observa t ions  of f a t i g u e  crack growth have shown t h a t  cracks 
do n o t  grow on each cycle; ra t t ie r ,  a number o f  c y c l e s  i s  r e q u i r e d  b e f o r e  
t h e  crack advances inc rementa l l y ,  w i t h  t h e  number- o f  c y c l e s  be ing  depen- 
dent on t h e  l e v e l  o f  t h e  crack d r i v i n g  fo rce ,  t h e  c y c l i c  s t r e s s  i n t e n -  
s i t y  f a c t o r  [3,4]. These observa t ions  have been videotaped and w i l l  be 
shown t o  i l l u s t r a t e  t h e  process. Crack t i p  opening displacement and 
s t r l i i n  a l s o  f o l l o w  this non-uni form b u t  r e p e t i t i v e  p a t t e r n .  

I t  i s  a r a t h e r  c u r i o u s  Fact t h a t  Stage I1 f a t i g u e  crack growth 
r a t e s  through aluminum a l l o y s  are r e l a t i v e l y  independent o f  m i c r o s t r u c -  
t u r e ,  w h i l e  i n  t h e  near t h r e s h o l d  r e g i o n  t h e y  are not .  Crack c l o s u r e  i s  
o f t e n  invoked t o  e x p l a i n  the  near - th resho ld  behavior .  Recent, h i g h  
r e s o l u t i o n  measurements o f  crack c l o s u r e  which have helped t o  b r i n g  some 
understanding t o  t h i s  i ssue w i l l  be repor ted .  

Frac tograph ic  measurements o f  s t r i a t i o n s  [ 5 ]  have shown 
independent of crack opening displacement f o r  cracks grown 
b u t  of p r o p o r t i o n a l  magnitude f o r  cracks grown i n  m o i s t  a i r .  

them t o  be 
i n  vacuum, 

Models der ived  t o  e x p l a i n  . f a t i g u e  crack growth must ncorpora te  
these m u l t i p l e ,  and sometimes seerningly incompat ib le  f i n d i n g s .  A model 
has been developed which accounts f o r  these var ious  observa t ions  and 
measurements and i n c o r p o r a t e s  m i c r o s t r u c t u r e  as w e l l  [ 61. An example o f  
t h e  crack t i p  s l i p  l i n e  f i e l d  produced u s i n g  t h e  model i s  shown i n  F i g .  
1, where t h e  l e n g t h  o f  t h e  s l i p  l i n e  i s  s e t  by t h e  m i c r o s t r u c t u r e  and 
t h e  number o f  s l i p  l i n e s  i s  dependent on t h e  c y c l i c  s t r e s s  i n t e n s i t y  
f a c t o r  [ SI. 
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I I 

FIG. 1. Slip line field predicted by 
model of fatigue crack growth through 
7091 aluminum alloy at OK = 10 and 
AKeff = 6.5 MN/m3/2. 

The mechanism o f  crack growth envisioned i s  glide plane decohesion, 
assisted by environment when the crack is grown in moist air. Exactly 
how this decohesion occurs i s  still being investigated. 

Through this process of observation and modeling, a mechanism by 
which cracks lengthen has been postulated. But, as with descriptions o f  
many complex phenomena, a number of assumptions and simplifications have 
been made t o  produce a workable model, and these w i l l  be reviewed and 
critiqued with the purpose o f  determining the weaknesses in both mecha- 
nistic understanding and modeling of the fatigue crack lengthening 
process. 
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MICROSTRUCTURE AND CLOSURE RELATED GROWTH CHARACTERISTICS OF SHORT 
FATIGUE CRACK GROWI'II AT CONSTANT AK 
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The propagat ion  k i n e t i c s  of  s h o r t  f a t i g u e  c r a c k s  (<500 pi) are o f t e n  
s u b s t a n t i a l l y  h i g h e r  t h a n  t h o s e  o f  long  c r a c k s  (710 mm>. Proposed mech- 
anisms f o r  t h i s  behavior  are based on e x c e s s  p l a s t i c i t y  r1I9 reduced 
c r a c k  c l o s u r e  r 2 - 4 ] $  m i c r o s t r u c t u r a l  [ S I ,  o r  chemical  environment e f f e c t s  
r b ] .  S h o r t  c r a c k s  were c y c l e d  a t  less t h a n  50% of  t h e  y i e l d  s t r e n g t h  n e a r  
t h r e s h o l d  i n  a i r .  Large scale p l a s t i c i t y  e f f e c t s  o r  e x t r a o r d i n a r y  enui ron-  
mental  i n t e r a c t i o n s  are: n o t  expected.  The exper imenta l  ev idence  p r e s e n t e d  
s u g g e s t s  that .  the development of i n c r e a s i n g  c r a c k  c l o s u r e  s t re s ses  a t  
c o n s t a n t  AK i s  a major f a c t o r  f o r  s h o r t  c r a c k  behavior  In spehslrnsns i n  
which t h e  c r a c k  f r o n t  s imul taneous ly  i n t e r s e c t s  s e v e r a l  g r a i n s  e 

a c o n s t a n t  h a r d n e s s  and y i e l d  s t r e n g t h  of 36 Rc  and 930 MPa was i n v e s t i -  
g a t e d .  The a u s t e n i t i z i n g  tempera ture  was v a r i e d  t o  g i v e  m a r t e n s i t e  sub- 
u n i t  c e l l  s izes  of I O ,  129, and 600 p. S i n g l e  edge and c o r n e r  c racked  
specimens w i t h  gauge dimenstons 10 mm x 3 mm x 20 mm were t e s t e d  i n  ~ l i -  

axial. t e n s i o n  under load  s o n t r o l  a t  a s i n u s o i d a l  f requency  o f  5 Hz and a n  
R r a t i o  of 0.05, 
elec t r o - d i s c h a r g e  machining. 
u s i n g  a d.c. p o t e n t i a l  d r o p  t e c h n i q u e  which provided c o n s t a n t  a p p l i e d  AK 
c o n t r o l  through computer i n t e r f a c i n g  and feedback. Crack c l o s u r e  l o a d s  
were measured u s i n g  a n  LVMl spanning t h e  not-ch. 

The v a r i a t i o n  of  c r a c k  l e n g t h  w i t h  cyc,'bes i s  shown i n  Pig.  1 f o r  a 
s h o r t  s i n g l e  edge c r a c k  propagat-ing through a 120 uii~ g r a i n  size specimen 
c y c l e d  a t  c o n s t a n t  AK = 7.7 MPdm. The d e c l i n i n g  growth ra te  w i t h  i n -  
c r e a s i n g  c r a c k  l e n g t h  is a p p a r e n t .  Approximately c o n s t a n t  growth ra te  is 
achieved  a f t e r  one average g r a i n  d iameter  of growth.  About 25 g r a i n s  
co i - l s t i tu te  t h e  c r a c k  f r o n t .  For  t h i s  same specimen, t h e  decrease i n  
growth ra te  and t h e  cor responding  change i n  r e l a t i v e  c r a c k  opening l o a d ,  
POp/Pmax, o r  e q u i v a l e n t l y  K o p / L a x  s i n c e  AK i s  constant. ,  are shown i n  
F i g .  2. The d e c l i n e  i n  growth r a t e  from 3 x 1T6 t o  1-1 X l ( p c 6  mm/cycle 
as c r a c k  l e n g t h  i n c r e a s e s  from 130 t o  250 pm (10 t o  130 un p l u s  120 W 
notch  d e p t h )  i s  accompanied by an i n c r e a s e  i n  c l o s u r e  stress L n t e n s i t y  
r a t i o  f ron  Kop/Kma, 0.22 t o  0.35. Between 275 and 400 fim t h e  growth  
ra te  i s  c o n s t a n t ,  as expec-tc%d f o r  long c r a c k s  a t  c o n s t a n t  hK. The c r a c k  
c l o s u r e  l e v e l  i s  a l s o  e s s e n t i a l l y  c o n s t a n t .  When t h e s e  data are ana lyzed  
i n  terms of A K e ~ f ( h a , -  Kop) c o r r e l a t i o n  e x i s t s  w i t h  c o n s t a n t  load  l o n g  
c r a c k  d a t a .  'fhe 600 ( ~ m  g r a i n  s i z e  specimens show comparable behavior  t o  
t hc  above. The 10 g r a i n  s i z e  specimens show l i n e a r  behavior  f rom i n i t i -  
a t i o n  t o  a = 1 irm. T h e  g r a i n  s i z e  dependence f o r  long  and s h o r t  c r a c k  
growth ra tes  may be understood based on sur€'ace roughness  c o n t r i b u t i o n s  
t o  c l o s u r e  [3] .  A t  1 mm of growth a t  AK = 7. ? MPa/m t h e  g r o w t l ~  rates, 
Pop/P,anr r a t i o ,  and t h e  peak t o  peak f r a c t u r e  s u r f a c e  roughness as measured 
w i t h  a p r o f i l o m e t e r  f o r  t h e  t h r e e  g r a i n  s i z e s  are g i v e n  i n  Table  1. 

A537 s t ee l  (0.23C, 1.28Mn, 0.23Si) quenched and tempered a t  4 0 P C  t o  

Notches nominal ly  100 p i n  depth  were prepared  u s i n g  
Crack d e p t h s  were c o n t i n u o u s l y  monitored 
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T a b l e  I. 

Gra in  S i z e  Growth Rate Pop/pmax F r a c t u r e  Roughness 

G r a i n  s i z e  and c l o s u r e  d a t a  € o r  1 mm s h o r t  crack growth a t  
7.7 MPa/m. 

(um) (mmlcycle) (bm) 

600 1.5 x 1r6 0.32 >IO0 

LO 2.4 x lcT6 0.26 2.5 
120 1.1 x lo-" 0.35 28 

The 10 pm g r a i n  s i z e d  specimens showed t h e  h i g h e s t  o v e r a l l  growth rates 
due t o  lower PoP/Pmax l e v e l s  r e s u l t i n g  from lower f r a c t u r e  s u r f a c e  rough- 
ness .  The 600 pm specimens showed s l i g h t l y  h i g h e r  1 mm growth rates t h a n  
t h e  120 l ~ f n  specimens p o s s i b l y  due t o  t h e  l a r g e r  roughness  wavelength.  
Note t h e  P,p/I?max v a l u e s  i n  T a b l e  I gave r i s e  t o  e s s e n t i a l l y  t h e  same 
da/dN v a l u e s  as measured f o r  t h e  s m a l l  c r a c k  i n  F i g .  2. 
s u r e  development p r o v i d e s  a r e a s o n a b l e  r a t i o n a l e  f o r  t h e  s h o r t  c r a c k  
e f f e c t  i n  physical1.y small (100-500 p> f a t i g u e  c r a c k s  ex tending  over  
s e v e r a l  g r a i n s .  

Thus c r a c k  c l o -  

PIG. 1. D e c e l e r a t i n g  growth a t  c o n s t a n t  PIG, 2. Growth ra te  and c l o s u r e  
AR for 120 p g r a i n  s i z e .  v a r i a t i o n  of P i g ,  I t es t .  
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H I G H  TEMPERATURE FATIGUE BEHAVIOR OF F E K R l T I C  STAINLESS STEELS 

S .  KIM+; AND J .  R.  WEERTMAN;? 
*Department of M a t e r i a l s  S c i e n c e  & Enginee r ing ,  Northwestern U n i v e r s i t y ,  
Evanston,  I l l i n o i s  60201 

INTRODUCTION 

The r e l a t i o n s h i p  between h i g h  t empera tu re  f a t i g u e  behav io r  arrd micro- 
s t r u c t u r a l  changes bas  been i n v e s t i g a t e d  f o r  s e v e r a l  f e r r i t i c  s t a i n l e s s  
s t e e l s .  These s t e e l s  a re  used i n  power g e n e r a t i o n  and t h e r e f o r e  they  m u s t  
e x h i b i t  m i c r o s t r u c t u r a l  s t a b i l i t y  o v e r  long p e r i o d s  of h i g h  t empera tu re  
s e r v i c e .  Much of t h e  p r e s e n t  work h a s  been c a r r i e d  o u t  on vhe a l l o y  
Fe9CrlMo modi f i ed  by t h e  a d d i t i o n  of s m a l l  amounts of t h e  s t r o n g  c a r b i d e  
f o r m e r s ,  V and Nb. T h i s  a l l o y  w a s  developed as p a r t  of t h e  Advanced Al loy  
Program of Oak Ridge N a t i o n a l  Labora to ry .  Modif ied F'e9CrlMo i s  used i n  
t h e  ful . ly  m a r t e n s i t i c  s t a t e ,  produced bX n o r m a l i z i n g  a t  10.38 C 1 hour 
( a i r  c o o l )  t hen  tempering 1 hour  a t  760 ( a i r  c o o l ) .  The r e s u l t a n t  iciicro- 
s t r u c t u r e  c o n s i s t s  of a h i g h l y  d i s l o c a t e d  l a t h  s t r u c t u r e .  Ca rb ides  are 
prese.nt  as  f i n e  MC (V Nb C )  and l a r g e r  M C p a r t i c l e s .  

EXPERIMENTAL DETAILS AND RESULTS 

0 

x 1-x 2 3  6 

Specimens were t e s t e d  i n  t o t a l  s t r a i n  c o n t r o l ,  i n  vacuum and i n  a i . r ,  
a t  s e v e r a l  t e m p e r a t u r e s .  Fo r  all s t e e l s  t e s t e d ,  and f o r  a l l  t h e  t e s t  
c o n d i t i o n s  u s e d ,  c o n t i n u a l  s o f t e n i n g  was observed th roughou t  t h e  speciiuen 
l i f e .  A s  can b e  seen  from F ig .  1, t h e  s o f t e n i n g  produced by a g i n g  
mod i f i ed  Fe9CrlMo 5000 h o u r s  a t  593OC i s  c o n s i d e r a b l y  less  t h a n  t h e  
s o f t e n i n g  which t a k e s  p l a c e  d u r i n g  some 1.5-20 hour s  of f a t i g u i n g  a t  t h e  
same t empera tu re  ( -  70 MPa i n  t h e  s t r e s s  ampl i tude  as compared t o  - 150 
MPa).  The aged mat-erial undergoes abou t  t h e  same s o f t e n i n g  d u r i n g  
f a t i g u i n g  a s  does  t h e  m a t e r i a l  which h a s  been o n l y  normali-zed and tempered. 
Loss of s t r e n g t h  w i t h  c y c l i n g  was observed a t  a l l  t e m p e r a t u r e s  t e s t e d  
(Fig.  2 ) .  
t h roughou t  t h e  t empera tu re  range 482 - 704 C .  The t empera tu re  independence 
of N f  ( f o r  a f i x e d  t o t a l  s t r a i n  r ange )  app1.i.es o n l y  to t e s t s  run  i n  vacuum. 
F a t i g u i n g  i n  a i r  g r e a t l y  s h o r t e n s  N , which now i s  a s t r o n g  f u n c t i o n  of 
t empera tu re .  'The r a t i o  of f a t i g u e  f i f e  i n  vacuum t o  t h a t  i n  a i r  depends on 
t h e  s t r a i n  r a n g e ,  becoming v e r y  l a r g e  a t  sma1.3. s t r a i n  ranges ,  i . e " ,  long 
f a t i g u e  1i.ves.  HVEM s t u d i e s  i n d i c a t e  t h a t  f a t i g u e  a t  h i g h  temperatwres  
(1) d r a s t i c a l l y  r educes  t h e  d i s l o c a t i o n  dc3nsit.y; (2) changes t h e  sub- 
s t r u c t u r e  from a 1al.h morphology t o  l a r g e  equiaxed s u b g r a i n s ;  (3) changes 
t h e  c a r b i d e  p o p u l a t i o n .  The t echn ique  o f  sinal.]. a n g l e  n e u t r o n  s c a t t e r i n g  
h a s  been used t o  s t u d y  t h e  change i n  c a r b i d e  p o p u l a t i o n s  produced b y  a g i n g  
and by h i g h  t empera tu re  de fo rma t ion .  While q u a n t i t a t i v e  i n t e r p r e t a t i o n  
of t h e  r e s u l t s  i s  compl i ca t ed  by t h e  p r e s e n c e  of s e v e r a l  t y p e s  of c a r b i d e s  
i t  a p p e a r s  t h a t  t h e  t o t a l  number of c a r b i d e s  d e c r e a s e s  as a g i n g  proceeds.  
Such a d r o p  wou1.d c o n t r i b u t e  t o  t h e  observed s o f t e n i n g ,  

Note t h a t  t h e  number of c y c l e s  t o  f a i l u r e ,  N f ,  i s  ve ry  similar 
0 
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Fig. 1. 
Fe9CrlMo fatigued in vacuum, k = 4x10 s , T = 593 C, total strain range = 
1.2%. Curves shown for material given on18 normalizing and tempering 
treatment and for s tee l  aged 5000 h a t  593 C after normalization and 
temperinq. 

Stress amplitude as a functio -3 2f number o f  cycles for modified 
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2ooi 
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536 
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F i g .  2. Total stress range as a funct'on of number of cycles for modified 
F'e9CrlMo fatigued in vacuum, & = 4x10- s , t o t a l  strain range = 1.2%. 
Steel aged 5000 h at various temperatures, then tested at aging temperature. 
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LCF BEHAVIOR OF ALLOY 800B AI' 8 O o C  
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INTRODUCTION 

I n  connection with a European research  p r o j e c t  t h e  low cyc le  f a t i g u e  
behavior of P.lloy 800H w a s  i n v e s t i g a t e d  with t 3 e  a i m  of improving t h e  
i n s i g h t  i n t o  the  damage mechanisms c o n t r o l l i n g  f a t i g u e  l i f e .  During a i r  
tests a t  8OO0C t h e  t o t a l  s t r a i n  rate E t  and t h e  p l a s t i c  s t r a i n  amplitude 
A E ~ / ~  were kep t  cons tan t ,  The s t r a i n  rate 6, w a s  va r i ed  between 2*10-5 
and 2.10-2s-I and the  s t r a i n  range from 0,035 t o  1%. In order  t o  
check t h e  inf luence  of the  shape of t h e  h y s t e r e s i s  loop asyrniiietrical 
tests (so-ca l led  s low-fast  tests)  with lower s t r a i n  rates i n  t h e  tens.i.3.e 
than  i n  t h e  compressive p a r t  of the cycle  were undertaken. The l i f e  t i m e  
w a s  i n  a l l  cases  def ined  as the p o i n t  where khe stress amplitude has  de- 
creased t o  80% o f  t h e  maximum amplitude.  To s tudy the  inf luence  of cycle  
shape and s t ra in  ra te  on t h e  l i f e  t i m e  a l a r g e  number of tes ts  were per- 
formed a t  A &  =0.3%. 'The broken specimens were i n v e s t i g a t e d  using SEM 
and TEM. P 

EXPERIMENTAL RESULTS 

From a l l  test:s the r e l a t i o n s h i p  between the s t r a i n  range AcPl s t r a i n  
ra te  C,,, stress amplitude o ,  cyc le  number to f a i l u r e ,  N f l  and l i f e  t i m e  
tf w e r e  i nves t iga t ed .  'The t e s t s  at: A E  ~ 0 . 3 %  showed a r e l a t i v e l y  s m a l l  
dependence of Nf on the deformation ra te  and cyc le  shape, For 13 t e s t s  
Nf va r i ed  only between 650 and 4 000. The 1 0 ~ ~ e r  s t r a i n  rates usua l ly  
r e s u l t e d  i n  a lower value o f  Nf. For the  s low-fas t  tes ts  Nf was con t ro l l ed  
by t h e  t e n s i l e  s t r a i n  ra te  and w a s  found t o  be s l i g h t l y  smal le r  i n  com- 
pari-son t o  the  corresponding symncl:.rical tes t  (up t o  a f a c t o r  2 )  * 

P 

The major in f luence  of t i m e  dependent processes  i s  c l e a r l y  shown by 
the  s t rong  s t r a i n  ra te  dependence o f  t he  stress response.  For A E  - 0 - 3 8  
t h e  peak s t r e s s e s  vary from 90 t o  170 m a  depending on the s t r a i n  ra te .  
Thus, if  Nf i s  only d iscussed  i.n terms of t h e  c o n t r o l l e d  s t r a i n  ampli- 
tude (Coffin-Manson curve) I the time dependence of the  f a i l u r e  i s  s t rong-  
l y  masked by t h i s  behavior  of t h e  peak stress. A t o t a l l y  di:i.Eerent p i c -  
t u r e  i s  obta ined  i f  NE is  p l o t t e d  as a fiiriction of 'the stress amplitude 
0 .  I n  t h a t  case the  data s c a t t e r  widely but? come cl-oser t o  each o the r  
if t h e  l..i.fe time tf i s  used as a v a r i a b l e .  Only the  da t a  wi t -h  h igh  
s t r a i n  rates Et=2-10-2s-1 a r e  an except ion wi th  smaller ~f va lues  com- 
pared t o  t h e  o the r s .  This  i s  not  s u r p r i s i n g  s i n c e  the  ra%.e dependence 
of 0 decreases  considerably for s - t r a i n  ra tes  above 2-10-3s-1. The re- 
maining log o-log tf data fit q u i t e  well with  l i f e  t i m e  d a t a  from creep 
tes ts  on the  same a l l o y .  

53 



Another p o s s i b i l i t y  t o  r ep resen t  l i f e  t i m e  da t a  i s  t o  c o r r e l a t e  
?he area of the  h y s t e r e s i s  losp w i t h  t h e  cycle  number t o  f a i l u r e .  I f  t he  
product Aep*a i s  p l o t t e d  versus  Nf t he  da t a  follow a s i n g l e  curve €or 
each appl ied  t e n s i l e  s t r a i n  rate. The da ta  with q+-10-3 and 2m10-2s-1 
f a l l  on the same l i n e  demonstrating t h a t  t he re  i s  only a minor t i m e  
dependence i n  t h i s  ve loc i ty  range. The da ta  for  tt=2.10-4s-1 follow a 
parallel l i n e  with Nf being smal le r  by a f a c t o r  of 3. A s i m i l a r  s h i f t  
is shown by the  da t a  f o r  Et=2*10-5s-1. This  f a c t o r  may decrease f o r  
smaller  p l a s t i c  s t r a i n  amplitudes ( A s  5 0 .1%) .  

P 

METALLOGRAPHIC INVESTIGATIONS 

Metallcgraphic inves t iga t ions  show t h a t  i n  a l l  cases  t h e  damage 
can onJ.y be observed as cracks nucleat ing on the  sur face  and propagating 
i n t o  the  i n t e r i o r  of the  specimen. For higher  s t r a i n  amplitudes a high 
dens i ty  of cracks develGp with orie crack leading t o  f i n a l  f a i l u r e .  With 
decreasing s t r a i n  amplitude t h i s  dens i ty  decreases and f i n a l l y  only one 
crack can he observed, which ind ica t e s  the increas ing  d i f f i c u l t y  of 
crack i n i t i a t i o n .  The cracks a r e  o f t en  i n i t i a t e d  at gra in  boundaries 
b u t  pene t r a t e  i n t o  the  i n t e r i o r  i n  a mixed mode. Heavy oxidat ion of the  
crack sur face  ind ica t e s  a s t rong  s t r e s s  enhanced oxidat ion mechanism. 
The preference f o r  i ntercrys ta l . l ine  crack propagation changes gradual ly  
and increases  w i t h  decreasing s t r a i n  r a t e .  A s i m i l a r  f a i l u r e  mechanism 
is also observed i n  creep tests, Because of the  l o w  s t r a i n  rates the  
creep f a i l u r e  can be observed as an i n t e r c r y s t a l l i n e  crack penet ra t ing  
i n t o  the  i n t e r i o r  f r o m  a l l  s i d e s  u n t i l  f i n a l  overload rupture  a€ t he  
c e n t r a l  p a r t  occurs 

CONCLUSIONS 

I n  l i g h t  of these  r e s u l t s  the  Life  time f o r  creep an3 LCF experi-  
ments i s  con t ro l l ed  by crack nucleat ion and propagation. Probably most 
of t he  l i f e  t i m e  i s  spent  i n  crack propagation. The propagation rate i s  
cvntroJLed by the  appl ied  s t r e s s  i n  the  case of creep experiments. For 
LCF tlie crack propagation per cycle  depends on both the  appl ied  stress 
and the  s t r a i n  amplitude. Because crack propagation is a l s o  a t i m e  
dependent process  the  cycle  time also h a s  an inf luence .  Thus, as a 
f i r s t  approximation it i s  suggested that  c y c l i c  l i f e  t i m e  i s  b e s t  
descr ibed using t w o  va r i ab le s ,  the  a rea  of the  h y s t e r e s i s  loop and the  
s i x a i n  rate i n  tension.  The f i r s t  va r i ab le  can be approximated by t h e  
product AE 0 ,  This desc r ip t ion  may f a i l  a t  lower s t r a i n  amplitudes 
A E  S 0,1% %ecause an increas ing  aniount of t he  l i f e  t i m e  is  spent  by 
crack i n i t i a t i o n  which may depend only on the loop b u t  no longer on 
the cycle  time. 
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THE GROWTH OF PERSISTENT SLIP BANDS DURING FATIGUE 

W. J. BAXTER 
Physics Department, General Motors Research Laboratories, 
Warren, MI 48090-9055 

One of the earliest manifestations of fatigue deformation is the 
development on the surface of so-called persistent slip bands (psb). 
These slip bands have long been known to play an important r o l e  in, and 
even becomes sites for, the initiation of fatigue cracks. Two distinc- 
tive features of psb are 1 )  the extrusion of thin lamella of material, 
and 2) the generation of dislocation structures known as ladders and 
cells, particularly in the near surface regions. These two features 
appear to be manifestations of the same process and are fundamental to 
the understanding of metal fatigue [ l ] .  

Rut despite the importance of psb, relatively little attention has 
been given to the kinetics of their development. One reason for this is 
that conventional techniques of surface examination are post-mortem in 
nature, so do not provide sequential information at intervals during a 
fatigue experiment. This paper describes the application of photoelec- 
tron microscopy to measure the early stages of the emergence of persis- 
tent slip bands in 6061-T6 aluminum. The specimens are coated with a 
14 nm anodic oxide film, During fatigue cycling in the microscope this 
film is ruptured by ernerging slip bands, which appear in the image as 
sources of strong electron emission known as exoelectrons [ 2 ] .  These 
observations have revealed that: 

1 .  The persistent slip bands in 6061-T6 aluminum appear on the surface 
as a linear array of individual extrusions with a periodicity of 
-1-2 urn. 

2. Initially a single extrusion is formed. Then the length of the slip 
band increases incrementally by the addition of further extrusions, 
while the initial ones continue to become more pronounced. 

3. During the early stages of growth, the length of an individual s l i p  
band increases as the square root of the number of fatigue cycles 
(Fig. 1 ) .  

A model is proposed based upon a psb consisting of a periodic dislo- 
cation cell structure, the elongation of the psb being controlled by the 
cyclic strain ( E  ) within the cells. A comparison of the model with the 
experimental observations shows that under the condition of constant 
cyclic displacement: 

C 

1 .  E decreases as the psb elongates, and 

2. the values of E are very large, encompassing a range of 10 to 100 

C 

times greater tfian the applied macroscopic strain. 
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CHEMISTRY OF F R A C T U R E  I N  GLASS 

S H E L D O N  M. WTEDERHORN 
National Bureau of Standards 
Gaithersburg, MD 20899 

ABSTRACT 

Subcritical crack growth in glass is usually attributed to a stress 
enhanced chemical reaction between water or other corroding species in 
thc environment and the stressed bonds at the tips of cracks in the 
glass. As with most chemical reactions, the reaction rate depends on 
the chemical activity of the corroding species ifl the environment, the 
forces applied to the crack and the transport of the corroding species 
from the external environment to the crack iip. However, because of the 
particular gcometry of the reaction site, special considerations are 
required to quantify the rate at crack tips compared to that obtained 
from normal reaction rate theory. In this paper, %e discuss these 
considerations with regard to subcritical crack growth in several 
glasses, for which abundant crack growth d3ta is available. 

Because of the geornctry of the crack, the reaction site is remote 
from the ambient environment that causes crack growth. Assuming the 
applicability of linear elastic fracture mechanics theory, the crack 
opening displacement is only 10 nm at a distance of 1 pm from the crack 
tip, and 0.5 nm at a distance of 0.5 nm (the approximate distance 
between bonds in silica glass) from t h e  crack tip. Because of this 
restriction in the geometry, chemically active species traveling towards 
the crack tip will rract with the surfaces of the crack. This reaction 
modifies the chemical environment so thai the environment at the crack 
tip will differ substantially from the ambient environment. ‘Thus, 
transport and chemical reaction with the crack walls are both important 
in establishing the Composition O B  the environment at the crack tip in 
glass. 

A second effect of the restricted nature of the crack geometry is 
the occurrence of stearic hinderance of the chemical reaction at the 
crack tip. Although water is the main reacting species for g h s s e s ,  
others such as ammonia, hydrazine and methyl alcohol can also cause 
crack growth. The species that are active may be identified by their 
chemical structure. Strong nucleophi1.i~ and electrophilic reaction 
sites on adjacent atoms of the reactant and a trnnsferable hydrogen ion 
are needed to couple with the strained silicon-oxygen bonds of the glass 
at the crack tip. Although there are many such com;)ounds, few cause 
crack growth because of stearic constraints. The active portion of the 
corroding species must be small enough to penetrate to the reaction site 
to promote bond breakage. Thus water and ammoflia are strong crack 
glaoWth agents, methanol and other normal a lcohols  are weaker crack 
growth agents, and aniline does not cause crack growth at all because it 
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is  too large t o  penetrate t o  the crack t i p .  Strong adsorption of 
species  from solut ion may a l s o  poison the react ion s i t e .  Th i s  is 
believed t o  happen wi th  l i t h i u m  hydroxide I n  h i g h l y  concentrated 
e lec t ro ly tes .  Adsorption of l i t h i u m  complexes a t  the react ion s i t e  
e s s e n t i a l l y  blocks t h e  crack t i p  and prevents water from penetrating t o  
t h e  react ion s i t e ,  t h u s  slowing the react ion ra te .  The importance of 
s t e a r i c  hinderance t o  crack growth is current ly  an act ive area of 
research. 

The t h i r d  e f f e c t  of crack geometry on t h e  reactiori r a t e  i s  the 
leverage the crack appl ies  to any forces  t h a t  a r i s e  f r m  physical or 
chemical processes t h a t  occur during crack growth. WormaLly s n l y  t h e  
external  loads a r e  considered as d r i v i n g  the crack, howeverp other 
forces are a l so  important i n  es tabl ishing crack growth betiawior T h e  
close proximity of the surfaces  r e s u l t  i n  long range surface forces tha t  
e i t h e r  wedge the surfaces apart  or  draw them together depending on the 
magnitude and sign of these forces.  Ion exchange near the crack t i p  may 
s e t  up a volume of' s t ressed material  around the  crack t i p  t h a t  a l so  
influences crack growth, and f i n a l l y ,  i f  charges a r e  created OP 

destroyed during the bond byeaking reac t ion ,  e l e c t r o s t r i c t i o n  becomes a n  
important fac tor  i n  control l ing crack growth. The e f f e c t  o f  these 
forces vis-a-vis crack motion a r e  discussed w i t h  s p e c i f i c  examples g iven  
for each of these processes. I n  order t o  estimate the  e f f e c t  sf Forees 
on crack growth, it is necessary t o  express these f o ~ c e s  i n  terms of 
c l a s s i c a l  react ion r a t e  theory, f o r  which the parnneter relevant t o  
s t r e s s  is t h e  ac t iva t ion  volume for  the chemical reaecion. I t  is shown 
t h a t  the ac t iva t ion  volume Tor crack growth can be obtained d i r e c t l y  
from t h e  slope of the crack growth curve. 
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TRPNSFORMRTION AND DISPERSION TOUGHENING 

J. C. M. L I  

Department of Mechanical Engineering, Univers i ty  of Rochester,  
Rochester ,  NY 14627 U.S.A 

INTRODUCTION 

Transformation toughening i s  the increase of toughness due t o  a 
phase change induced by the  crack t i p  s t r e s s  f i e l d .  I t  is d i f f e r e n t  
from d i spe r s ion  toughening i n  which a crack propagates i n  a mat r ix  
d i s t r i b u t e d  with e x i s t i n g  j-nclusions.  I n  the  l a t t e r  case, no new 
i n c l u s i o n s  are formed and the  e x i s t i n g  inc lus ions  do not disappear  
when the crack passes by. To understand t ransformation toughening by 
examining the  e f f e c t  of an inc lus ion  on the  stress i n t e n s i t y  f a c t o r  i s  
obviously incomplete. A p a r t  o f  the  stress i n t e n s i t y  f a c t o r  must be 
used f o r  the  t ransformation.  Both toughcnhq mechanisms are discussed 
he re .  

TRANS FORMATION 'TC)UG KEN1 NG 

A s  an example consider  t h a t  t he  new phase has a d i l a t a t i o n a l  
expansion of the old phase. Under the mode I crack t i p  stress f i e l d ,  a 
volume of the material wi th in  which "&e h y d r o s t a t i c  stress exceeds a 
c e r t a i n  c r i t i c a l  value w i l l  t ransform i n t o  the new phase. However as 
shown by McMceking and Evans [ I ]  and by Budiansky, e t  a l .  [ 2 ]  t h e  crack 
t i p  stress i n t e n s i t y  f a c t o r  is n o t  a f f e c t e d  by t h i s  t ransformation.  
Y e t ,  l i k e  p l a s t i c  f l o w ,  t h e  t ransformation m u s t  r e l ax  the  crack t i p  
stresses. A l s o  l i k e  p l a s t i c  flow, the  su r face  energy i n  the G i f f i t h  
r e l a t i o n  should include a term f o r  the work of t ransformation.  'Po see 
t h e  r e l a t i o n  between t h i s  e f f e c t  and the stress i n t e n s i t y  f a c t o r ,  Li and 
Sanday [31 used a d i s l o c a t i o n  model and found t h a t  t he  crack must en te r  
t h e  transformati-on zone before  it can cause continuous transformati.on o r  
maintain s teady  s ta te  propagation. As a r e s u l t  t he  t ransformation zone 
does not  co inc ide  with the zone of c r i t i c a l  h y d r o s t a t i c  stress. Then 
t h e  stress i n t e n s i t y  f a c t o r  i s  given by 

where Ka i s  the appl ied  stress i n t e n s i t y  f a c t o r ,  p i s  shear  modulus, 
v i s  Poisson r a t i o  and A w / A l  is  the work of t ransformation per u n i t  
l eng th  of crack extension.  
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DISPERSION TOUGHENING 

The f o r e g o i n g  work of t r a n s f o r m a t i o n  is n o t  r e q u i r e d  i n  d i s p e r s i o n  
toughening  i n  which t h e  c r a c k  propagates  through t h e  stress f i e l d  of 
d i s p e r s e d  i n c l u s i o n s .  Consider  f o r  example a s q u a r e  l a t t i ce  of 
c y l i n d r i c a l  i n c l u s i o n s  of d i l a t i o n a l  m i s f i t  eT ( p o s i t i v e  i F  the i n c l u -  
s i o n  i s  b i g g e r  t h a n  t h e  h o l e  it o c c u p i e s )  and la t t i ce  spac ing  A. Along 
a midplane, t h e  t e n s i l e  stress [el is 

where a i s  t h e  r a d i u s  of the c y l i n d e r  and E i s  Young's modulus. 
Eq. (2) can  be appoximated by a s i n u s o i d a l  f u n c t i o n  ( w i t h  image stress): 

where uo = 0.357l E e*Vf/3(1-2V) ( 4 )  

w i t h  Vf (=rra2/X2) be ing  t h e  volume f r a c t i o n  of i n c l u s i o n s .  

I n  this midplane le t  a f i n i t e  c r a c k  of l e n g t h  2 1  appear a t  t h e  
o r i g i n ,  t h e  e f f e c t  on t h e  c r a c k  t i p  stress i n t e n s i t y  f a c t o r  is  found to  
be 

241 1 - 1  B K  = K-Ka = 0.318 v0fi cos ( x - 4 

I t  is seen that  t h e  maximum OK i s  independent  o f  c r a c k  l e n q t h .  I t  
increases w i t h  t h e  volume f r a c t i o n  of i n c l u s i o n s  and also the s q u a r e  
r o o t  of i n c l u s i o n  spac ing .  S i n c e  t h e  e f f e c t  i s  more impor tan t  f o r  s m a l l  
c r a c k s  than l a r g e  c r a c k s ,  d i s p e r s i o n  toughening i s  more e f f e c t i v e  f o r  
c r a c k  n u c l e a t i o n  than c r a c k  growth. 
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M. Rime 

wissensshnftca, Seestrasse 82, 9000 Stuttgart 1, lest-Germany. 
l ax- -Planck-Ins%i tu t  f u r  Metallforschung, I n s t i t u t  fiir WerkstoZf- 

The t e t r a g o n a l  (I) t o  mssonoclinic (E) m a r t e n s i t i c  tzansformation o f  
conf ined  z i m o n i a  p a r t i c l e s  (diameter ('2gm8 embadded i n  a ceramic matrix 
can be u t i l i z e d  f o ~  toughening ceramics  (Evans and Ueuer f l f ,  Claussan  
e t  a I .  f 2 / ) .  The c o n c e n t r a t i o n  of &-ZrB p a r t i c l e s  o s  p ~ e ~ i p i t a t e s  is 
u s u a l l y  <20vol.%. The M te?zperatare of b u l k  21-0 is -P2OOK,  whereas I 2 s i s  s u b s t a n t i a l l y  l o s s  ?ox c o n f i n e d  p a r t i c l e s .  POP exampken M is below 
room t e m p ~ r a t u r e  f o r  f a c e t t e d  +-Zr'Oa p a r t i s l e a  embcdded i n  an A 1  Q 

2 3  m a t r i x ,  i f  t h e  d i a r e t e r  i s  LQ.6p  (Bcaesl a t  a l .  / 3 / ) .  Tho t r a n s f o r m a t i o n  
p a r t i c l e s  Cali be induced by the s t r e s s e s  in front o f  a crraek 

t i p  ( "s t ress - induced  t r a n s f o r m a t i o n ' ) ,  and. t h e  volume and shape change 
connected w i t h  t h e  transformation alters t h e  stress d i s t x i b u t i o n  a t  
t h e  c r a c k  t i p ;  t h i s  h i n d e r s  t h e  crack from f u r t h e r  p r o p a g a t i o n  
(hlakteeking and Evans / 4 / ,  Bodiaashcy e t  a l .  f 5 / ) .  In t h i s  papern we 
scpsrt  t he  t r a n s f o r m a t i o n  o f  confined L-ZrO particles during crack 
propagat ion  induced by i n  s i t u  s t r a i n i n g  axsperi~; i i~nts .  S p e c i a l  a t t e n t i o n  
will be put  on microcrack formation. It i s  expected t h a t  ~ i c s o c r a c k s  
form when a c e r t a i n  s t i e s s  l e v e l  i s  reached i n  the  environment of 

i n c l u s i o n s .  The format ion  of r a d i a l  m i c r o ~ ~ a c k s  
should a l s o  l e a d  t o  an increase i n  toughness  (Evans f 6 f ,  Evans and 
Cannon 1 7 f .  Hutchinson f 8 1 )  . 

2 

s 

2 

2 
transformed g.-z.g 

Specimens of A12Q3-ZrCI d i s p e r s i o n  ceramics  (z i rconia-- tuughened 
a lumina  o r  ZTA) w r e  s t u d i e d ?  The specimens contaiaaed 15 v o l .  
amount of A-ZEBB depends on t h e  p r o c e s s i n g  c o n d i t i o n s  B 

bctween 23% and 86% &-ZriD2. The s i x e s  and s i z e  d i s t r i b u t i o n  of the 
AlaO g r a i a s  a s  well a s  o f  the: - Z r O  p a r t i c l e s  were determined by 
s t a n d a r d  techniques  of q u a n t i t a t i v e  s t e r e o f o g y .  me mean d i n m t e r  o f  the 
AI 0 m a t r i x  g r a i n s  was d at=0.25ym and of t h e  $--%I v a r i e d  between 
0.31~" and 0.45pm, f o r  t h e  specimen c o n t a i n i n g  2 e Z r O  and 86% 
t--ZrO r e s p e c t i v e l y .  The diameter sf t h e  i n t e x c r y s t a l l i n e  ZrQ2 
- 2' 
i n c l u s i o n s  ranged from 0.06 t o  2,p.m. A 1 1  ZrO inclusions which were  
l a r g e r  t h a n  -0.6pm were monocl inic  a t  xosm t empera ture .  The ~ - Z S O  were 
twinned. No t m g e n t i a l  microcracks could be observed i f  'dooamilrrs o f  
cllosare' 191 were forwed a t  the end of tlke twins .  

2 

3 
2 

2 
2 

Specimens s u i t a b l e  f o r  s t r a i n i n g  experiments  and w i t h  a 
c r o s s - s e c t i o n  of  3 x 5 m  w e r e  mechanica l ly  p o l i s h e d  c a r e f u l l y  t o  a 
thickness of 50-SOpm. The specimens were i o n - t h i n n e d  us ing  B s p e c i a l  
technique s o  t h a t  2 s l i g h t l y  e longated  h o l e s  were forme&. The specimea 
was t r a n s p a r e n t  f o r  1 MeV e l e c t r o n s  n e a r l y  i n  t h e  e n t i r e  r e g i o n  of  t h e  
r i d g e  between the two h a l e s .  The: specimens were glued i n t o  deformat ion  

2 



h o l d e r s  which were i n s e r t e d  i n  t h e  deformat ion  s t a g e  and s n b s e q a e n t l y  
deformed i n  double  t i l t i n g  s t r a i n i n g  s t a g e .  "be r e l a t i v e  v e l o c i t y  o the 

h o l d e r s  a g a i n s t  one o t h e r  was v a r i a b l e  - between Ix 0 and 
Lg, which r e s u l t s  i n  a s t r a i n i n g  r a t e  of -4~10 s t o  . S q c _ i y n s  were u s u a l l y  s t r a i n e d  w i t h  a c o n s t a n t  s t r a i n i n g  

r a t e  o f  3x10 s . The s t r e s s e s  a p p l i e d  t o  t h e  specimen covsld n o t  b e  
measured. TEM specimens wexe a l s o  p r e p a r e d  o u t  of t h e  bulk from a r e a s  
c l o s e  t o  c r a c k  s u r f a c e s .  The d e p t h  of t h e  specimen from t h e  c r a c k  
s u r f a c e  could  be a d j u s t e d  by a s p e c i a l  t h i n n i n g  procedure .  

~ ~ ~ E ~ V A ~ ~ O ~ S  

-6 
-3 -1 

Micrographs of t h e  u n s t r a i n e d  specimens were t a k e n  of t h e  e n t i r e  
t r a n s p a r e n t  p a r t  of  t h e  r i d g e .  No G-ZrO p a r t i c l e s  o r  p r e c i p i t a t e s  could  
be observed i n  e i t h e r  type  of specimen. Tbe beginning  of e l a s t i c  
deformat ion  of t h e  specimens could  be observed by t h e  movement of bend 
c o n t o u r s  i n  d i f f e r e n t  g r a i n s .  A c r a c k  s t a r t e d  t o  propagate  from t h e  
r e g i o n s  of h i g h e s t  stress c o n c e n t r a t i o n s  a t  t h e  t h i n n e s t  a r e a  of one 
h o l e .  The f-ZxO p a r t i c l e s  i n  t h e  specimen c o n t a i n i n g  84% t-Zr02 
t ransformed i n  3ront of t h e  crack t i p ,  t h e  d i s t a n c e  of t h e  t ransforming  
p a r t i c l e s  from the crack t i p  depending on t h e  s i z e  of t h e  p a r t i c l e ,  the 
d e p t h  of t h e  p a k t j e l e  i n s i d e  the f o i l  and on t h e  f o i l  t h i c k n e s s .  The 
t ransformed g-ZnO p a r t i c l e s  could e a s i l y  b e  i d e n t i f i e d  by t h e  formation 
of mechanical  twins i n s i d e  the p a r t i c l e s .  Only few L-ZrO p a r t i c l e s  
t ransformed i n  front af a propagat ing  c r a c k  i n  a t h i n  f o i l ?  Also o n l y  
few microcracks  formed a f t e r  c r a c k  p r o p a g a t i o n  could be observed. 

2 

2 

T h e r e f o r e ,  TEM f o i l s  were p r e p a r e d  out of abvPk specimen. The 
d i s t a n c e  of t b e  specimen from t h e  c racked  s u r f a c e  was e i t h e r  0 . 5 ,  3 or 
Spm. A h i g h  d e n s i t y  of microcracks  could be observed.  'Fbe d e n s i t y  of 
microcracks  could  be determined quantiksrtivePy. 

The in situ. s t r a i n i n g  experiments  show t h a t  Q-ZrO p a r t i c l e s  o r  
p r e c i p i t a t e s  indeed t r a n s f o r m  in f r o n t  of a c r a c k  ip and a l low 
d e t e r m i n a t i o n  of t h e  wid th  of t h e  t r a n s f o r m a t i o n  zone. Ho e v e r ,  caution 
i s  mandated i n  apply ing  t h e  r e s u l t s  o b t a i n e d  in a t h i n  f o i l  to bulk 
ceramics .  A t  b e s t ,  a t h i n  f o i l  can be d e s c r i b e d  by ii p l a n e  s t r e s s  
s i t u a t i o n ,  whereas t h e  t r a n s f o r m a t i o n  zone i a  t h e  bulk can best be 
r e p r e s e n t e d  by p l a n e  s t r a i n .  Microcracks aronnd p r e e x i s t i n g  g-ZrO 
p a r t i c l e s  f o m e d  o n l y  i f  t h e  E-ZrQ p a r t i c l e s  wexe comple te ly  c o n f i n e  2 
i n  t h e  surrounding A 1  0 The n u c l e a t i o n  of r a d i a l  microcracks  r e q u i r e s  
a r a t h e r  h i g h  s t r e s s  l e v e l  a t  t h e  s i t e  of t h e  n u c l e a t i o n .  ' f i e  c r i t i c a l  
stress l e v e l  can b e  c a l c u l a t e d  from t h e  exper iments .  
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O N  THE APPARENT TOUGHENING AT HIGH TEMPEKATURES EXHIB- 
ITED BY CERAMICS CONTAINING AN INTERGRANULAR GLASS PHASE. 

D. it. CLARKE 
Thomas J.  Watson Research Center, IBM, Yorktown Heights, NY 18598 

IN'IKODUCTION. 

An intriguing characteristic feature of the strength of ceramics containing an inter- 
granular glass phase, and one not shared by their counterparts without the phase, is 
that at elevated temperatures ihcrc is a temperature regime in which the strength 
appears to increasc with increasing temperature until a tempcratme is reached when 
wholescale failure occurs. This behavior has been noted in a number of experiments 
in the last twenty years, but without supporting microstructural evidence of what the 
mechanisms of fracture might be. Recent observations by the author indicate that 
deformation in this regime is accompanied by extensive cavitation, particularly 
around cracks. Using the concept of a cavitational process zonc, a description in 
terms of materials parameters will be developed for the apparent toughening. 

HACK(;KOUN D. 

At low ternperatures the strength of ceramics is controlled by brittle fracture con- 
siderations and is independent o f  thc loading rate. As the temperature of testing is 
increased the 3trength is relatively unaffected until the above mentioned regime. 
Whilst the niacroscopic stress-strain curve remains essentially linear examination of 
the fracture surfaces reve:ils evidence for localizcd non-brittle behavior. The flexural 
strcngth in this regimc is strain-rate dependent and also exhibits a peak in strength 
as a funclion of temperature. Morc recently i t  has been found that extensive 
cavitation in the intergranular glass phase occurs (fig. I ) ?  and that the cavitation has 
a propensity to form in a zone around the crack itself (fig. 2). In  fact, in this strain- 
rate tcmpcrature regime the behavior exhibits inany of the features characteristic of 
polymer I'racture in cascs where crazing is importanl. 

PRESENTATION. 

After a description of the observed high temperature fracture behavior, an cxplana- 
tion for the apparent toughening, in tcrms of the formation of a constrained, 
cavitational process zone at the propagating crack with accompanying viscous flow 
o f  intergranular material, will be presented. 
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Figure I .  Part of the zone of cavities surrounding the high temperature 
fracture of a debased alumina. 
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Figure 2. (Left). Size of the 
cavitated zone (normalized 
to the alumina grain size) as 
a function of deformation 
temperature for the same 
debased alumina. 
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THE ROLE OF STERIC HINDRANCE IN 
STRESS CORROSION FRACTURE OF VITREOUS SILICA* 

T. A. MICHALSKE, B. C. BUNKER, 
W. L. SMITH, and D. M. HAALAND 
Sandia National Laboratories, 
Albuquerque, New Mexico 

A dissociative chemisorption mechanism has been postulated" ' to 
describe the bond rupture reactions occurring at strained crack tip 

bonds during stress corrosion cracking of vitreous silica. The 

incorporation of this chemical bond rupture model into a kink nucleation 

and growth model for fracture enables one to correlate experimentally 

measured fracture rates with the rate of dissociative chemisorption on 

strained siloxane bonds. To check the validity of this atomistic model 

for slow crack growth, a comparison has been made between the kinetics 

of dissociative chemisorption reactions on strained edge-shared silicate 

tetrahedra and the kinetics of stress corrosion of silica in the 

presence of chemicals such as water, methanol, and formamide. The 

strained edge-shared defects were produced by dehydroxylating high 

surface area silica powder (Cab-0-Si1 S-17). The kinetics of reactions 

between the strained defects and chemicals such as methanol were 

monitored using Fourier transform infrared spectroscopy (FTIR). 

The IR spectra indicate that all chemical species which cause 

stress corrosion in vitreous silica also participate in dissociative 

chemisorption reactions on strained surface defects. In addition, the 

rate of dissociative chemisorption on edge-shared surface defects scales 

*This work performed at Sandia National Laboratories supported by the U. 
S. Department of Energy under contract number DE-AC04-76DP00789. 
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with the rate of crack propagation in vitreous silica exposed to 

chemical environments having similar molecular size (e.g., H20, NH3). 

However, crack growth rates in the presence of larger molecular species 

(e.g., CH OH, CH NH ) are much slower than predicted by the measured 

surface reaction rate. This result suggests that steric effects due to 

the atomistically sharp nature of the crack tip contribute strongly to 

the overall reaction rate by affecting the rate at which molecular 

species may adsorb at the strain activated crack tip bonds. Since 

vitreous silica is comprised of cages of linked Si0 tetrahedra, we 

correlated crack tip steric hindrance effects with measured steric 

effects obtained for adsorption within zeolite cage structures. We 

found that zeolite adsorption data can be used to quantitatively predict 

the crack tip steric hindrance effects measured for environmental 

molecules ranging in size from water (0.15 nm) to tert-butylamine (0.43 

nm). 

3 3 2  
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MICROMECHANICAL MODELING OF M L C R O S T R U C T U m  DAMAGE I N  CIiEEPING ALLOYS 

A.S. Argon 
Massachusetts I n s t i t u t e  of Technology, Cambridge, Ma 02139 

. ? ?  STRACT 

Frac ture  under se rv i ce  condi t ions a t  hiqh temperatures i n  s t ruc -  
t u r e s  undergoing creep deformation is  in t e rg ranu la r .  Cavi t ies  on gra in  
boundaries a r e  produced on i n t e r f a c e s  of hard p a r t i c l e s  d u r i n g t r a n s i e n t  
s l i d i n g  of g ra in  boundaries,  The growth of g ra in  boundary c a v i t i e s  b y a  
combination of continuum creep and d i f f u s i o n a l  f l o w  is of tencons t ra ined  
by the creep deformation of t h e  surrounding g ra in  matrix.  The con- 
s t r a i n e d  growth and l i nk ing  of g ra in  boundary c a v i t i e s  produces iso- 
l a t e d  cracked g ra in  boundary f a c e t s  which continue t o  grow by continuum 
creep and i n  the  process acce le ra t e  o v e r a l l  c reep  flow. Cracked g r a i n  
boundary f a c e t s  are the  p r i n c i p a l  form of creep damage, and t h e i r  den- 
s i t y  pe r  u n i t  volume can be taken as the parameter cha rac t e r i z ingc reep  
damage. This damage parameter can be incorporated i n t o  th ree  dimension- 
al. c o n s t i t u t i v e  r e l a t i o n s  of creep deformation, and these  r e l a t i o n s  can 
be, used i n  l a rge  s t r a i n  f i n i t e  element programs t o  so lve  complex en- 
g ineer ing  problems of creeping s t r u c t u r e s ,  

A l l  the micros t ruc tura l  mechanics t h a t  e n t e r  i n t o  the above de- 
s c r i p t i o n  have been v e r i f i e d  i n  a s e l e c t i o n  of key experiments on 
c a v i t a t i o n  and crack growth. 
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NUCLEATION OF INTERGRANULAR CREEP C A V I T I E S t  

M. H. Yoo* and H. Trinkaus"" 

TN 37831; Kernforschungsanl  age {JUl i c h ,  I n s t i  t u t  fllr 
Fes tka rpe r fo rschung  , 0-5170 JUl i ch, FKG 

M2ta ls  and*$eramics D i v i s i o n ,  Oak Ridge Na t iona l  Laboratory,  Oak Ridge, 
* 

INTKODUCTION 

Creep experiments on meta ls  and a1 l o y s  a t  temperatures between 0.4 
and 0.7 o f  t h e  absolute m e l t i n g  p o i n t  have shown t h a t  c a v i t y  format ion 
occurs under s u r p r i s i n g l y  low a p p l i e d  s t resses,  even down t o  10 MPa [1]$ 
i n  s t r i k i n g  c o n t r a s t  t o  s imple t h e o r e t i c a l  p r e d i c t i o n s  [ Z ] .  Such a s t r o n g  
tendency f o r  c a v i t y  fo rma t ion  under creep c o n d i t i o n s  has been a t t r i b u t e d  t o  
( a )  t h e  e f f e c t s  o f  g r a i n  boundar ies and i n t e r f a c e s  [27, enhanced by m ic ro -  
s c a l e  inhomogeneit ies and s o l u t e  segregat ion [3,4]; and ( b )  t h e  e f f e c t  o f  
m i c r o s c a l e  s t r e s s  concen t ra t i ons  [4,5,6] on c a v i t y  format ion.  

I n  t h i s  paper, i n t e r g r a n u l a r  c a v i t y  n u c l e a t i o n  under creep- induced 
m i c r o s c a l e  s t r e s s  concen t ra t i ons  i s  discussed w i t h i n  t h e  framework o f  a 
r e c e n t l y  devel oped formal t heo ry  o f  n u c l e a t i o n  under time-dependent super-  
s a t u r a t i o n  [7]. The s p a t i a l  and temporal e v o l u t i o n  o f  t he  s t r e s s  concen- 
t r a t i o n  r e s u l t i n g  from g r a i n  boundary s l i d i n g  o r  s l i p - g r a i n  boundary 
i n t e r a c t i o n  [83 i s  modelled by us ing  a l i n e a r  e l a s t o - d i f f u s i o n  approach 
C9,lOl. 

RESULTS 

The quasi - s teady -s ta te  a n a l y s i s  shows t h a t  s i  g n i  f i can t  c a v i t y  
n u c l e a t i o n  i s  p o s s i b l e  on l y  under t h e  c o n d i t i o n  t h a t  t h e  c h a r a c t e r i s t i c  
t i m e  for t h e  s t r e s s  e v o l u t i o n  i s  l a r g e  compared w i t h  the  i n c u b a t i o n  t i m e  
f o r  nuc lea t i on .  This  c o n d i t i o n  i s  s a t i s f i e d  when t h e  s p a t i a l  range o f  t he  
s t r e s s  c o n c e n t r a t i o n  i s  l a r g e  compared w i t h  t h e  s i z e  o f  t h e  c r i t i c a l  
c a v i t y  embryo. I n  t h i s  case, it a lso  ensures t h a t ,  once nucleated, s t a b l e  
c l u s t e r s  Mil 1 remain s t a b l y  growing permanently. 

The t - 1 / 6  t y p e  o f  r e l a x a t i o n  c h a r a c t e r i s t i c s  i s  expected f o r  a sud- 
den ly  a c t i v a t e d  s l i p - i n t e r f a c e  i n t e r a c t i o n .  A p p l i c a t i o n  o f  t he  quasi - 
s t e a d y - s t a t e  c o n d i t i o n  t o  t h i s  case g ives a H a l l  -Petch t ype  r e l a t i o n s h i p  
f o r  t h e  s t ress ,  oC, above which c a v i t a t i o n  can occur 

where R i s  t he  e f f e c t i v e  s l i p  l eng th ,  y i s  t he  s p e c i f i c  su r face  f r e e  
energy, F, i s  t he  geometr ica l  f a c t o r  ac2ount iny f o r  i n t e r f a c i a l  e f f e c t s  
[23, p i s  t h e  shear rnadulus, and kP has the  usual meaning. 

Departrnent o f  Energy under Contract  No. DE-AC05-840K21400 w i t h  M a r t i n  
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+Research sponsored by the D i  v i  s i  on of  i l later i  a1 s Sciences, U.S. 

By acceptance of this article, the 
publisher or reciptenr acknowledges 
the U S Government's right to 
retain a nonexclusive, r o y a l t y  free 
license in and to any copyright 
covering the article 

4 



115 

I n t e g r a t i o n  of t h e  quasi - s teady -s ta te  n u c l e a t i o n  r a t e  over t ime  
g i v e s  t h e  t o t a l  c a v i t y  number d e n s i t y  nuc leated d u r i n g  a s i n g l e  s t r e s s  
pulse.  I f  the  k i n e t i c s  o f  s t r e s s  and c a v i t y  e v o l u t i o n s  are c o n t r o l l e d  by 
t h e  same d i f f u s i o n  process, t hey  s i l i lp ly sca le  w i t h  each other .  I n  t h i s  
case, the c a v i t y  d e n s i t y  y i e l d  per s t r e s s  pu lse  i s  independent of t h e  
corresponding d i  f f u s i  v i ty .  The average c a v i t y  n u c l e a t i o n  r a t e  associated 
w i t h  a s t o c h a s t i c  sequence o f  s t r e s s  pulses w i l l ,  however, depend on t h e  
d i f f u s i v i t y  c o n t r o l l i n g  t h e  frequency o f  the s t r e s s  pulses,  which i s  
expected t o  i nc rease  w i t h  s t r a i n  ra te .  

S ince c a v i t y  n u c l e a t i o n  can occur on l y  under s t r e s s  l e v e l s  f a r  above 
t y p i c a l  a p p l i e d  s t r e s s  values, it i s  c o n t r o l l e d  by t h e  extreme t a i l  o f  t he  
p r o b a b i l i t y  d i s t r i b u t i o n  o f  t h e  i n t e r n a l  s t resses.  I n t e g r a t i o n  o f  t h e  
quasi  - s teady -s ta te  n u c l e a t i o n  over a p p r o p r i a t e  p r o b a b i l i t y  d i s t r i b u t i o n s  
shows t h a t  t h e  average n u c l e a t i o n  r a t e  depends much l e s s  s t r o n g l y  upon t h e  
average o f  a m i c r o s c o p i c a l l y  f l u c t u a t i n g  (macroscop ica l l y  c o n s t a n t )  s t r e s s  
t h a n  on a m i c r o s c o p i c a l l y  constant  s t ress.  This  r e s u l t  prov ides a 
p o s s i b l e  expl  a n a t i  on of t h e  so - fa r  unexpected m i  1 d s t r e s s  dependence o f  
i n t e r y r a n u l a r  c a v i t a t i o n  observed i n  some creep experiments. I f  t h e  pro- 
b a b i l i t y  o f  h i g h  s t r e s s  concen t rd t i ons  i s  p r o p o r t i o n a l  t o  the s t r a i n  ra te ,  
t h e  o v e r a l l  c a v i t y  n u c l e a t i o n  r a t e  w i l l  appear t o  be s t r a i n - c o n t r o l l e d  
a l though  t h e  i n d i v i d u a l  n u c l e a t i o n  event i s  a c t u a l l y  s t r e s s - c o n t r o l l e d .  

s UMMAK Y 

Time-dependent n u c l e a t i o n  o f  i n t e r g r a n u l a r  creep c a v i t i e s  i s  d iscussed 
on t h e  bas i s  o f  a quas i - s teady -s ta te  c l a s s i c a l  n u c l e a t i o n  model. The c r i -  
t i c a l  s t r e s s  fo r  c a v i t y  n u c l e a t i o n  i s  evaluated. A n  exp lana t ion  i s  g iven 
f o r  exper imenta l  l y  observed m d e s t  s t r e s s  dependence and apparent s t r a i n  
dependence o f  cav i  t y  format ion.  
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INTERGRANULAR CAVITATION AT H I G H  TEMPERATURES 

HERMANN RIEDEL 
Max-Planck-Institut fur Eisenforschung, Max,-Planck-Str. 1 ,  
4000 Dusseldorf, FRG 

When loaded for prolonged times at elevated temperatures, metallic 
materials often fail by cavity formation on grain boundaries. Despite 
the expenditure of considerable effort, the nucleation behavior of cav- 
ities can not yet be understood quantitatively on the basis of classi- 
cal nucleation theory combined with local stress concentrations [l]. 
However, metallographic studies have lead to a useful empirical descri- 
ption of nucleation kinetics [2] .  In many cases, the cavity nucleation 
rate, J*, is found to be proportional to the strain rate: 

J” = a E .  

The cavity growth rate, R, on the other hand, seems to be expl icable  by 
diffusive and constrained growth models [3].  This is suggested by a 
comparison of rupture lifetimes calculated fo r  a constant number of 
cavities with measured lifetimes of pre-cavitated material (where the 
nucleation stage is by-passed by an appropriate pre-treatment). 

Usually, however, nucleation occurs continously during creep which 
renders the calculation of the lifetime more complicated. The problem 
can be formulated in terms of the continuity equation 

for the cavity size distribution function N(R,t), where R is cavity 
radius and the dot denotes the time derivative. This partial different- 
ial equation is solved for special nucleation and growth kinetics. 
Failure occurs once the area coverage of grain boundaries with 
cavities, which follows from the distribution function, reaches a 
critical value. If diffusive cavity growth is modeled as fully creep 
constrained (on isolated cavitating grain facets), while nucleation is 
described by eq. ( 1 1 ,  the rupture lifetime is obtained as 

tf = 0.52 (d2a)*1’3/i, ( 3 )  

where d is grain size. The solid line in Fig. 1 represents this result 
in comparison with measured lifetimes c41 of a CrMo steel. Note that 
the theoretical curve contains no adjustable parameters. The degree of 
agreement shown in Fig. 1 is typical for several other materials 
examined. 

The results are also applied to fatigue failure when cavitation is 
the predominant failure mode. The fatigue lifetimes of copper, nickel 
and an austenitic steel can then be understood, at least partly, by 
assuming that cavity growth occurs by unconstrained diffusion and that 
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Fig,. 1 .  Rupture l i fe t imes.  

Fig. 2. Creep crack growth r a t e s  
i n  lCr-lL2Mo s t e e l  as a function 
of the C - integral .  
Solid l i n e :  theore t ica l  curve. 

the nucleation r a t e  obeys eq. ( 1  ).  

Creep crack growth i n  s t e e l s  generally occurs by grain boundary 
cavi ta t ion  ahead of the main crack. By combining the s t r e s s  f i e l d s  of a 
crack w i t h  the laws for cavity nucleation and growth, creep crack 
growth r a t e s  can be predicted which a r e  i n  good agreement w i t h  observed 
r a t e s  C51 a s  demonstrated by  Fig.  2. 
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CREEP FRACTURE OF POLYCRYSTALLINE CERAMICS 

R .  A. PAGE AND J .  LANKFORD 
Southwest Research I n s t i t u t e ,  Department o f  M a t e r i a l s  
Sciences, 6220 Culebra Road, San Antonio,  TX 78284 

A d e t a i l e d  c h a r a c t e r i z a t i o n  of c a v i t y  e v o l u t i o n  d u r i n g  compressive 
creep has been accomplished u s i n g  smal l -angle neutron s c a t t e r i n g  [ l - 3 3 .  
Samples o f  Coors AD-99 alumina (1300"C, 26 MPa, and 1150"C, 220 MPa), 
which conta ined a r e l a t i v e l y  t h i c k  cont inuous g r a i n  boundary phase, 
Lucalox alumina (16OO0C, 140 MPa), which conta ined no cont inuous g r a i n  
boundary phase, and Nor ton NC-203 s i l i c o n  c a r b i d e  (1600"C, 600 MPa), 
which conta ined a r e l a t i v e l y  t h i n  cont inuous g r a i n  boundary phase, have 
been charac ter ized .  The neutron s c a t t e r i n g  measurements, which p r o v i d e  
a means of C h a r a c t e r i z i n g  ba th  t h e  n u c l e a t i o n  r a t e s  and t h e  growth r a t e s  
o f  g r a i n  boundary c a v i t i e s  d u r i n g  t h e  e a r l y  stages o f  creep, have shown 
u n e q u i v o c a l l y  t h a t  c a v i t y  n u c l e a t i o n  does occur and have a l s o  i d e n t i f i e d  
some v e r y  s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  c a v i t y  n u c l e a t i o n  and growth 
phenoinena o f  these t h r e e  ceramic systems * 

I n  bo th  aluminas c a v i t y  n u c l e a t i o n  occurred throughout  creep. 
n u c l e a t i o n  r a t e  i n  Lucalox alumina was independent o f  t ime, w h i l e  t h e  
n u c l e a t i o n  r a t e s  i n  AD-99 alumina were p r o p o r t i o n a l  t o  t-0.69 and t-O-81 
a t  1300°C and 1150"C, r e s p e c t i v e l y .  I n  c o n t r a s t  t o  the  aluminas, c a v i t y  
n u c l e a t i o n  i n  t h e  s i l i c o n  carb ide  was l i m i t e d  t o  t h e  very  e a r l y  stages 
o f  creep. In a l l  t h r e e  m a t e r i a l s  t h e  c a v i t i e s  were c l o s e l y  spaced, w i t h  
m u l t i p l e  c a v i t i e s  present  

The 

each c a v i t a t e d  two g r a i n  f a c e t .  

Steady-state c a v i t y  growth was n o t  observed i n  any o f  the  systems 
stud ied.  Rather, t r a n s i e n t  growth w i t h  t h e  i n d i v i d u a l  c a v i t y  growth 
r a t e  p r o p o r t i o n a l  t o  t-Q.77 and t "o*38 was observed i n  AD-99 alumina a t  
1150°C and NC-203 s i l i c o n  c a r b i d e  a t  1600"C, r e s p e c t i v e l y .  I n  AD-99 a t  
1300°C and Lucalox a t  1600°C a zero o r  near zero growth r a t e  was 
observed. 

For t h e  systems i n  which s i g n i f i c a n t  c a v i t y  growth occurred, t h e  
neutron s c a t t e r i n g  r e s u l t s ,  i n  accord w i t h  v iscous h o l e  growth models 
[4] i n d i c a t e  t h a t  n u c l e a t i o n  s t r o n g l y  i n f l u e n c e s  subsequent c a v i t y  
growth morphology. C a v i t y  growth i n  a c r a c k - l i k e  manner occurs o n l y  
when the  c a v i t i e s  are nuc leated f a i r l y  l a r g e  d is tances  apar t .  
c l o s e l y  spaced c a v i t i e s ,  such as observed i n  each o f  t h e  m a t e r i a l s  o f  
t h i s  study, a r e l a t i v e l y  equiaxed growth occurs. The fo r tna t ion  of  
c r a c k - l i k e  f u l l  f a c e t  c a v i t i e s  must then occur through coalescence of 
m u l t i p l e  equiaxed c a v i t i e s  r a t h e r  than through t h e  growth o f  i n d i v i d u a l  
c a v i  t i e s  . 

For  more 

I n  terms o f  creep damage mocleling, t h e  i m p l i c a t i o n s  o f  the neutron 
s c a t t e r i n g  r e s u l t s  are t h r e e f o l d .  F i r s t ,  c a v i t y  n u c l e a t i o n  i s  a 
c r i t i c a l  process; i t  dominates t h e  e a r l y  stage o f  creep i n  some systems 
(Lucalox and AD-99 a t  1300°C) and i t  s t r o n g l y  i n f l u e n c e s  subsequent 
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c a v i t y  morphology. Second, t he  re levance o f  c a v i t y  growtit var ies ;  i t  i s  
o f  major importance i n  growth dominated s y s t e m ,  such as NC-203, i t  i s  
o f  equal  importance i t h  n u c l e a t i o n  i n  " c l a s s i c a l "  s y s t e m ,  such as AD- 
99 a t  1150"C, i n  which n u c l e a t i o n  and growth occur s imul taneously ,  and 
i t  i s  o f  only minor  importance i n  n u c l e a t i o n  dominated systems, such as 
Lucalox and AD-99 a t  1300°C. Th i rd ,  c a v i t y  coalescence i s  o f  c r i t i c a l  
importance s i n c e  i t  i s  t h i s  pracess, n o t  i n d i v i d u a l  c a v i t y  growth, which 
i s  r e s p o n s i b l e  for  t h e  f o r m a t i o n  o f  f u l l  f a c e t  c a v i t i e s .  
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THE EFEECTS OF IFIPURITIES ON THE HOT TENSILE DUCTILITY OF IKON 

E.P. GEORGE and D.P. POPE, Department of Materials Sc ience  and Engineer- 
ing,  U n i v e r s i t y  o f  Pennsylvania ,  3231 Walnut S t r e e t ,  P h i l a d e l p h i a ,  PA 
19104 

INTRODUCTION 

G r a i n  boundary p a r t i c l e s  are  very impor tan t  i n  t h e  n u c l e a t i o n  of 
c r e e p  c a v i t i e s .  Restricting o u r s e l v e s  t o  f e r r o u s  a l l o y s  we f i n d  t h a t  
c a r b i d e s ,  o x i d e s  and s d p h i d e s  have been s s g e s t e d  as c a v i t  n u c l e a t i o n  

e l e v a t e d  tempera ture  (500-800°C) t e n s i l e  tests t o  e v a l u a t e  t h e  r e l a t i v e  
importance of t h e s e  p a r t i c l e s  i n  i r o n  and t o  i n v e s t i g a t e  t h e  e f f e c t s  of 
phosphorus and cer ium on h o t  d u c t i l i t y .  

s i tes i n  t h e  pas t .  This  s t u d y  u s e s  slow s t r a i n  r a t e  (4x10 -I; /sec),  

RESULTS 

1) C a r b i d e s  : High p u r i t y  J a p a n e s e  e l e c t r o l y t i c  i r o n ,  s u p p l i e d  by Showa 
Denko K.K., (SD i r o n ) ,  c o n t a i n i n g  o n l y  about  1 ppm S,  w a s  used t o  m e l t  
a l l o y s  c o n t a i n i n g  carbon l e v e l s  between 670 and 780 p p .  This ensured 
t h a t  t h e  g r a i n  boundar ies  of t h e s e  a l l o y s  c o n t a i n e d  c a r b i d e s  ( b u t  no 
s u l p h i d e s )  d u r i n g  t h e  t e n s i l e  tes t  a t  7 O O 0 C ,  s i n c e  t h e  s o l u b i l i t y  limits 
o f  s u l p h u r  and carbon are - 35 and 200 ppm r e s p e c t i v e l y  a t  70OOC. 
Furthermore,  because  of t h e  low l e v e l  of su lphur  i n  t h e  SD i r o n ,  s i g n i -  
f i c a n t  amounts of s e g r e g a t e d  s u l p h u r  are a l s o  a b s e n t  from t h e  g r a i n  
boundaries  of t h e s e  a l l o y s .  Under t h e s e  c o n d i t i o n s ,  a l l  t h e  a l l o y s  f a i l  
i n  a comple te ly  t r a n s c r y s t a l l i n e  manner, wi th  d u c t i l i t i e s  approaching 
100% Reduct ion i n  Area (RA) .  No g r a i n  boundary c a v i t a t i o n  was d e t e c t e d  
i n  any of t h e s e  a l l o y s .  

2 )  Oxides : G r a i n  boundary o x i d e s  are eva lua ted  i n  a similar manner. SD 
i r o n  w a s  used t o  m e l t  a l l o y s  c o n t a i n i n g  g r e a t e r  t h a n  4 7 0  pprn oxygen 
(c.f. s o l u b i l i t y  l i m i t  of - 2 ppm oxygen i n  i r o n  a t  8 O O O C ) .  Again, i t  
i s  seen  t h a t  t h e  a l l o y s  f a i l  t r a n s g r a n u l a r l y ,  w i t h  no ev idence  of g r a i n  
boundary c a v i t a t i o n .  I n  s l i g h t l y  more impure fornis of i r o n ,  c o n t a i n i n g  
20-30 pprn s u l p h u r ,  cer ium can be used t o  g e t t e r  t h e  su lphur .  When th i s  
i s  done, i t  i s  once a g a i n  s e e n  t h a t  o x i d e s  d o  not  n u c l e a t e  c a v i t i e s .  
However, when cer ium i s  n o t  used t o  g e t t e r  t h e  s u l p h u r  i n  a l l o y s  c o n t a i n -  
i n g  20-30 ppm s u l p h u r ,  o x i d e s  are s e e n  t o  n u c l e a t e  c a v i t i e s  i n  s o m e  
i n s t a n c e s .  D u c t i l i t y  depends on t h e  C:S o r  P:S r a t i o  of t h e  a l l o y s ;  
i n c r e a s i n g  e i t h e r  i n c r e a s e s  d u c t i l i t y  and d e c r e a s e s  t h e  amount of g r a i n  
boundary f r a c t u r e .  

3 )  S u l p h i d e s  : When i r o n s  c o n t a i n i n g  g r e a t e r  t h a n  t h e  s o l u b i l i t y  l i m i t  
of s u l p h u r  (- 35 ppm a t  7 0 O o C )  are t e n s i l e  t e s t e d ,  i t  i s  seen  t h a t  cavi-  
t i e s  n u c l e a t e  p r o f u s e l y  o n  g r a i n  boundary s u l p h i d e s ,  r e s u l t i n g  i.n ccm- 
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p l e t e l y  i n t e r g r a n u l a r  f r a c t u r e .  
coarsening  t h e  g r a i n  boundary su lphides .  

D u c t i l i t y  may be improved by d i s so lv ing /  

co NC L us I O N S  

There appears to be a d e f i n i t e  he i ra rchy  of g r a i n  boundary p a r t i c l e s  
with r e s p e c t  t o  t h e  ease wi th  which they nuc lea t e  c a v i t i e s  i n  i ron .  
Sulphides  are the  worst  o f fenders  : when p resen t  i n  s u f f i c i e n t  numbers 
on t h e  g r a i n  boundaries  of i r o n ,  c a v i t i e s  nuc lea te  very  e a s i l y  on them. 
Oxides cme next: by themselves they a re  q u i t e  harmless,  bu t  i n  the  
presence of segrega ted  su lphur  they  become e f f e c t i v e  nucleants .  Carbides ,  
a t  l eas t  f o r  the  experimental  condi t ions  used i n  t h i s  study, a r e  comple- 
t e l y  i n e f f e c t i v e  as c a v i t y  nuc lea t ion  s i tes  i n  i ron .  
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INTERGRANULAR FRACTURE DUE IO IMPURITY SEGREGATION IN IRON 

H. KIMUXA 
Research Ins t i tu te  f a r  Iron, Steel and Other Metals, 
Tohoku University, Sendai, Japan 

INTRODUCTION 

High purity iron ( the  residual r e s i s t i v i ty  ra t io  more than 3080) is 
not susceptible t o  the intergranular fracture (IGF) even a t  4.2K under  slow 
tensi le  tes t [ l ) .  Less pure iron ( the r e s i s t i v i ty  r a t io  less than 2000) 
shows IGF a t  77K by t ens i le  t es t [2 ] .  
impurities a t  grain boundaries or by the g r a i n  boundary precipitates o f  
impurities. 
of selected salutes on IGF o f  iron and t o  discuss the inechanism of the 
effects .  

IGF i s  caused by the segregation o f  

The present research has heera planned to  c la r i fy  the e f fec ts  

EXPERIMENTAL 

In order to  reveal the e f fec t  of each solute on IGF and the effect  of 

Only limited kinds 
interaction between two k.inds of solutes,  h i g h  purity iron alloys w i t h  
controlled addition o f  desired elements should be used. 
o f  elements can be added to  the above mentioned h i g h  purity iron ( the 
res i s t iv i%y ra t io  more than 3000) without contarnination. A suff ic ient  
amount of alloys fo r  toughness t e s t  i s  d i f f i cu l t  t o  prepare from the h i g h  
purity iron. Therefore, a h i g h  purity e lec t ro ly t ic  i ron was used as the 
base metal and h i g h  purity mother allays were used. Alloys were melted 
under vacuum i n  a special crucible. These alloys are not as pure as the 
high purity iron, b u t  considered t o  be pure enough to  discuss the e f fec t  o f  
an element ( I )  on IGF and the e f fec t  o f  the other element ( X )  on the ZGF 
caused by I .  Concentrations o f  other impurities are much less  than those 
of I and M y  and the effect  of other impurities on IGF i s  considered t o  be 
constant. Here, phosphorus was chosen as I ,  and carbon, nickel and 
molybdenum as X.  Charpy impact t e s t ,  AES and XPS, Mossbauer spectroscopy 
and tensi le  or hardness t e s t  a t  low temperatures were performed. 

RESULTS AND DISCUSSION 

Phosphorus i s  known t o  cause IGF i n  i ron .  I t  has been propased that  
a phosphorus atom forms a covalent-like band w l t h  surrounding iron atoms 
and reduces the electron density around the iron atoms. Thus ,  the bond 
between iron atoms neighboring the  phosphorus atom i s  weaken and so the 
cohesion o f  the grain boundary e riched w i t h  phosphorus[3]. XPS of the 
segregated phosphorus shows t h a t  i t s  electronic s t a t e  i s  similar t o  Fe3P, 
a covalent compound[4]. 
phosphorus atoms reduces the density of s-electrons a t  iron atoms 
neighboring the phosphsrus[5]. 

Mbssbauer spectroscopy shows t h a t  dissolved 

Carbon prevents 'IGF caused by phosphorus and by other elements. 
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Carbon and phcasphsrkis compete w i t h  each other f o r  the  s i t e s  a t  g r a i n  
boundarjes (the s i t e  cempeti t ion) ; the degree 

i t h  increasing the ca an seglregatio 
e t  o f  carbon prwenti  IGF. An ~ X ~ ~ ~ i ~ ~ ~ ~  

shows t h a t  the  segregation s f  crl on i t s e l f  increases the g ra in  ~ ~ ~ ~ ~ ~ r y  
i t h o u t  changing the de sghorus segregation[7]. In this 
, the aging ~ ~ ~ ~ ? ~ ~ ~ ~ u r  

segregation was changed but tha t  o f  phosphorus remained constant. The 
duet i le -br i t t l e  t ransi t ion temperature decreased with increasing the carbon 
segregation. The ef fec t  s f  carbon preventing IGF has been found regardless 
the k i n d  o f  the element causing IGFC8-J. 

on o f  carbon increases the g r a i n  b ~ ~ ~ ~ a ~ y  co esion -in iron, The 

n so that  the degree o f  carbon 

These resul ts  shc~ws t h a t  the 

o f  this e f f e c t  o f  carbon is  no t  k n ~ ~ ~  as y 

N-Ickel i s  considered t o  promote the temper e brittlement i n  low a l loy  
s tee ls .  However, nickel does not promote IGF -in e-P-Ni a1 loys quenched 
from the a-phase reg on. 
affected, a d  t h e  ad i t ion  o f  nickel reduces the tendency o f  IGF.[9] 
Nickel i s  known t o  c use the solution sof ten ing  ef fec t ,  Rich may be a 
iiiiechianisrn o f  preventing IGF. Interaction between nickel an 
not very appreciable, hence i t  is  unlikely that  nickel redu 

increase the grain boundary cohesion by i t s e l f .  This p o i n t  should  be 
~ x ~ ~ ~ ~ R ~ ~  f u r t h e r .  

The degree o f  ~ ~ ~ ~ ~ h o ~ ~ ~ ~  segregation i s  not 

t a ?  e f f e c t  s f  phosphorus a t  grain boundaries. Nickel would 

also prevents IGF fnduced 

a t t rac t ive  interaction w i t h  ~ ~ ~ s p ~ ~ r ~ ~ ~ ~ ~ .  
tha t  molybdenum increases the density o f  s-electrons a t  iron atoms 
surrounding i t ,  and that  the decrease i n  the electron density by  os^^^^^^^ 
i s  recovered by the addition o f  ~ ~ ~ y ~ d ~ ~ u ~ ~ ~ ~ .  
molybdenum reduces the detrimenta? e f fec t  o f  phosphorus a t  gra in  ~~~~~~~~s 
through this interaction. 

~~~~~~~~~~ segregationE93. 
bauer spectraseopy shows 

I t  i s  l ikely that  

Again, t h i s  point needs f u r t h e r  investigatians. 
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INTERFACIAL FORCES AND THE FUNDAMENTAL NATURE OF BRITTLE CRACKS 

BRIAN R. LAWN AND D A V I D  H. ROACH 
Nat ional  Bureau of Standards 
I n s t i t u t e  f o r  Materials Sc ience  and Engineer ing 
Inor  gani  c Mat eri a1 s D i v i  si on 
Gai thersburg ,  MD 20899 

I n  a d d i t i o n  t o  the covalen t  and i o n i c  cohesive f o r c e s  t h a t  hold 
b r i t t l e  materials t o g e t h e r ,  t h e r e  are w e a k z  (bu t  longer-ranged)  
adhes ive  f o r c e s  which come i n t o  p lay  when new surfaces are created, 
p a r t i c u l a r l y  i n  t h e  presence of i n t e r a c t i v e  environments: d i spe r s ion  
(van der Waals), e lectr ic  double  l a y e r ,  s o l v a t i o n  and cation-site forces 
are examples. These weaker f o r c e s  g ive  rise t o  so-called *d i s jo in ing*  
p res su res ,  which are of such great importance i n  c o l l o i d a l  chemistry.  
I t  is shown i n  t h i s  p r e s e n t a t i o n  t h a t  f o r c e s  of t h i s  type  are important 
a l s o  i n  f r a c t u r e  and s t r e n g t h  p r o p e r t i e s  of ceramics. They bear on t h e  
r e v e r s i b l e  n a t u r e  of c rack  growth (i ,e. crack h e a l i n g ) ,  and hence on the  
e x i s t e n c e  of a r l f a t i g u e  l i m i t , "  i .e. an app l i ed  stress l e v e l  below which 
propagat ion ceases, T h i s  I n t e r r e l a t i o n  between s u r f a c e  c l o s u r e  f orce8 
and crack p r o p e r t i e s  is l e a d i n g  t o  a fundamental ly  new concept ion of 
fracture,  whereby the underlying processes of bond r u p t u r e  a t  the crack 
t i p  o p e r a t e  independent ly  of the adhesive processes  behind the t i p .  
S c i e n t i f i c a l l y ,  the  decoupl ing of t h e  t w o  processes  provides  impetus for  
s tudy  on c rack - t ip  s t r u c t u r e s  at t h e  atomic l e v e l .  More impor tan t ly ,  i t  
o f f e r s  a p o s s i b l e  new technique  t o  measure s u r f a c e  forces us ing  
fracture.  Results of r ecen t  crack opening and c l o s i n g  experiments  on 
molecular ly  smooth mica w i l l  be presented  i n  t h i s  con tex t .  
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ATOMISTIC STUDIES OF SEGREGATION, CRACK INITIATION AND CRACK PROPAGATION 

JON6 K. LEE 
Department of Metallurgical Engineering 
Michigan Technological University 
Houghton, MI 49931 

We first discuss equilibrium segregation of substitutional solute 

atoms at both surface and grain boundaries. The emphasis is placed on 

the recent Monte Carlo simulations in which (loo), (110) and (111) fcc 

surfaces and C = 5 (310) fcc tilt grain boundaries are studied. The 

atomic interactions are represented by the Johnson-type potential 

functions. For the Cu-Ni system, the Cu segregation predicted by the 

Monte Carlo method is found to be in good agreement with recent 

experimental data. The Cu segregation significantly decreases the 

surface free energy of the Cu-Ni alloy at low temperatures. While the 

concentration profile of the Cu segregation in a Cu-Ni alloy decreases 

monotonically, the Zn concentration pxofile in a a-brass shows an 

oscillatory behavior. In the second part, the embrittling effects of 

impurity atoms are examined with simulation results in which metal- 

metal bond weakening due to impurity segregation is modeled. Modeling a 

Cu-Sb alloy systen, the preferred sites for the Sb atoms at a C = 5 (310) 

tilt grain boundary are first found through a Monte Carlo simulation. 

Through a bond weakening effect, the boundary atoms are rearranged to 

form new boundary structural units. When a tensile strain is applied 

in the dixection perpendicular to the grain boundary plane, the weakened 

metal- metal bonds become the source of microcracks, thus enhancing 

brittle fracture along the Sb-segregated grain boundary. Lastly, crack 

propagation along a coherent interface in a two-dimensional bicrystal is 

discussed. Under a uniaxial-strain loading a crack lying in the inter- 

face is found to be stable until the applied strain reaches a critical 

value. Although the overall nature of the crack is brittle, dislocation 

nucleation intrcduces some degree of ductile fracture behavior. 

Dislocations n u c l e a t e  first at the soft crystal side of the interface 

and glide away. As the crack grows, dislocations alsa nucleate in the 

hard crystal. 
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DISLOCATIONAL PILE-UP -- GRAIN BOUNDARY INTERACTION AT ELEVATED TEMPER- 
AT IJKE 

ASHER A. RUBINSTEIN 
Department of Mechanical Engineer ing ,  S t a t e  Univera i t y  of New York a t  
Stony Brook, Stony Brook, NY 11994-2300 

INTKODUCTTON 

The n u c l e a t i o n  and growth of g r a i n  boundary voids  on t h e  g r a i n  
boundary f a c e t s  t r a n s v e r s e  t o  t h e  d i r e c t i o n  of a p p l i e d  l o a d ,  i s  one of 
wide ly  accepted  mechanisms of damage development and material f a i l u r e  
a t  h i g h  tempera ture .  The d i f f u s i v e  material r e d i s t r i b u t i o n  i s  d r i v e n  
by chemical  p o t e n t i a l  g r a d i e n t ;  t h e  chemical  p o t e n t i a l ,  i n  t u r n ,  i s  
r e l a t e d  t o  a normal stress a c t i n g  on t he  g r a i n  boundary. Therefure, 
t h e  n u c l e a t i o n  of v o i d s  as w e l l  as t h e i r  growth process  s t r o n g l y  depend 
on t h e  stress f i e l d  a l o n g  t h e  g r a i n  boundary. 

The aim o €  t h i s  work i s  t h e  a n a l y s i s  of c e r t a i n  sources  of stress 
c o n c e n t r a t i o n  on t h e  g r a i n  boundary which l e a d s  t o  t i m e  dependent h i g h  
stress g r a d i e n t s .  

S p e c i f i c a l l y  t h e  i n t e r a c t i o n  of a d i s l o c a t i o n  and d i s l o c a t i o n a l  
p i l e - u p  w i t h  t h e  g r a i n  b o u n d a r y  a t  h i g h  t e m p e r a t u r e  a r e  s t u d i e d .  
Aiming a n a l y s i s  to a S ~ O P ~ :  term a f t e r  load  a p p l i c a t i o n ,  t r a n s i e n t  
p e r i o d ,  t h e  problem i s  formula ted  i n  terms of boundary v a l u e  problem 
f o r  a l i n e a r  e las t ic  g r a i n  (upper  h a l f  p lane  y > 0) bounded by g r a i n  
boundary. So g r a i n  boundary e q u a t i o n  

Do'l(x> 3. 6(x)  = 0 

i s  s a t i s f i e d  on y = 0. (Here D i s  d i f f u s i v i t y  c o e f f i c i e n t ,  a i s  a 
normal s t ress  on y = 0 ( a  ) and 6 = 2u i s  a g r a i n  boundary " th ick-  
cn ing") . 

S i n g l e  d i s l o c a t i o n  s o l u t i o n  i s  o b t a i n e d  i n  c l o s e d  form f o r  t h e  
g e n e r a l  case of p o s i t i o n  and o r i e n t a t i o n  of d i s l o c a t i o n .  Time dcpen- 
d e n t  stress f i e l d  and g r a i n  boundary " th ickening"  along y = 0 demon- 
s t r a t e  t h e  e f f e c t i v e n e s s  of the d i f f u s i v e  process  and g i v e  q u a n t i t a t i v e  
d a t a  f o r  e s t i m a t i o n  o f  p o s s i b l e  g r a i n  boundary void  n u c l e a t i o n .  

The i n t e r a c t i o n  of d i s l o c a t i o n a l  pi le-up w i t h  a g r a i n  boundary i s  
s t u d i e d  i n  o r d e r  t o  model a v a r i e t y  of p r a c t i c a l l y  p o s s i b l e  g r a i n  
d e f e c t s  which can be approached on t h e  b a s i s  of tlie t h e o r y  of cont inu-  
o u s l y  d i s t r i b u t e d  d i s l o c a t i o n s .  Assuming t h e  e x i s t e n c e  o f  the  p i1  e-up 
b e f o r e  t h e  tempera ture  r i s e ,  one i n v e s t i g a t e s  t h e  t i m e  dependent stress 
f i e l d  a long  t h e  g r a i n  boundary, stress r e l a x a t i o n  parameters and c r i t -  
i c a l  t i m e .  "tie d i f f u s i v e  a b s o r p t i o n  of t h e  d i s l o c a t i o n s  from t h e  
pi le-up as we11 as t h e  d i s l o c a t i o n  r e d i s t r i b u t i o n  i n  the pi le-up v e r s u s  
t i m e  are r e p r e s e n t e d .  

YY Y 
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RESULTS AND CONCLUSIONS 

The results demonstrate that even  relatively remote from the  
g r a i n  boundary, dislocations can create significant diffusive material 
flow along the grain boundary. 

The stress field due to dislocational pile-up located at the grain 
boundary and o r i e o t e d  perpendicular t o  it has been investigated. The 
analysis indicated that the grain boundary diffusion leads to partial 
absorption of the dislocations from the pi l e -up .  This process is 
relatively fast (in terms of characteristic material time). However, 
as the final state (asymptotic case f a r  t -f -) demonstrates, the s i g n i -  
ficant portion oE the dislocational pile-up wiLl never be absorbed by 
diffusive mechanism, since the normal to grain boundary stress 1.s 
decaying very fast. 

A s  diffusional flow is progressing, the normal stress acting 
parallel to the grain boundary and directed against the material. flux 
is  activated. At the final state, this stress becomes singular (loga- 
rithmical singularity) at the base of the pile-up. The only visible 
mechanism of relaxations of this stress can be the void nucleation. 
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STRUCTURE-DEPENDENT INTERGRANULAR FRACTURE INDUCED BY LlQUID 
METAL 

TADAO WATANABE 
Department of Materials Science, Faculty o f  Engineering, 
Tohoku University, Sendai, Japan 

INTRODUCTION 

The effects of the type and structure of grain boundaries 
on liquid netal-induced intergranular fracture and mechanism of  
the fracture have been studied in detail experimentally with 
use of bicrystals of zinc and aluminium, and polycrystals of 
beta brass. The present paper gives an overview of grain 
boundary structure-dependent intergranular fracture induced 
by liquid metal, which severely embrittles polycrystals of 
normally ductile metals and alloys. The electron channelling 
pattern (ECP) technique w a s  applied to characterizs a large 
number of grain boundaries contained in polycrystals. 

RESULTS AND DISCUSSION 

was determined on zinc bicrystals with <lOiO>tilt or twist 
boundaries and other types of boundaries. Liquid gallium 
was coated at a grain boundary on specimen surface. 
It was found that the fracture stress is larger for low ang le  
boundaries and high  angle boundaries of near C 9 / 5 S . G n  coinc.j.- 
dence orientation than that f o r  high angle  ramlorn boundaries, 
as shown in Fig.1. Those boundaries which have large fracture 
stress showed large fracture strain. 

bicrystals, depending on whether 1iqui.d gallium w a s  coated at 
the grain boundary on the surface perpendicular 01: pakallel 
to the rotation axis of the boundary. SEM observations on 
fracture surfaces have revealed an important role of crystal 
deformation to this type o f  intergranular fracture. 
A mechanism of liquid metal-induced intergranular Eracture 
is proposed which considers the role of deformation ledge as 
penetration path of liquid metal at the grain boundary [l.].  

Misorientation dependence of fracture stress and strain 

The anisotropy of fracture was found on < 1 1 2 O > t i l t  zinc 

Liquid gallium-induced fracture processes in beta brass 
polycrystals were observed optically and by SEM. Grain bounda- 
ries contained in test specimens were characterized by ECP 
technique. An example of the characterization is shown in Fig.2, 
Low-angle boundaries are denoted by I,, coincidence boundaries 
by C and numerals, and random boundaries by R. 
It was found that liquid yakliurn-induced intergranular fracture 
occurs and propagates preferentially at random boundaries. 
Low-angle boundaries and coincidence boundaries were found to 
be strongly resistent to fracture. Tt w a s  a l so  found t h a t  the 
change in fracture mode from intergranular to t rangranular  
fracture or vise versa occurs d e p e n d h g  on the type  of grain 
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It is expected that an increase 
in the frequency of special low 
energy boundaries s u c h  as low- 
angle boundaries and coinci- 
dence boundaries will enhance 
the ductility of polycrystals. 
Experimental supports for this 
have been obtained. 
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boundary existing in front 
of a propagati;?g crack. 

connected to each other, a 
typical intergranular f rac- ; 
t u r e  appears to occur show- 
ing more significant embri- 

density of random boundaries 2 
are considered to lead to 
embrittlernent, while the  
presence of high densities 
of low angle boundaries and 
coincidence boundaries may 
suppress embr i tt lenien t 
associated with in%ergra-- 
nulzr fracture. The detailed 
discussion has been given 
elsewhere [ 21 . 

The possibility of deve- 
lopment of strong and ductile 
polycrystals by grain baund- 
ary design has been pointed 
o u t  by the present author [ 3 1 .  

When random boundaries are 3 
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BENEFICIAL VERSUS HARMFUL GRAIN BOUNDARY SEGREGANTS: BORON AND SULFUR I N  
N i  3 A l  

C .  L. White and C.  T. Liu 
Metals and Ceramics Divis ion 
Oak Ridge Nat ional  Laboratory 
Oak Ridge, TN 37831 

Trace element s eg rega t ion  a t  g r a i n  boundaries has h i s t o r i c a l l y  been 
a s soc ia t ed  with embri t t lement  of those  boundaries [l]. Recent obser- 
v a t i o n s  that  c e r t a i n  segrega t ing  elements a c t u a l l y  improve g r a i n  boundary 
cohesion have, t h e r e f o r e ,  l e d  t o  specu la t ion  concerning t h e  f a c t o r s  t h a t  
may cause one segregant  t o  s t r eng then  g r a f n  boundaries and another  t o  
weaken them. So lu te  i n t e r a c t i o n s  wi th  g r a i n  boundaries must u l t i m a t e l y  
r e f l e c t  t h e  chemical i n t e r a c t i o n  of Che s o l u t e  wi th  t h e  so lven t  species i n  
t h e  hos t  la t t ice ,  as w e l l  as in t h e  s t r u c t u r e  of t h e  g r a i n  boundary. 
These i n t e r a c t i o n s  may manifest  themaelves as modif ica t ions  i n  t h e  bound- 
a r y  s t r u c t u r e ,  o r  as changes i n  t h e  st-rength of In t e ra tomic  bonding a t  che 
boundary, o r  both. There do not y e t  seem t o  be any d i r e c t  observa t ions  
comparing t h e  e f f e c t s  of b e n e f i c i a l  and harmful segregants  on g r a i n  bound- 
a r y  s t r u c t u r e ,  but  some l imi t ed  results r e l evan t  t o  the  e f f e c t s  of such 
segregants  on g r a i n  boundary s t r e n g t h  are summarized here .  

Perhaps t h e  b e s t  cha rac t e r i zed  b e n e f i c i a l  g r a i n  boundary segregant  is 
boron i n  subs to ich iometr ic  N i  3 A l  e 

mally f a i l s  Pntergranular ly  with p r a c t i c a l l y  zero d u c t i l i t y .  Although t h e  
weakness of g r a i n  boundaries i n  N i J A l  can be f u r t h e r  aggravated by c e r t a i n  
segrega t ing  impur i t i e s  such as s u l f u r  [ a ] ,  removal of i m p u r i t i e s  does not  
d u e t i l i z e  N i 3 A 1 ,  and t h e  compou~d appears  to be i n t r i n s i c a l l y  b r i t t l e .  
Aoki and Izmi [ 3 ] ,  and l a t e r  Liu and coworkers [ 4 ] ,  fouild t h a t  s m a l l  
a d d i t i o n s  of boron t o  N i 3 A l  dramat i ca l ly  improve i t s  d u c t i l i t y  [F ig .  11, 
and inhibits i n t e r g r a n u l a r  f a i l u r e ,  Liu and C Q W O P ~ ~ ~ ~  found t h a t  the 
boron had i t s  maximum e f f e c t  %hen the  a l l o y  was s l i g h t l y  aluminum poor 
(24 a t  .% &AI), and by c a r e f u l  c o n t r o l  of s to ich iometry  and thermomecbanieal 
treakment they achieved tensale e longat ions  g r e a t e r  than 50%. Auger 
e l e c t r o n  spectroscopy (AES) s t u d i e s  of i n t e r g r a n u l a r  and p a r t i a l l y  
i n t e r g r a n u l a r  f r a c t u r e  su r faces  ind ica ted  t h a t  g r a i n  boundaries i n  t h e  
boron doped a l l o y s  were enr iched  i n  boron. This supported t h e  conclusion 
t h a t  g r a i n  boundaries i n  N i 3 A l  are i n t r i n s i c a l l y  b r i t t l e ,  and t h a t  boron 
seg rega t ion  s t r eng thens  them. 

The i n t e r m e t a l l i c  compound N i  3AI  nor- 

A c l u e  t o  t h e  c o n t r a s t i n g  e f f e c t s  of boron and s u l f u r  w a s  discovered 
when both Liu and coworkers [ 4 ]  and WTaPte and coworkers [SI found that: 
boron, un l ike  s u l f u r  and many other e m b r i t t l i n g  segregants ,  does not  
s eg rega te  s t ror igly t o  f r e e  surfaces.. Boron's unusual  s eg rega t ion  behavior 
in N P 3 A 1 ,  and i t s  s t rengthening  e f f e c t  on g r a i n  boundaries are i n  substan- 
tial. agreement with a thermodynamic analysis of e f f e c t s  of segregakion on 
g r a i n  boundary cohesion by a c e  [ 6 ] .  These observa t ions  acid t h e i r  rele- 
vance to  t h e  gene ra l  p r o b l e m  oE g r a i n  boundary f a i l u r e  are discussed.  
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Pig. 1. Plot of tensile elongation versus boron content  i n  
NI3A.l  (24 at.% af ter  Liu e t  al." 
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~CRQC:KACK-MTCROnEFECT INTERACTION 

ASHER A. RUBINSTEIN 
Department of Mechanical Engineering, State University of New York at 
Stony Brook, Stony Brook, NY 11794-2300 

ABSTRACT 

Elastic interactions (in terms of the stress intensity factor 
variation) of the macrocrack (represented as semi-infinite crack) with 
microdefects such as finite size, arbitrarily positioned crack, circu- 
lar hole o r  inclusion are considered. Solution for the problem of the 
interaction wit11 dilatlonal inclusion is given as well. The influence 
of LIE crack tip geometry on surrounding stress field is studied by 
analyzing the case of crack-hole coalescence. 

Problems are considered in terms of complex stress potentials for 
linear elasticity and formulated as a singular integral equatlon on the 
semi-infinite interval. A stable numerical technique is developed for 
s o l u t i o n  of such equations. In a special case,  in order to evaluate 
the accuracy of the numerical procedure, the results are compared with 
analytically obtained ones and found to be in excellent agreement, 
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KELATIYISTlC DISLOCATION S H I E L D I N G  OF CRACKS 

I.-€3. L i n  and R. Thornsomi 
National. Bureau. o f  Standards 
Boulder ,  CO and Gaithersburg, MD, l J S A  

I n  o ther  work reported at this conference, J we have 
analyzed the basic elastic theory of dislocations and cracks 
rntrving near sonic speeds. This analysis can be applied to 
the classic case of a modified BCS crack with shielding 
dislocations on [$:~,t+eavage plane ,  but with a dislocation 
f ree  zone (DFZ) . For the analysis, we assume mode 
111, w i t h  a crack situated at the origin of a uniformly 
moving coordinate system with velocity v, and a set of N 
dislocations in a ""plastic: zone" distributed from position w 
tu R relative to this same moving coordinate system. Thus,  
w is the size of the DFZ and R is the limit of the p l a s t i c  
zone. The dislocations wil l .  be assumed to be subject ta a 
constant  friction stress, s f ( v ) ,  which may be velocity 
de pe nde I? t * 

Using expressions for the forces and stresses derived 
c  LO^ the moving 
for t h e  force on 

s i n g u l a r i t i e s  , we obtain the basic equation 
a dislocation located at x 

K ( v )  = K J' 
b is the Burgers vector, w i s  the shear ~ O ~ U ~ U I ; ,  and K is 
the velocity independent externally applied stress i.ntensity 
factor. K ( v )  is the velocity dependent stress intensity 
factor. The prime OH the s u m a t i o n  means that the sum is 
n o t  taken over the reference point at x. We have neglected 
the image t.erms in this equat ion  for reasons given in Ref. 
4. With the definition of the local. stress intensity given 
by 

k ( V )  = K ( v )  - Kd(v)  

N 

the t o t a l  force on the crack-dislocation distribution is 
g i v e n  by 
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We have used the Griffith condition at the crack tip, 

Standard 
(1) give in first order in the parameter w/R 

methods f o r  solving the continuum TQyoximation of 

Equations ( 3 ) - ( 5 )  can now be combined to yield toughness 
relations for the dynamic crack system, but to obtain useful 
results, the rate dependence of s and of N must be known. 
Various forms of constitutive relitions will be discussed. 
One simple such relation is a work hardening relation 
connecting sf and N, 

sf = s (Nb/B)”m 
Y 

Then 
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THE SIZE EFFECT OF CRACK ON MODE 111 PLASTIC DEFORMATION 

SANBOH LEE AND SHAM TSONG SHIUE 
Department of Materials Science and Engineering, 
National Tsing Hua University, Hsinchu, Taiwan, R.O.C. 

ABSTRACT 

The interaction between a finite crack and pile-up screw disloca- 
ti-ons has been studied by computer simulation. The crack length plays 
an important role in determining the sizes of both the dislocation- 
free zone and the plastic zone. If the crack length is shorter than a 
critical length, there will be no equilibrium positions for emitted 
dislocations. A crack as large as ten times of critical crack length is 
large enough to be considered as a semi-infinite crack. 

INTRODUCTION 

The dislocation emitted from the crack tip were observed recent1.y 
by in-situ electron microscopic experiments [l-51. Some experiments [2] 
fc)und the dislocation-free zone, however sometimes it was not observed 
[ 4 - 6 1 .  D a i  and Li [7] found that the exi-stence of the free zone is due 
to the presence of  a barrier at the crack tip f o r  the emission o f  
dislocations as well as the image forces exerted on the dislocations by 
the crack. They considered that the crack length is much larger than 
the size of the plastic zone and hence the crack size was not observed. 

In the present work, the effect of crack size on the mode I I I  
plastic zone behavior is studied. The surface crack, double-tip crack 
and single-tip crack inside the material are included. The effects of 
crack size on the plastic and dislocation-free zone are a l s o  discussed, 

ANAT4 Y S I S 

Firstly, we consider the finite surface crack, let it be subjected 
to an applied stress (7 (mode 111) and emit n screw dislocations. The 
dislocations with the same Burgers vector hs are located at Xi ( i = I , 2 , #  
. . , n > .  The shear stress Ti at the ith dislocation and stress intensity 
factor at the crack tip K are [ 8 ]  
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I n  s t a t i c  e q u i l i b r i u m ,  K and each ' r i  arc e q u a l  t o  t h e  b a r r i e r  KD 
(or  s t ress  i n t e n s i t y  f a c t o r  t o  g e n e r a t e  d i s l o c a t i o n s )  a t  the c r a c k  t i p  
and l a t t i c e  f r i c t i o n  T. Thus i f  K ,  T and L a r e  known, the (r1.i-1) 

v a r i a b l e s  X i  ( i  = 1 ,  2 ,  ..., n > ,  and 0 can  be so lved  from t h e  ( n + l )  
n o n l i n e a r  e q u a t i o n s  by t h e  i t e r a t i v e  t echn ique .  

For the doub le - t ip  c r a c k  i n s i d e  t h e  ma te r i a l ,  one t i . p  of t h e  c r a c k  
erni.ts a p o s i t i v e  screw d i . s l o c a t i o n  and the o t h e r  t i p  does t h e  n e g a t i v e  
one because of t h e  n a t u r e  of  geometry. Th i s  k ind  o f  problein can be 
sol.ved by u s i n g  t h e  d i - s l o c a t i o n  modeling [ 8 ]  and the  r e s u l t  i s  t.he s a m e  
as t h a t  of  s u r f a c e  c r a c k .  I f  t h e  left-hand s i d e  t i p  i s  b l u n t ,  s o  t h a t  
t h e  d i s l o c a t i - o n  can o n l y  be m i t t e d  from t h e  r i g h t - h a d  s i d e  t i p  of t h e  
c r a c k ,  ~i and K become [ 9 ]  

RESULTS AND DISCUSSION 

The r e l a t i o n  between thi3 space (X,-L) and c r a c k  l e n g t h  I, i s  shown 
i n  f i g .  1 .  For each a, one f i n d s  Lhaf- the c r a c k  l e n g t h  L e x i s t s  a 
minimum v a l u e  Ln- l .  Below th i s  v a l u e ,  t h e  maximum number o f  d i s l o c a -  
t i o n s  p i l e -up  i n  t h e  v i c i n i t y  of  c r a c k  t i p  would reduce t o  n-1. I t  i s  
i n t e r e s t i n g  t o  see t h e  cu rve  n = l  i n  f i g .  1 .  When t h e  c r a c k  l e n g t h  is 
1800 bS, t h e  d i s t a n c e  (X,-L) become i n f i n i t y ,  which can be argued from 
eqs (2) o r  ( 4 ) .  The v a l u e  1800 i s  o b t a i n e d  from t h p  Following e q u a t i o n ,  

Because K and T a r e  c o n s t a n t s  depending on t h e  m a t e r i a l s ,  t h e  LQ i n  e q  
( 5 )  i s  a l s o  a c o n s t a n t  depending on t h e  m a t e r i a l .  lt i s  c a l l e d  t h e  
c r i t i c a l  l e n g t h .  For t h e  case of c r a c k  s i z e  s h o r t e r  t h a n  t h e  v a l u e  L o ,  
t h e  c r a c k  t i p  e m i t s  a d i s l o c a t i o n  i f  the s t ress  i n t e n s i t y  f a c t o r  can 
overcome t h e  b a r r i e r  a t  t h e  c r a c k  t i p .  But t h e  movement of  t h i s  
d i - s l o c a t i o n  w i l l  n o t  s t o p  u n t i l  r e a c h i n g  i n f i n i t y .  

The r e g i o n  covered by p i l e -up  d i s l o c a t i o n s  i s  c a l l e d  p l a s t i c  zone 
s i z e .  It  i s  found t h a t  t h e  p l a s t i c  zone s i z e  i n c r e a s e s  wi th  t h e  b a r r i e r  
K a t  t h e  c r a c k  t i p ,  b u t  d e c r e a s e s  w i t h  i n c r e a s i n g  o f  f r i c t i o n a l  f o r c e r .  

The disLocat:ion-free zone f a c t o r  F i-s d e f i n e d  as t h e  r a t i o  of ( X i -  
L )  t o  ( X  -X >, where F i s  l a r g e r  t han  one,  t h e  f r e e  zone  appea r s  i n  t h e  
v i c i n i t y  of  t h e  c r a c k  t i p ,  o t h e r w i s e  no f r e e  zone e x i s t s .  The l i n e  F l  
i n  d e t e r m i n i n g  t h e  e x i s t e n c e  of the f r e e  zone w i t h  d i f f e r e n t  c r a c k  

2 1  
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l e n g t h  1, i s  shown i.n f i g .  2 .  The pa rame te r s  Ld and I,, i n d i c a t e  t h e  
c r a c k  l e n g t h s  of d o u b l e - t i p  ( o r  s u r f a c e  c rack)  and s i n g l e - t i p  c r a c k  
inside t h e  ma te r i a l ,  r e s p e c t i v e l y .  T h e  l i n e  goes lower when t h e  crack 
l e n g t h  becomes l o n g e r .  When t h e  c r a c k  l e n g t h  i s  beyond t h e  ten  t imes of 
c r i t i c a l  c r a c k  length. LQ,  i t  can  be c o n s i d e r e d  as a s e o ~ i - i n f i n i t e  c r a c k  
[ 7 ] .  The e x i s t a n c e  of t h e  Eree zone becomes more d i f f i c u l t  w i . t h  
l ower ing  of b a r r i e r  K a t  t h e  c r a c k  t i p ,  i n c r e a s i n g  of f r i c t i o n a l  f o r c e  
T, and s h o r t e n i n g  of  t h e  c r a c k  s i z e .  

I n  c o n c l u s i o n ,  irhe phenomena of  d i s l o c a t i o n s  e m i t t e d  from t h e  above 
t h r e e  t y p e s  of  c r a c k s  are s i g n i f i c a n t l y  d i f f e r e n t  when t h e  c r a c k  s i z e  i s  
c l o s e  to t h e  c r i t i c a l .  l e n g t h  b u t  show d i f f e r e n c e  i f  c r a c k  l e n g t h  is long 
enough. When c r a c k  l e n g t h  i s  as  long as t e n  ' t i m e s  of cr i~t : i .cal  I .ength,  
t h s e  t h r e e  c a s e s  w i l l  reduce t o  t h a t  of  t h e  s e m i - i n f i n i t e  cack. 
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ELASTIC SOLUTION OF AN EDGE DISLOCATION NEAR A biEDGE: CRACK 

s.-J. CHANG", s. M. OHR", AND R. TWOHSON** 
*Oak Ridge Nat iona l  Laboratory ,+ Oak Ridge, Tennessee 37831 
**National Bureau o f  Standards, Gaithersburg, MD 20899 

D i s l o c a t i o n  p i l e u p  along an i n c l i n e d  d i r e c t i o n  f rom the t i p  o f  a 
sharp o r  wedge crack has been observed i n  metals dur ing  t e n s i l e  defor-  
mat ion i n  an e lec t ron  microscope [l]. The d i s loca t i ons  are p r i m a r i l y  o f  
edge type when mode I t e n s i l e  load i s  appl ied.  I n  the present work, we 
have examined the e l a s t i c i t y  problem o f  an edge d i s l o c a t i o n  near a wedge 
crack by  apply ing the method o f  complex var iab les.  The problem o f  an 
edge d i s l o c a t i o n  near a wedge crack o f  an a r b i t r a r y  wedge angle can be 
represented by an i n t e g r a l  equation. For a s e m i - i n f i n i t e  crack, a 
s imple a n a l y t i c a l  s o l u t i o n  can be found. 

I n  order  t o  ob ta in  a s o l u t i o n  [2, 31 ,  t he  wedge plane z i s  t rans-  
formed t o  a ha l f -p lane w by 

where g(w) = WP (1 < p < 2). 
a n a l y t i c a l  con t inuat ion  of g(w) induces a discont inuous displacement [D] 
i n  the  w-plane and i t s  magnitude along the  r e a l  ax i s  i s  g iven by 

Since p i s  i n  general no t  an in teger ,  the  

where $ and 
d i s l o c a t i o n s  f ( u )  i s  assumed along the rea l  a x i s  o f  the w-plane i n  order 
t o  remove the discont inuous displacement ED]. 
equat ion f o r  f ( u )  i s  

are the  s t ress  funct ions.  A f i c t i t i o u s  d i s t r i b u t i o n  o f  

The r e s u l t i n g  i n t e g r a l  

JoW[Db (u, u ' ) ]  b f ( u ' )  du' = - CD(u)] . 
I n  t h i s  equation, [Ob] i s  the d iscont inuous displacement a t  u along 
v = 0 due t o  the  presence o f  a d i s l o c a t i o n  o f  u n i t  Burgers vector  a t  u '  . 
In order t o  ob ta in  the s o l u t i o n  f o r  an edge d i s l o c a t i o n  near a wedge 
crack,  t h i s  i n t e g r a l  equat ion must be solved f o r  f ( u ) .  The complete 
s o l u t i o n  i s  then obtained by superposi t ion.  
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DISLOCATION-FREE ZONE MODEL OF FRACTURE UNDER C Y C L I C  LOADING 

S.-J. CHANG AND S.  M. OHR 
Oak Ridge Nat.i onal Laboratory,' Oak Ridge ~ Tennessee 37831 

The dislocation-free zone (DFZ) model of fracture [ I ,  2 1  has been 
proposed recently as an extension of the Bilby, Cot t re l l ,  and Swinden 
(BCS) model e33 b u t  containing a DFZ between the crack t i p  and i t s  
p las t ic  zone. I t  i s  shown t h a t  the presence of the D F Z  i s  closely 
related t o  the condition for dislocation emission From the crack t i p .  
I n  the absence of the DFZ,  the crack t i p  i s  completely shielded From the 
applied s t ress  and the local s t ress  intensity factor becomes zero. 

I n  the present work, we have examined the effect  of cyclic loading 
on the size  o f  the D F Z  and the distribution o f  dislocations near the 
crack t i p .  
equilibrium distributions o f  dislocations are possible. 
dis t r ibut ions a small number o f  dislocations have returned t o  the crack 
t i p  during unloading. The distribution is  very similar t o  the original 
dis t r ibut ion tha t  was present before unloading and consists only o f  
posit ive dislocations in the  plast ic  zone. 

I t  i s  shown that  d u r i n g  reverse loading two d is t inc t  
In one o f  these 

The second dis t r ibut ion,  which i s  also in equilibrium with the 
reduced applied load ,  i s  a superposition o f  the original distribution 
and  a distribution o f  negative dislocations in the unloaded region, 
These two distributions give r i s e  t o  d i s t inc t ly  different  local s t ress  
intensi ty  factors. 
t h e  local s t ress  intensity factor i s  equal t o  the  c r i t i ca l  s t r e s s  
intensi ty  factor for  dislocation emission. 

The true distribution can be found i f  we assume t h a t  
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THE STABILITY OF CRACKS FOLLOWING EXTENSIVE STABLE GROWTH 

P. F .  ' r ~ ~ ~ ~ ~ N  
Department af  Aeronautical and Mechanical Engineering 
University of Salford, Salford, M5 4WT, England 

INTRODUCTION 

Many engineering structures ape made from materials of such high 
fracture-toughness that any crack-like defect will exhibit large amounts of 
stable crack-growth before catastrophic fracture intervenes. Under these 
conditions the established methods of elastic-plastic fracture mechanics 
become invalid as a result of extensive non-proportional loading and 
elastic unloading. In an attempt t o  extend elastic-plastic fracture 
mechanics into the large stable-growth regime a new 'incremental' criterion 
of crack stability is developed, from the fundamental Kelvin-Dirichlet- 
condition [l], for the case of a workhardening incremental-plastic/elastic 
solid. 

THE CRACK-STABILITY PROBLEM FOR AN INCREMENT;a~-PLAsTIC/EZASTPC SOLID 

In formulating the crack stability problem we consider the case where a 
crack has already undergone extensive sub-critical growth following the 
application o f  prescribed tractions Fi over the: surface SF and prescribed 
displacements u i  over the remaining surface S,; Fig.1. We now set out to 
establish a sufficient condition for the stability of the current 
equilibriim state in the cracked body V ,  with dead loading (dPi'Q on Sp)  
and r i g i d  constraints (dui=O on S u ) .  

The current equilibrium state can he regarded as definitely stable if 
it satisfies the Kelvin-Dirichlet criterion of stability [l] for the set of 
virtual displacement-increment fields corresponding to the formation of 
incipient fracture damage in a fracture process zone ahead o f  the crack tip 
(Fig.1). The sufficient condition for stability has the form 6(I-E)>O for 
all virtual displacement - increment fields satisfying the boundary 
eanditions: where 61  is the internal energy stored o r  dissipated and 6E is 
the work done by the external dead loading. Appropriate second-order 
expressions for 61 and 6 E  can be ohtaitied [ Z ]  by an imaginary cutting and 
rewelding operation in the vicinity of the crack t i p  to separate the total 
volume v into a global volume vG, where the incremental response will be 
primarily influenced by the geometry of the body, and a local volume Vrd 
where the incremental response will be primarily influenced by the plastic: 
flow and fracture characteristics of the material; Fig.1. The 'separate' 
volumes VL and VG are now subjected to prescribed virotual 
displacement-increments fields, g i v i n g  the displacement-increments dUi on 
the common surfaces ASl1 of the two volumes (E'ig.1); thus the C O ~ ~ Q X I  
surfaces remain i n  perfect contact when the virtual displacement-increment 
fieid is applied. Now the equil ibrium stress field i n  VG will change from 
aij' to (oi + dojjG) and the tractions on AS, from FiG to (Fi'+dFiG) ; on 
AS" of VL t i t ?  tractiolls will change from PiL to (FiC+dFiL). can 
write the Kelvin-Dirichlrt. stability criterion (sI-sE>O) for the complete 
cracked body (VG+VL) in the following form [2]: 

Hence, 
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PIG.9. 
of a virtual displacement-increment field giving dui  on as,. 

The imaginary cutting process ahead of a c p c k  tip and the effect 

Using the virtual work relations f o r  the separate equilibriuua stress fields 
i n  VG and the volume integrals in ( 1 )  can be transformed t o  give the 
following sufficient condition for stability s f  the current equilibrium 
state of a cracked body [ 2 ] : -  

where Fit FiG = 0 on bS,. It is important to note here t h a t  at the 
stability limit, where ( 2 )  falls t o  be satisfied, there is no 
implication that dFiL i. d F i G  = 0 at a l l  points on AS,; i . e .  the stability 
limit is no t  identified as an adjacent position of equilibrium. 

DISCUSSION 

I n  arder to develop a method for applying the crack-stability criterion 
( 2 )  in practical problem: we rewrite the inequalityL>n the form PI i- S > 0, 
where M = %lasu dFiL  d u i  The M integral 
represents a coatpanent of the total energy increment applied to aS, o f  VL 
and is related to t h e  gradient of an effective R-curve for the material; i t  
can therefore be regarded as an autonomous material response. On the other 
hand t h e  S integral represents a component of the total energy j.increnent 
applied t o  QS, of VG and this w i l l  be primarily dependent on the particular 
geometry sf the cracked body, e21 It should be noted t h a t  the M and S 
integrals are path independent and the size and shape of VL must 
therefore be fixed for a given problem. 

ds and S = I ~ J Q S ~  dFiG dui ds. 

The proposed 'incremental' criterion of crack-stability will of course 
require extensive experimental development, and a preliminary experimental 
procedure fo r  measuring t h e  M integral and evaluating the S integral in 
practical problem will be described in a subsequent paper [ Z ] .  
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THE PROBABILISTIC PHYSICAL THEORY OF THERMALLY ACT1 VATED FWCTURE 

A.S. Krausz", K. Krausz 
Faculty o f  Science and Engineering 
"University o f  Ottawa, Ottawa, O n t .  

The fundamental physical processes o f  time dependent thermally 
activated crack propagation consists of consecutive bond breaking steps 
and i s  described appropriately by the Fokker-Planck type stochastic 
equation c_1 , 21. 

Because the process i s  o f  random walk character the crack velocity 
(and  the crack s ize)  i s  n o t  a deterministic quantity; the physical 
process always resul ts  in a crack s ize  ( a n d  therefore, crack velocity) 
distribution defined by the probability density firnction W(a,t), where 
a i s  the crack s i z e  a t  time t. I t  i s  shown that  for  the transit ion 
probability distribution of Y (Aa,At) 

+m 

W (  a ,t)= \ ( a  - Aa, t - A t )  Y ( a a ,  A t )  dAa . 
- M  

Rigorous development 1 eads t o  the di f ferent i  a1 equation 

where K I  and " 2  i s  related t o  t h e  f i r s t  and  second moment respec- 
tively and are expressed fu l ly  in terms o f  rigorously determined physi- 
cal quantit ies (activation free energy, stress intensity factor ,  tempe- 
rature,  e tc . )  expl ic i t ly  [3,4]. 
as  the Fokker-Planck type different ia l  equation o f  stochastic processes; 
i t s  relation t o  Brownian motion, the  Langevin equation, the Liouville 
theorem, and  transport processes i s  expressed i n  t e r m  of crack propa- 
gation. 

Applications t o  threshold s t r e s s  intensity determination in cor- 
rosion fatigue and h i g h  temperature fracture i s  discussed. The deter- 
ininistic theory of the atomistic, discrete concepts o f  the revised 
Griffith-theory are further developed in the probabilist ic framework [.SI. 

Previous studies have shown the significance o f  the behavior 
described hy Equation ( 1 ) ;  these were based on a derivation o f  an ap- 
proximate character. The present paper reports the fu l l  mathematical 
treatment and provides the theoretically rigorous definit ions o f  the 
physical conditions: i t  i s  expected t h a t  the extended abstract  w i l l  
make the mathematical treatment and physical meaning accessible t o  the 
expert reader. 

The equation i s  immediately recognizable 
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by dx __ .- 
n e, 

is t h e  area of crack produced when ttie area prolected on the x,  y plane is by dx 
Periodic boundaries in the x-direction are optional We arbitrarnly start, with a 
straight line a t  y-0 The  crack generally progresses t o  a form t h a t  does not 
depend on the straight-line s t a r t  after a distance approximately equal t o  the 
crack width,  w 

We find t h a t  we ge t  contours similar t o  those observed when b is on the order 
of -0 6 to -0 8, meaning t h a t  the glass breaks much more easily parallel t o  the 
long axis of the liquid crystal molecules than  normal to  them 

When b IS zero, this theory gives a plane crack normal to the stress which 
minimizes the area t h a t  is represented by t h e  constant  term in R 

- - 
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EFFEC'T OF SURFACE TENSION ON THE TOUGHNESS OF GLASS 

TZE-JER CHUANG 
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G a i t h e r s b u r g ,  MD 20899 

INTRODUCTION 

'The paper is concerned wi th  f r a c t u r e  toughness  of  g l a s s .  S p e c i a l  
a t t e n t i o n  is g i v e n  t o  s t u d y i n g  the  e f f e c t  o r  s u r f a c e  stress on t h e  
a p p a r e n t  t oughness  as observed on a t y p i c a l  glass specinmi, f o r  
mechanical  f o r c e s  must ex i s t .  i n  t h e  f r a c t u r e  s u r f a c e s .  

A t  t he  crack t i p  where s u r f a c e  c u r v a t u r e  KaB is h i g h l y  
c o n c e n t r a t e d ,  t h e  r e s i d u a l  bu lk  stresses a i j  are g e n e r a t e d  by s u r f a c e  
t e n s i o n  T~~ as ni uij n = -raB KaB l ae su l t i ng  from the r e q u i r e m e n t s  of 
mneehanical e q u i l i b r i u m , '  These r e s i d u a l  stresses i n  term a l t e r  t h e  Z,ip 
geometry l e a d i n g  t o  the f o l l o w i n g  i n t e g r a l  e q u a t i o n  gove rn ing  t h e  
c r a c k - t i p  shape: 

where x is t h e  d i s t a n c e  away from t h e  crack t i p  and m = l og  [Jx + 
Jx'/iJx * J x ' l ]  is the  k e r n a l .  
i n  thc  f o l l o w i n g  r e s i d u a l  K 

F i r s t ,  o r d e r  approx ima t ion  fo r  u r e s u l t s  

Kr es 
dx = - X Y Ja/ptlp 

where Y i s  s u r f a c e  ene rgy ,  a i s  character is t ic  crack t i p  zone s i z e ,  
P t i p  is t h e  r o o t  r a d i u s  of the t i p  and X is of o r d e r  u n i t y .  

As a n  example, we c a l c u l a t e  the  case of  a pa r t i c i i l . a r  c ~ a c k  
observed i n  h i g h  s i l i c a  g l a s s  where p t i p  =- 1.5 nm and a = 100 nm. 
mat+erj.als p r o p e r t i e s  of t h a t  glass  are  wel l -determined:  E = 70 G P a  
v = 0.22,  Y = 7 J/m2 c o r r e s o n d i n g  t o  KIC = 1 MPaJm, 
t h e  amount o f  toughening is computed t o  be Kres = 1.5 MPaJm from 
eqn. ( 2 ) .  T h i s  means t h a t  t h i s  crack can  s u s t a i n  a n  a p p l i e d  M as h i g h  
as 2.7 MPaJrn, a f a c t o r  o f  2 , 2 5  times KIC r e s u l t i n g  i n  geometry-induced 
toughening phenomenon. 

The 

Using these v a l u e s ,  
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SUMMARY 

Mechanical stresses (i.e* surface tension) inherently exist on a 
general free surface because its atomic structure differ from its bulk 
counterpart. 
because of curvature concentration. Integral equation describing this 
effect on the toughness of glass is derived and first order approxima- 
tions using weight function technique were made for evaluations. The 
qualitative results indicated that the geometry-induced toughening i s  
linearly proportional to surface tension and crack tip curvature and to 
square root  of crack t i p  zone size. An illustrative example of 
recently observed crack tip in Si02 glass is given  which shows that 
toughness is enhanced two and quarter times the original KIC value. 

The effect of surface tension is amplified at a crack t i p  
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THE ROLE OF PLASTIC WORK EN THE CLEAVAGE OF BCC METALS 

J. E. HACK* AND D. P. STEIN** * 
Center f o r  Mater ia l s  Science,  Los Alamss Nat ional  Laboratory,  Los 

Alaaas, EaM 
49931 

87545;""Michigan Technological Univers i ty ,  Hsughton, MI 

Cleavage, the separa t ion  of atoms across a single. atomic plane,  i s  
one of the s i m p l e s t  concepts i n  b r i t t l e  f r ac tu re .  how eve^, se r ious  gaps 
st111 remain i n  the r e c o n c i l i a t i o n  of observed bebwvior with t h e o r e t i c a l  
p red ic t ions .  One t echnologica l ly  important, example i s  the p e r s i s t e n t  lack 
of a s a t i s f a c t o r y  p red ic t ive  c a p a b i l i t y  f o r  the choice o€ cleavage plane 
i n  the body-centered-cubic metals. Although sur face  energy arguments 
p red lc t  (110) cleavage i n  most bcc systems, (100) cleavage is gene ra l ly  
observed. 

The cur ren t  i nves t iga t ion  was aimed a t  c a l c u l a t l n g  the p l a s t l c  work 
assoc ia t ed  with various crack planes and d i r e c t i o n s  f o r  I n t e r n a l l y  
pressurized C K ~ C ~ S  i n  s i n g l e  c r y s t a l s  of tungsten a t  ambient temperature, 
The cracks were assumed t o  be moving a t  a v e l o c i t y  of 10 m/sec. The 
p l a a t i c  work was ca lcu la t ed  using a combination of the s tandard l i n e a r  
e l a s t i c  crack tPp s t r e s s  f i e l d  so lu t ion  [2]  and the Orowan equatinn 
r e l a t i n g  s t r a i n  ra te  t o  the average d i s l o c a t i o n  ve loc i ty  and average [ 3 j .  
F a r  the purpose of the c a l c u l a t i o n s ,  only the most highly stressed s l i p  
system was assumed t o  operate for each crack-plane - crack directtom 
p a i r .  I nc reases  i n  d i s l o c a t i o n  dens l ty  were assumed to  be o f f s e t  by an 
increase  i n  work hardenlng parameter [ 4 ] .  The crack system which induced 
the lowest coinbinatton sf sur face  add p l a s t i c  s t r a i n  energy p e r  u n i t  crack 
advance w a s  considered t o  be the prefer red  cleavage plane. 

The r e s u l t s  of the c a l c u l a t i o n s  are given i n  the t ab le  below: 

Table I. )Surface ( y s ) ,  P l a s t i c  ( y p ) ,  and Frac ture  (yF) energ ies  f o r  the 
var ious  crack sys terns considered a 

Crack Plane Crack Di rec t ion  zy s ( urn2 la y p  ( J / m  *) yF(J*2Ib 

3.8 
4.1 
4.1 
4.1 
4.1 
4.0 
4,O 
3 . 3  
3.7 

26.8 
53.7 
3 9 . 7  

115.4 
52.7 

417.7 
81.1 

22718.2 
231.5 

30 .6  
57.8 
43.8 

120,s 
56.8 

421.7 
85.1 

2277.8 
2335.2 

a) Estlmated b) y F  = 2 y s  f yp 
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The r e s u l t s  show several  pofnts worth noting, including: 1.1 The 
p l a s t i c  work term dominates the t o t a l  work to f r ac tu re ;  2) The p l a s t i c  
and fracture energies are minimum on the (100) plane and r i s e  to a maximum 
as the (110) plane is approached; 3 )  the absolute value of approximately 
30 3/m for the fracture energy o f  annealed tungsten a t  room temperature 
and s crack ve loc i ty  of 10 m/sec agrees w e l l  with experimental data far  
zone ref ined single crys ta l s  under s imilar conditgons [SI e 

2 
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Ti iE  BRITTLE-DUCTILE TRANSITION IN SILICON WITH PARTICULAR REGARD Ti) 
DOP I NG 

Markus Srede Peter Haasen 
Institut fiir Metal lphysik der Universitat Gijttingen 
Hospitalstrasse 3-5, 3400 Giittingen, FRG 

I NTRODUCT I ON 

An article by St. John [ I ]  on the measurement o f  the brittle-ductile 
transition in undoped silicon reported an Arrhenius relation between 
crack opening velocity a and the respective transition temperature T, 
with an activation energy of 1.9 eV. Nith regard to conditions at the 
crack tip, \laasel: 1127 considers the possibility of thermally activated 
formation of a stable pdrtial dislocation loop at the crack tip. 
St. Joiin's results can be interpreted using this postulate, if crack 
tip blunting due to dislocation nmtion in the stress field of Che crack 
tip is assumed. The motion of the dislocation is hereby described by the 
thermally activated formation and movement O F  double kinks on the 
partials o f  the dissociated dislocations. Analogous to the doping - 
dependence of dislocation notion, a reduction of the activation energy 
for thc crack t i p  blunting is to be expected, and hence a lowering 
o f  the transition temperatures. 

EXPERIMENTAL 

To measure the brittle-ducti le transitions , dynamic tensile tests were 
carried o u t  on pre-cleaved monocrystal 1 ine samples between 800 K and 
1300 K with crack opening velocities between 5 Iim/min and IQO umlmin. 

RE SU I-TS 

Results are presented, which wer~~obtained from FZ-crystals doped with 
phosphorus a.t levels of 1.6 x 10 and 6.5 x IO'& atotns per cm3 (FIG.1). 
The diagram In b vs. l/T,does not show the expected doping dependence 
o f  brittle-ductile transitions (see FIG.2). For the weakly doped silicon 
( 1 )  open symbols) an activation energy o f  1.8 eV is calculated at 
temperatures greater than 1000 K. Towards lower temperatures the plot 
shows a deviation of the Arrheiiius line. In the more heavily doped 
material ( 2) closed symbols) this deviation takes place at higher 
temperatures and crack opening velocities. Therefore the brittle-ductile 
transition temperatures T, are higher than in inaterial 1 )  for small 3. 
At T>1050 K, however, the transition temperatures fur a given crack 
opening velocity are as we have expected lower in the more heavily 
doped samples. If T raises above 1150 K, the curve 2) approaches an 
Arrhenius line with U,) > U, . When compared with St.John's measurements 
611 , the brittle-ductile iransitions are distinctly shifted towards 
lower temperatures. 
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FIG.1. The brittle-ductile transitions of 
si 1 icon 

Temper a t - u r e  C K 1  

1 )  1.6 x 2) 6 x 10l8 doped 

FIG.2. Crack opening velocities d vs. inverse 
transition temperatures l/Tc. 

R E F E R E N C E S  

Former experiments in doped 
silicon have shown that the 
impurities bring about a de- 
viation of dislocation veloci- 
ty with stress at small veloc- 
ties and low stressesL31. The 
stresses might be l o w  enough 
i n  a small distance ahead o f  
the crack tip t h a t  the diffe- 
rence between the predictions 
and the experimental data at 
small crack opening  velocities 
could be explicable by this 
phenomenon. 

1 -  St.John, C . ,  P h i l . ~ d g . 3 2 ,  1193 (1975) 
2. Haasen, P. in:  "Atomistics of fracture", (Plenum Press, New York 1983) 
3. Ima i ,  M., Sumino, K., Phil.Mag.47, 599 (1983) - 
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MODE I: CRACK TIP SIIXELDENG APPLIED TO WAIiM PRESTRESSING 

B.S. MAJUMDAR AND S.J.  B1413NS 
Materials Science Program 
Department of Mechanical Engineering 
University oE Roche!;ter 
Rochester, New York 1.4627 

INTRODUCTION 

Some recent work [ 1.-51 on fracture  considers probl.ems of cracking 
from a conceptually d i f fe ren t  viewpoint than conventional continuum 
p l a s t i c i t y  theories.  Individual discont inui t ies  s u c h  as dislocations,  
voids or phase transforming prec ip i ta tes  are considered to  be interacting 
with the crack t i p ,  and local  crack t i p  s t r e s s  i n t ens i t i e s  are  chanaged 
re la t ive  to  externally applied s t r e s s  in tens i t ies .  The dislocations tha t  
become geometrically necessary for mechanical. equilibrium shields  [ l -51  
the crack t i p  from the external crack driving force. 

t ransi t ion regime of b r i t t l e  to duc t i le  f racture ,  where concepts of 
dislocation generation and mobility are involved. Experimental r e su l t s  
re la t ing to  shielding concepts ace obtained EKOIII some i n - s i t u  s t ra ining oE 
TEM specimens as well. a s  b u l k  L i p  c rys ta l s .  

cleavage fracture  of b u l k  polycrystall ine 4340 st 1 samples. The 
technique of warm prestressing, whereby a precracked specirnerr i s  preloaded 
above the duc t i le  t o  b r i t t l e  t rans i t ion  temperature, and fractured a t  a 
low temperature (usually 7 ' 9 O K ) ,  2110~s a way t:o part ia l1 .y  separate out the 
processes of p l a s t i c i t y  (and attendant shielding) and cleavage cracking. 
Earl ier  w m k  on warm prestressing [ 6-81 , has concentrated on unloading 
samples a t  preload temperatures pr lor t o  cooling and subsequent f racture  
a t  l iquid nitrogen temperature. Since some reversed p l a s t i c i t y  m y  occur 
a t  the l o w  temperature, i t  is desirable to  unload samples only a t  the l o w  
temperature. T h i s  has  been given special  a t ten t ion  i n  elre present s e r i e s  
oE exper iments. 

B e n d  bar specimens of 4340 s t e e l  have been subjected to the following 
two load cycles. In one case (IJJCF'), the specimens have been preloaded to  
a desired K value a t  a given temperature, unloaded completel.y, cooled to  
l iquid nitrogen temperature, and  f i n a l l y  fractured a t  77'K. I n  the second 
case (LCUF), the cooling has been conducted w i t h  the preload held 
constant. For the purpose of baseline data,  unpreloaded samples were 
fractured a t  77'K, as  well as  a t  room temperature. Pol1ow.i .q  f racture  
special  fractographie features were observed i n  a SEM. 

three approaches were taken. F i r s t ,  the K a t  f racture  of  L C W  specimens 
a t  77 OK were compared w i t h  corresponding values for unpeeloadetl machined 
blunt :  specimens. The other tilBQ approaches rei ied on t h e  fac t  tha t  t h e  COD 
a t  preload a t  a given R varies  inversely as  the flow s t r e s s .  Identifyiny 
COD as  a parameter for b l u n t i n g ,  i t  is obvious khat the degree of blunting 
of a preloaded sample for a given K can be al tered b y  ei ther  changing the 
preload temperature (since flow s t r e s s  is  sensi t ive to  temperature), or by 
changing the microstructure. I n  the former approach, the temper3ture of 

The approach described above becomes especially important i n  the 

The present work is a continuation of shielding concepts to Mode I 

I n  an attempt to  separate the eEEects of s h i e l d i n g  and b l u n t i n g ,  
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p r e l o a d s  h a s  been v a r i e d  between -100°C and 200°C. 
t h e  as r e c e i v e d  rolled and annea led  pea r l i t i c  s t r u c u r e  h a s  been changed to 
a tempered martensi t ic  s t ructure-  The tempering tempera ture  was chosen so 
t h a t  a t  77°K t h e  f r a c t u r e  toughness  of unpreloaded samples were 
e s s e n t i a l l y  t h e  same for both  microstructures. 
allowed Eor t h e  e v a l u a t i o n  of the role of m i c r o s t r u c t u r e  i n  warm 
p r e s t r e s s i n g  e f f e c t s .  

i n c r e a s i n g  p r e l o a d s .  However, t h e r e  were t w o  impor tan t  d i f f e r e n c e s .  
F i r s t ,  t h e r e  w a s  a s i g n i f i c a n t  scatter i n  t h e  results of LUCF specimens 
compared to  LCUF specimens. More i m p o r t a n t l y ,  t h e r e  were margina l  e f f e c t s  
of p r e l o a d  f o r  LUCF specimens ( e s p e c i a l l y  a t  h i g h e r  p r e l o a d s )  compared to  
LCUF specimens.  Far  t h e s e  l a t t e r  specimens,  almost 90% of  t h e  e f f e c t  of 
p r e l o a d  was r e t a i n e d  a t  f r a c t u r e .  The d a t a  f o r  LCUF specimens showed a 
l i n e a r  i n c r e a s e  i n  K of f r a c t u r e  wi th  i n c r e a s i n g  p r e l o a d s .  Also, t h e  p lo t  
seems to  be independent  of t h e  tempera ture  o€ p r e l o a d  or t h e  
m i c r o s t r u c t u r e .  Cons ider ing  t h a t  the flow s t r e s s  f o r  t h e  tempered 
m a r t e n s i t i c  s t r u c t u r e  is almost double  t h a t  o f  t h e  p e a r l i t i c  s t r u c t u r e ,  
t h e  d a t a  c l e a r l y  s u g g e s t s  t h a t  t h e  e f f e c t  of b l u n t i n g  is much smaller t h a n  
t h a t  of  a t t e n d a n t  s h i e l d i n g .  The data f o r  b l u n t  saw c u t  samples f e l l  i n  
t h e  range of' K v a l u e s  for LCUl? specimens.  However, c o n s i d e r i n g  t h a t  saw 
c u t  samples had a c r a c k  t i p  r a d i u s I  a n  o r d e r  o f  magnitude l a r g e r  than  LCUF 
specimens,  t h e  d a t a  s u g g e s t s  t h a t  t h e  e f f e c t  of b l u n t i n g  may be small. 

The p r e s e n t  r e s u l t s  are compared wi th  similar d a t a  from o t h e r  
i n v e s t i g a t i o n s .  I t  appears t h a t  on a normalized scale,  where t h e  s t ress  
i n t e n s i t y  f a c t o r s  a t  p r e l o a d  and f racture  are normalized with respect to  
t h e  f r a c t u r e  toughness  a t  77°K of unpreloaded specimensl t h e  d a t a  t r e n d  is 
independent  of m i c r o s t r u c t u r e  and composi t ion w i t h i n  r e a s o n a b l e  l i m i t s  of 
p re load .  T h i s  seems to  be an impor tan t  r e s u l t ,  and an  attempt is made to  
unders tand  this i n  terms of crack t i p  s h i e l d i n g  concepts. 

for unpreloaded,  as w e 1 1  as LUCF and LC" specimens. The major d i f f e r e n c e  
l i e s  i n  t h e  much l a r g e r  f requency  of secondary c r a c k i n g  of LCUF samples.  
Also f o r  t h e s e  l a t t e r  specimens t h e r e  are l a r g e  macL-oscopic r i d g e s  formed 
on t h e  f r a c t u r e  s u r f a c e .  Presumably,  t h e s e  secondary cracks and r i d g e s  
are formed to  d i s s i p a t e  t h e  excess energy  s t o r e d  i n  LCUF specimens. 

I n  t h e  P a t t e r  casef 

Such a technique  a lso 

Both LUCF and LCUF specimens showed i n c r e a s i n g  R a t  f r a c t u r e  wi th  

SEM micrographs show t h a t  c l e a v a g e  f r a c t u r e  is e s s e n t i a l l y  s i m i l a r  
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INTRODUCTION 

In complex, multiphase, brittle ma-terials the continuum approach to 
describing the mechanics o f  fracture, although widely used, must be 
interfaced with a consideration of the prevailing fracture mechanisms, 
particularly where there is a doubt - as there often is in such systems 
- o f  the general applicability of conventional fracture mechanics. 
Although scanning electron microscopy (SEM) is widely used to 
investigate such m icrornechanisms o f  fracture, post fracture surfaces 
have generally been examined and it is only relatively recently that 
real time "in situ" observations of slowly propagating cracks and 
defects have been undertaken [1,2,3]. This paper describes the details 
of, and typical results achieved with, a constant K double torsion (DT)  
loading facility operating inside the specimen chamber o f  a conventional 
SEM used in the investigation of crack tip propagation in brittle 
materia 1 s . 

EXPERIMENTAL METHODS AND OBSERVATIONS 

Small specimens (33 x 1 1  x 1,l mm) o f  brittle materials, including 
cement paste, mortar, tungsten carbide-cobalt, cast iron and ceramics 
were readily loaded in double torsion using the facili-ty illustrated in 
Fig. 1. IJsing a loading system comprising a micrometer screw drive, 
helical washer and retracting pins, pivotting o f  the upper loading plate 
resulted in application o f  four point loading t o  the DT specimen. The 
whole system was mounted on a goniometer stage so that the majn crack 
r-egion was on or  close to the microscope axis thus facilitating easy 
following of the microcrack system. 

The degree o f  control o f  crack tip advance, using .the l3T system, is, 
at close to 0,l m.icron, exceptional for brittle materials, and 
comparable with the resolution o f  the microscope. Evidence o f  the  
control of such crack advance is shown in Figs. 2 (a) and (b) for cment 
paste, both immediately before (a) and after ( b )  a small incremerit o f  
loading. The crack is seen t o  have extended by one or two microns in 
this pair o f  micrographs. Ivl addition this in situ DT SEM testing 
facility enabled ''process zones" of microcracking in the vicinity o f  the 
main propagating crack tip to be observed in cementitious materials but 
not in WC-Co or cast iron systems. Relaxation behaviour o f  t h i s  
microcracked process zgne subsequent to the passage o f  the  main crack in 
cement systems was also observed. Some plastic fracture behaviour, 
consistent w i t h  microvoid coalescence, was also observable in the cobalt 
phase o f  the ostensibly brittle 'dC-Co particulate composites. 
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SUMMARY 

A n  in situ double torsion SEM loading system has been used to 
investigate real time fracture mechanisms of brittle materials and is 
particularly useful because o f  the fine control of crack advance (at 
less than a micron) that can be achieved. 
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FIG. 1. Expanded view of the in 
situ SEM's DT loading system. 

FIG. 2. Illustrating control of 
crack tip advance in cement paste 
(w/c ratio 0.38, 14 day wet cure). 
The crack tip (a) has advanced 1 
or 2 microns in ( b )  following a 
small load increment. 
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DISLOCATION STRUCTURES AT CRACK TIPS* 

I . M .  ROBERTSON, G.M. BOND and H.K. BIRNBAUM 
U n i v e r s i t y  of I 1  l i n o i s ,  Dept. o f  M e t a l l u r g y  and M i n i n g  Engineer ing,  
Urbana, I L  61801 

I n  a recent  s e r i e s  of papers, Ohr and coworkers have presented 
observa t ions  on t h e  d i s l o c a t i o n  s t r u c t u r e  a t  c rack t i p s  i n  a number o f  
m a t e r i a l s  deformed i n  mode I 1 1  C1-31. 
i s  f r e q u e n t l y  comprised of a d i s l o c a t i o n - f r e e  zone immediate ly  ahead of 
t h e  crack t i p  f o l l o w e d  by a l i n e a r  a r r a y  o f  d i s l o c a t i o n s .  The d i s l o c a -  
t i o n  a r r a y  takes  t h e  form of an i n v e r s e  p i l e - u p  w i t h  t h e  d i s l o c a t i o n  
spacing decreas ing as t h e  crack t i p  i s  approached. These observa t ions  
tend t o  be l i m i t e d  t o  crack t i p s  t h a t  a r e  produced i n  t h e  e a r l y  stages 
o f  deformat ion o r  a r e  produced by t h e  TEM specimen p r e p a r a t i o n  process. 

They r e p o r t  t h a t  t h e  p l a s t i c  zone 

The e x i s t e n c e  of t h e  d i s l o c a t i o n - f r e e  zone has been p r e d i c t e d  by 
mod i fy ing  t h e  cont inuous d i s l o c a t i o n  p l a s t i c - z o n e  model o f  B i l b y  e t  a1 
C43 t o  i n c l u d e  a b a r r i e r  t o  d i s l o c a t i o n  emiss ion from t h e  crack t i p .  
T h i s  m o d i f i c a t i o n  removes t h e  s i n g u l a r i t y  a t  t h e  crack t i p .  
t h e  d i s l o c a t i o n - f r e e  zone v a r i e s  i n v e r s e l y  w i t h  t h e  number o f  d i s l o c a -  
t i o n s  i n  t h e  ar ray ,  h u t  i s  s t i l l  of  t h e  o r d e r  of hundreds o f  nanometers 
f o r  100 d i s l o c a t i o n s  when a va lue  f o r  t h e  l a t t i c e  f r i c t i o n  s t r e s s  t h a t  
i s  c h a r a c t e r i s t i c  of  d i s l o c a t i o n s  i n  a meta l  i s  s u b s t i t u t e d  i n t o  t h e  
t h e o r e t i c a l  models C51. 

The s i z e  o f  

The presence o f  t h e  d i s l o c a t i o n - f r e e  zone i s  thought  t o  be an 
anomalous r e s u l t  s i n c e  as shown i n  f i g s .  1 and 2 d i s l o c a t i o n s  extend t o  
w i t h i n  a few tens  of  nanometers o f  t h e  crack t i p  even when t h e  number o f  
d i s l o c a t i o n s  i s  smal l .  The micrograph i n  f i g .  1 shows a crack t i p  i n  
copper w i t h  t h e  s t r e s s  released, d i s l o c a t i o n s  extend t o  w i t h i n  20 
nanometers of t h e  crack t i p .  Indeed, where t h e  crack pa th  changes 
d i r e c t i o n  (A on f i g u r e ) ,  a s i n g l e  d i s l o c a t i o n  e x i s t s  w i t h i n  30 
nanometers of t h e  crack t i p ;  t h e  t h e o r y  p r e d i c t s  t h a t  a s i n g l e  
d i s l o c a t i o n  should move severa l  microns f rom t h e  crack t i p .  The l a c k  of  
d i s l o c a t i o n s  w i t h i n  20 nanometers of t h e  crack t i p  can be a t t r i b i i t e d  t o  
t h e  t h i n n e s s  o f  t h e  m a t e r i a l ;  t h e  m a t e r i a l  i s  t o o  t h i n  t o  suppor t  
d i s l o c a t i o n s  because o f  sur face image fo rces .  Furthermore, i t  i s  
d i f f i c u l t  t o  kepp d i s l o c a t i o n s  c l o s e  t o  t h e  crack t i p  s i n c e  they  r e q u i r e  
o n l y  smal l  increases i n  s t r e s s  t o  indi ice mot ion and can f r e q u e n t l y  be 
made t o  mow under t h e  e l e c t r o n  beam. The micrographs i n  f i g .  2 were 
taken f rom an A1-7075 a l l o y  t h a t  has Seen deformed i n - s i t u  i n  t h e  
e l e c t r o n  m i  croscopo and he1 d a t  cons tan t  s t r e s s .  
t h e  crack t i p  i n  t h e  de format ion  zone, an i n t e n s e  t a n g l e  of  d i s l o c a t i o n s  
e x i s t s  w i t h  t h e  d i s l o c a t i o n s  approaching the crack t i p .  
appears t o  be f r e e  o f  d i s l o c a t i o n s  i n  f i g .  2a can, by t i l t i n g ,  be shown 
t o  c o n t a i n  d i s l o c a t i o n s ,  f i g .  2b. 

T h i s  work was supported by t h e  DOE th rough c o n t r a c t  DE-AC02-76ER01198. 

Immediately ahead o f  

The area t h a t  

* 



159 

These observa t ions  i n d i c a t e  t h a t  no d i s l o c a t i o n - f r e e  zone e x i s t s  a t  
crack t i p s  i n  m a t e r i a l s  w i t h  low (Cu) a n d  h i g h  (Al-7075 a l l o y )  values of  
t h e  l a t t i c e  f r i c t i o n  s t r e s s .  
number o f  o t h e r  m a t e r i a l s .  

5 i m i l a r  observa t ions  have been made i n  a 
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Fig.  1 D i s l o c a t i o n  s t r u c t u r e  a t  a crack t i p  i n  copper. 

‘A I 

. *  
1 .  

I 
Fig.  2 d i s l o c a t i o n  s t r u c t u r e  i n  an AL-7075 a l l o y  a f t e r  a s i g n i f i c a n t  

tion. 
e d i f f e r e n c e  between (a) and ( b )  i s  

The crack t i p  i s  surrounded 
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TEM STUDIES OF CRACK T I P  DISLOCATIONS I N  BCC METALS 

C. G. PARK AND S .  M. OHR 
Sol i d  S ta te  D i v i s i o n ,  Oak Ridge Nat ional  Laboratory,* 
Oak Ridge, Tennessee 37831 

Crack t i p  deformation on a microscopic scale has been the subject  o f  
cons iderable i n t e r e s t  recen t l y  because o f  i t s  i m p l i c a t i o n  on the 
understanding o f  t he  f r a c t u r e  toughness and the ove ra l l  f r a c t u r e  
process. From a ser ies  o f  TEM observations c1-41 i t  i s  now we l l  
es tab l i shed  tha t ,  when p l a s t i c  deformation occurs ahead o f  propagating 
cracks, d i s l o c a t i o n s  are emi t ted  from the crack t i p ,  r a p i d l y  d r i ven  out 
o f  the area, and p i led-up i n  a p l a s t i c  zone c rea t i ng  a d i s loca t i on - f ree  
zone (DFZ). The existence o f  the  DFZ, which i s  a man i fes ta t ion  o f  the 
d i f f i c u l t y  associated w i t h  d i s l o c a t i o n  emission from the  crack t i p ,  has 
con t r i bu ted  s i g n i f i c a n t l y  t o  the  understanding of the mechanism o f  duc- 
t i l e  and b r i t t l e  crack propagations. The r e l a t i o n s h i p  between the mode 
o f  crack propagation and the  behavior of crack t i p  d i s loca t i ons  depends 
on the  crack geometry and the  load ing  condi t ions.  
c l e a r  a t  present which o f  the  ma te r ia l  parameters are responsib le  i n  
determin ing the  geometry o f  crack t i p  deformation and i t s  r e l a t i o n s h i p  
t o  the onset o f  crack propagation. I n  the  present work, we have s tud ied 
t h e  e f f e c t s  o f  unloading and hydrogen environment on the d i s t r i b u t i o n  o f  
d i s loca t i ons ,  on the  DFZ, and on the  crack t i p  s l i p  systems dur ing  
i n  s i t u  TEM deformation o f  bcc metals. 

However, i t  i s  not 

Depending on the  loading geometry, a l l  th ree  modes o f  crack t i p  
deformation have been observed. I n  a1 1 of t he  cases s tud ied  the  
presence of the  DFZ immediately ahead o f  crack t i p  was confirmed by 
imaging through 4-5 d i f f e r e n t  d i f f r a c t i o n  condi t ions.  The s i ze  o f  the  
DFZ, however, va r ied  (1-20 urn) depending on the number o f  d i s loca t i ons  
i n  the  p l a s t i c  zone, t h e  g ra in  s i ze  and the  load ing  condi t ions,  as 
p red ic ted  by the  d i s l o c a t i o n  model of f r a c t u r e  [5, 61. Figure 1 shows 
t h e  v a r i a t i o n  o f  the s ize  o f  t he  DFZ i n  two d i f f e r e n t  stages o f  crack 
propagat ion i n  molybdenum. 
increased and the crack propagated. The t o t a l  number o f  d i s loca t i ons  
emi t ted  from the crack t i p  increased from 70 t o  280 and the length  o f  
t h e  DFZ decreased from 5.5 t o  1.5 pm. 
boundary appears t o  have acted as a b a r r i e r  t o  d i s l o c a t i o n  motion. 
More d e t a i l e d  examinations, however, revealed t h a t  some o f  the  d is loca-  
t i o n s  i n  the  p i le -up  entered, moved along, and emerged out o f  the g ra in  
boundary i n t o  the  same grain. When the  s t ress  was removed, some o f  the 
d i s l o c a t i o n s  i n  the  p l a s t i c  zone moved backward t o  the  crack t i p  and 
were ann ih i la ted .  The d i s loca t i ons  l e f t  i n  the  p l a s t i c  zone r e d i s t r i -  
buted themselves dur ing  the  unloading. 
shear cracks o f  mode 111 was shor te r  than DFZ's o f  mode I and I 1  cracks. 
Th is  i nd i ca tes  t h a t  the  emission o f  screw d i s l o c a t i o n s  from the crack t i p  
i s  eas ie r  under the mode 111 load ing  cond i t ion .  

Between ( a )  and (b), t h e  app l ied  s t ress  was 

Dur ing t h i s  process the g ra in  

General ly, t h e  DFZ ahead o f  
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I n  a l l  o f  t h e  crack t i p  geometr ies analyzed, t h e  choice o f  the  crack 
t i p  s l i p  system was d i c t a t e d  by two f a c t o r s :  t h e  d i s l o c a t i o n  emission 
c o n d i t i o n  from t h e  crack t i p  [SI f o r  each mode o f  l o a d i n g  and t h e  crack 
t i p  Schmid Factor .  That i s ,  t h e  t y p e  o f  crack t i p  deformat ion i s  de ter -  
mined by t h e  r a t i o  o f  t h e  component o f  a p p l i e d  s t r e s s  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  f o r  d i s l o c a t i o n  emission f o r  each mode. It i s  
found t h a t  t h e  mode I11 crack t i p  de format ion  i s  s t a t i s t i c a l l y  favored 
o v e r  modes I and 11. Witc l in each mode of deformation, t h e  s l i p  system 
possessing t h e  maximum crack t i p  Schmid f a c t o r  i s  a c t i v a t e d  froin the  t i p  
o f  p ropagat ing  cracks, The r e s u l t s  presented here are i n  good agreement 
w i t h  the  DFZ t h e o r y  o f  f r a c t u r e  [SI. 
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k 
Fig.  1. D i s t r i b u t i o n  o f  d i s l o c a t i o n s  ahead o f  propagat ing cracks i n  
molybdenum. 
propagated and t h e  s i z e  o f  t h e  DFZ decreased. 

As t h e  a p p l i e d  s t r e s s  increased f rom (a)  t o  ( b ) ,  t h e  crack 
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MODELING OF CRACK GROWTH AND FRACTURE IN THIN SPECIMENS 

by K. V. Jata, T. Hanamura*, and W. A .  Jesser 
Department of Materials Science, School of Engineering and Applied 
Science, University of Virginia, Charlottesville, VA 22901 

INTRODUCTION 

Microstructure and crack tip micro-plasticity largely affect the 
crack growth mode and toughness of notched components. Linear elastic 
fracture mechanisms, LEFM, can be conveniently employed to rationalize 
the crack growth behavior under small scale yielding conditions in 
front of the crack tip under plane-strain conditions. The maximum 
stress and minimum strain energy criteria can often correctly predict 
the crack growth direction and many existing fracture models toughness 
models can be used to understand the toughness behavior. However, when 
the component is under a plane stress condition, the large scale micro- 
plasticity in front of the crack tip does not permit the use of LEFM 
analysis with ease. In such conditions crack tip opening displacement, 
grain orientation and slip processes occurring in front of the crack 
tip would be more useful concepts to rationalize crack growth and 
toughness behavior. In this paper we present the models successful in 
bulk specimens as applied to the thin film case. 

MATERIALS AND EXPERIMENTAL 

Ribbons of type 304 and 316 stainless steel 12mm by 2.3mm 40vm 
thick were electropolished so that a thin bowl shaped region formed in 
the center of the specimen. The specimen was mounted in a quantitative 
load elongation stage of a high voltage electron microscope and pulled 
to failure while recording the crack propagation behavior with a video 
camera. From these recordings the following microscopic characteris- 
tics of the crack propagation were determined: direction with respect 
to grain orientation, crack tip opening displacement, deformation zone 
ahead of the crack tip, crack length, mode of opening and the concur- 
rent load, elongation and elongation rate. A l l  of these variables 
combine to permit a detailed analysis of the crack propagation and to 
model its behavior. 

SUMMARY 

Several models have been developed and tested against the experi- 
mental data. Fracture toughness models can account for the experi- 
mental values of toughness. Minimum strain energy release and maximum 
stress criteria are applied to the system in order to account for the 
direction of crack propagation. Only limited success was found with 
these two approaches. The relationship between models successful in 
bulk cases to those models successful in this thin film case is ex- 
plored. The values of specimen thickness employed here is several 
micrometers, i.e. a thickness intermediate between bulk and very thin 
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films. This intermediate region of thickness shows behavior not seen 
in thin films but approaching that in bulk specimens. 

*Present address: Nippon Steel Corp., Kosugi Ryo 419, Imainaka-Cho 
317-2, Kawasaki, Japan 211. 
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INSIGHTS INTO THE FRACTURE TOUGHNESS OF M A R T E N S I T I C  S T A I N L E S S  SI'EELS 
USING STEREOSCOPIC FRACTOGRAPHIC MEASURE WENTS 

D, s .  G E L L E S  
Westinghouse Hanford Company, W/A--65, P. 0. Box 1970, Richland, U A  

Ste reoscop ic  f rac tog raphs  o f  precracked compact t e n s i o n  and 
precrackedi m i n i a t u r e  Charpy impact  Pest specimpns can p r o v i d e  c r i t i c a l  
crack operai ng d isp lacement  (COR) measurements (6@) on a m i c r o s t r u c t u r a l  
s c a l e  [l]. Based on a r e l a t i o n s h i p  proposed by Wel l s  [2 ]  wh ich  compares 
the  ( 6 c )  and 
i n v o l v e s  t h e  y i e l d  s t r e n g t h  a G c  = n ci 6, ...( 1) where n 1s a p l a s t i c  
st ress  i n t e n s i t y  f a c t o r  e x p e c t &  t o  vary getween 1 f o r  p lane  s t r e s s  acd  2 
f o r  p l a n e  s t r a i n ,  one can  show 3 l C  =-m 0 6 ,  .......( 2) w i t h  m v a r y i n g  
between 1 and 2. A technique f o r  meahuri& 6 ,  u s i n g  f r a c t o g r a p h i c  
i n f o r m a t i o n  can be env i s ioned  f rom F i g u r e  1 S U C ~  l h d t  6, i s  t h e  sum o f  A I  
* h2. 
f o r  a f e a t u r e  n h i c h  can be i d e n t i f i e d  on bo th  ha lves  o f  a f r a c t u r e  
surface, t hen  COB as a f u n c t i o n  o f  Aa can be determined and 6r- can be 
est imated.  

m a r t e n s i t i c  s t a i n l e s s  s t e e l s ,  Sandvik HT-9 ( F ~ - ~ ~ C ~ - O . ~ C - ] L ~ ~ ~ O - O . ~ W - O . ~ V -  
0.5Ni-0.4Si-0.6Hn) and ASTN Grade T91 (Fe-9Cr-O.1C-1 Mo-Q.2V-O.lNh-O.3Si - 
0.5Mn). M i n - i d t u r e  compdct t e n s i o n  specimens were t e s t e d  t o  p r o v i d e  J I C  
measurements [6-81, h e a t  t i n t e d  p r i o r  t o  f r a c t u r e  o f  t h e  r e m a i n i n g  
l i g a m e n t  and then examined by scail i?ingl e l e c t r o n  microscopy. 
t h r e e  such specimens a r e  p r o v i d e d  i n  F i g u r e  2. F i g u r e  2 a  shows a 
specimen o f  f u l l y  hea t  t r e a t e d  HT--9 t e s t e d  a t  room lemperature;, The 
f i g u r e  i s  arranged as a s t e r e o  p a i r  t o  show bo th  halve5 o f  t he  f r a c t u r e  
sur face w i t h  t h e  f a t i g u e  s u r f a c e  a t  t h e  cen te r .  F o l d i n g  t h e  s t e r e o  model 
along t h e  v e r t i c a l  center l i n e  w o u l d  a l l o w  t h e  t w o  surfaces t o  match. The 
f r a c t u r e  s u r f a c e  appears co r rega ted  w i t h  t h e  a x i s  OF t h e  c a r r e g a t i o n  
p a r a l l e l  t o  t h e  o r i g i n a l  f a t i g u e  crack. Vhere a p r o t r u s i o n  appears on 
one half o f  t h e  specimen, a depress ion matches i t  on t h e  o t h e r  h a l f .  The 
c o r r e g a t i o n  a r i s e s  f rom t h e  presence o f  d e l t a  f e r r i t e  s t r i n g e r s  which 
p r o v i d e  crack n u c l e a t i o n  s i t e s .  F i y u r p  2b  shows a qpeciinen o f  f u l l y  heat  
t r e a t e d  T91 t e s t e d  a t  230%. The f a t i g u e  surfaces, s t r e t c h  LOW and 
d i m p l e  r u p t u r e  reg ions  a r e  more c a s i l y  i d e n t i f i e d ,  However, s e v e r a l  
examples o f  d i m p l e  r ~ p t ~ i - e  can be found i n  r e g i o n s  c l o s e  t o  ttir f a t i g u e  
s u r f a c e  and t h e r e f o r e  d i m p l e  r u p t u r e  d i d  occur d u r i n g  s t re tch  zone 
f o rma t ion ,  A t h i r d  example i s  g i v e n  i n  F i g u r e  2 c  wh ich  shows a w21d 
specimen o f  T91 which was t e s t e d  a t  205OC. Dimple r u p t u r e  i s  on a much 
f i n e r  s c a l e  and t h e  t r a n s i t i o n  f r o m  s t r e t c h  zone t o  d i m p l e  r u p t u r e  is  
more c l e a r l y  def ined. However, even i n  t h i s  case examples of d i m p l e  
r u p t u r e  can be found on s t r e t c h  zone surfaces. 

E v a l u a t i o n  o f  t h e  parameter  m c o n f i r m s  t h i s  conclusion, "m" i s  
found t o  vary f rom 1.7 t o  2.7 w i t h  l a r g e  u n c e r t a i n t i e s  found i n  a g i v e n  
specimen as a r e s u l t  o f  area t o  area v a r i a t i o n s .  I t  appears t h a t  crack 
g rowth  i s  a r e s u l t  o f  non-uni form crack p ropaga t ion  which i s  averaged by 
bu lk  measurements. Therefore,  F i g u r e  1 i s  h i g h l y  i d e a l i z e d ,  Cavj t y  
n u c l e a t i o n ,  g r o  t h  and f r a c t u r e  o f  t h e  r e m a i n i n g  l i g a m e n t  can occur  p r i o r  
t o  reach ing  sc and 9 l c  o r  6, o n l y  rep resen ts  a f r a c t u r e  energy where 

c r i t i c a l  crack extension f o r c e  (G,) and c r i t i c a l  CUD 

I f  one measures the h e i g h t  of a f e a t u r e  above t h e  f a t i g u e  surface 

S i m i l a r  techniques have been developed e lsewhere 13-51. 
T h i s  approach t o  f r a c t o g r a p h i c  a n a l y s i s  has been applied t o  t w 9  

Examples o f  
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f a i l u r e  i s  almost exclusively by dimple rupture fa i lure .  The concept o f  
a blunting l i n e  i s  a s impl i f ica t ion  i n  complex martensi t ic  s teels .  
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FIGURE 1 

Aa 

Schematic Diagram o f  the Sequence o f  Events which Occur a t  a 
Sharp Crack Tip i n  Comparison w i t h  Behavior  on a Corresponding 
J-R Curve. 
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THE APPLICATION OF STATISTICAL MODEL OF CLEAVAGE IC,, TO 
HOT-WORK DIE STEEL AND ITS TOUGHENING BY 

DOUBLE QUENCHING TREATMEN!P 

Zheng Mingxin, Chen Baoluo and C a i  Qi-gong 
Department of Mechanical Engineering, 

Tsfnghua University,  China 

INTRODUCTION 

In many cases, t h e  premature b r i t t l e  f r a c t u r e  of hot-work d i e s  
is induced by t h e  uns tab le  propagation of thermal fatigue 
cracks. However, it was found t h a t  t h e  l i f e  of hot-work d i e s  
could be increased g r e a t l y ,  i f  t h e  f rac ture  toughness of die 
steel  was improved. Using a double quenching t rea tment  with 
a h ighe r  temperature of t h e  first quenching [l] i n s t ead  of t h e  
conventional one (spheroidiee annealing a d  quenching), an in- 
crease in fracture toughness at t h e  same level  of s t r e n g t h  had 
been obtained, and, consequently, it should have been b e n e f i c i a l  
t o  t h e  d i e  l i fe .  

EXPERIMENTAL 

The material was a v a i l a b l e  f r o m  two hea t s  (A B) of t h e  same 
steel grade 3Cr2W8V, t h e  composition ( i n  wl$) of which is as 
follows : 
heat A 0-0.38, C ~ 2 . 9 0 ,  W-8.25, v-O.47, Si-0.20, fa3.4.22, 

P-0.027, 5-0.008 
heat B (3-0.33, Cr-2.38, W-8.26, V-0.38, Si-0.17, Mn-0.20, 

Specimens of t h e  f r a c t u r e  toughness (13X26X190mm) and t e n s i l e  
tests (@5mm) were c u t  both along t h e  r o l l i n g  d i r e c t i o n  and 
perpendicular,  and t h e  tests were conducted in an Ins t ron  
testing machine at 8 cross head speed of Imm/mm. 
maohanioal p rope r t i e s  t h e  specimens were examined by l i g h t  and 
scanning e lec t ron  microscopes. 
The heat t reatment  of specimens c a r r i e d  cut was shown by l i n e s  

P4.005, S-0.005 

After testing 

in Fig;.I. 

I 
I I r  

l iechinin: 

TlmC 

Fig.1 Heat treatment condi t ions  for specimens 
a-convent ional treatment : b-double quenching treatment 



168 

RESULTS AND DISCUSSION 

Results of fracture toughness t e s t i n g  are presented graphiea l ly  
in Fig.2, which indicates tha t  Rlc increases w i t h  increase  in 
quenching and tempering temperatures, while t h e  values  measured 
f o r  double quenching treatment are always higher than tha t  f o r  
t h e  oonvmtional  one under t h e  Same temperature conditions.  

80 

- 20 - 

.20. I I I I I I 0 1  I I I 
1050 1100 1150 1200 1250 1300 580 610 640 670 

Cbenching Temperature (.C J Tempering temperature(*CJ 

A Conv .T . 
+Double Q. 

Fig.2 Variat ions of fracture toughness with 
quenching (a) and tempering temperatures (b)  

SEM examinations of t h e  f r a c t u r e s  n e a r  t h e  crack t i p  region 
shows that the f r a c t u r e  occurs by quasi-cleavage mechanism and 
is initiated by cracked r e s i d u a l  carbides  M& retained after 
quenching, The S ize  d i s t r i b u t i o n  o f  r e s idua l  carbide p a r t i c l e s  
was determined by q u a n t i t a t i v e  metallographic techniques, as 
shown i n  Fig.3, The r e s u l t  shows t h a t  f o r  those  largest 
( 2 r  >/ 2 p m )  residual carbides t h a t  might i n i t i a t e  cleavage frac- 
t u r e ,  the p robab i l i t y  dens i ty  func t ion  f ( r )  of t h e  p a r t i c l e  
r ad ius  ( r )  can be approximated by 

I 
0 

4 where r is a parameter assoc ia ted  
with t h 8  s i z e  d i s t r i b u t i o n  of 
p a r t i c l e s  and n an experimental 
c o e f f i c i e n t  . 
Based on t h e  Size d i s t r i b u t i o n  func- 
t i o n  of cracked oarbides  and t h e  

the  cleavage fracture toughness IClc 

0 
a l o c a l  G r i f f i t h  f r a c t u r e  c r i t e r i o n ,  

Par t ic le  r a d i u s 1  can be formulated as [2] 

Fig.3 f ( r )  versus r 
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r(l-4 1) 
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BO - 
x - 

0 
L 

-40 

PO 

0 
900 11W61300 1500 1700 

0.2 ( M h )  

A Axial 
I Perpendicular 

a-heat A f o r  double quench@ 
treatment;  b-heat A for con- 
vent i ona l  treatment 

propagat iqn was ca lcu la t ed  by using the  measured cleavage 
stress cf , some values of whieh are given in Tab.2. * 

_. ~ab.2 some values of oleavage streas Gf 
Heat treatment; Yie ld  stress C4eavage st rem 
condit  ions (OC ) cy3 (ma) 6p (-1 
Quenched f r o m  1100 
feRkp8#d at 610 1660 3 776 3460 3847 

Quenched from 1 100 
TenrDered at 580 1750 3 591 3847 3796 

According t o  the s i z e  d i s t r i b u t i o n  of  carbides &C bn the  steel 
(P-tg.3) tempered at  %O0C, the largest residual oarbides t h a t  
might i n i t i a t e  cleavage f r a o t u r s  are as follows: 
the Size  of carbide particle w i t h  a p robab i l i t y  densi ty  higher 
than lo$, o r  (2r)307~= 1.48pm; t h e  siae of earbids particle with 
a probab i l i t y  density high than 2Q$, o r  ( 2 r ) a o p  =: 1 e 1 am. 
Subs t i tu t ing  these data into d =(I-J')d$'/TIE , we have dp=24.6, 
19.7 J/m f o r  (2r)==d=1.40, l.l!!,~m, respec t ive ly ,  
S imi la r ly ,  f o r  t h e  steel tempered at 6dQ°C f =25,8, 20,6 J/me 
Therefore, t h e  e f f e c t i v e  surface energy o f  c lbvage  fraotur-e 
propagation i n  steel 3Cr2W8V f =20-225 J/m . !Phis value is 
somewhat higher than that  o f  tge fe r r i te  matrix and it may be 
explained by the higher dislolcatlon d e n s i t y  i n  t h e  tempered 
mar tens i te  matrix of the die  steel .  It is obvious, as can be 
seen in  Pig.5, t h a t  t h e  mea d is tance  between carbide particles 
gradually increases with increasing quenching temperature, and 
t h e  l a w  of variation is similar 20 t h a t  of f r a c t u r e  toughness 
of  the steel tempered at temperatures near and higher than the  
secondary hardening peakc The analysis  of  our q u a n t i t a t i v e  
metallographic determination mv'sals tha t  t h i s  v a r i a t i o n  is 
asaoc ia ted  with the d i s so lu t ion  of carbides In matrix in 
appreciable  q u a t  it ies . 
similar consideration had also been presented by 'tb,F,Zackay [5]. 

The same type of r e l a t ionsh ip  and 
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Tong-Yi Zhang, Nu-Yang Chu, Y i n g  L i  and Chi-Nei Snim 
Dept. of  Xetal -sics, b i j i n g  University of  I m n  md Steel T0chnology 
C- 

Wdrogen induced cracking ( H E )  and stress corrosion cracking ( S C C )  
of a high-strength s t e e l  34CrNi31bIo (T.Y.=1700KPa) under Node I1 loading 
were investigated with notched specimens. The stress f i e l d  amund tine 
notch t i p  was analysed by I u e m  of f i n i t e  element method. 
coordinate system (xoy) is selected i n  the inteyior  of the notch and at 
distance 
notch t ip.  
t ion  of stress components at the points a m  denoted angle 8 and 
respectively, as shown i n  Pig.1. 
notch surface t,, i s  located at 
i ts  direction is  4 ~ 5 0 .  The m a x i m u m  bydrostatic stress and the 
m a x i m u m  principal. stress 
0 -  - l l Q o ,  i.e. the point I3 i n  Fig.?. The directions of  and T* 
are 4=10° and 4- -35’, respeotively, as shown i n  Fig.? where x* de- 
notes the m a x i m u m  shear s t i w s s  at the point 13, i.e. a t  @= - l l O o .  

Tae origin of 

p/Z fmm the notch t ip ,  w h e r e  p is curvature Wius of the 
The s i t e  of each point on the notch surface .and the direc- 

‘The maximum shear stress on the whole 
&=BOo, i.e. the point A i n  Fig.1, and 

@lma on whole notch surfaoe is located at 

The in i t i a t ion  and pmpogation of IPLC under ?.lode I1 l oad iw  w e r e  
traced with a metallopaph. The specimen would be unloaded as soon as 
the in i t i a t ion  of S I C  was found. Therefore, the s i t e  and tine direction 
of TEC during i n i t i a t i o n  could be determined certainly. A typical pho- 
tograph of H I C  i n i t i a t i o n  is i l l u s t r a t ed  i n  Fig.2. 
a t  s i t e  B i n  the back of notch t ip ,  i.e. @ =  -11O0, where the hydrostatic 
stress had the m a x i m u m  value, Y!e ICTC was along the m a x i m  shear stress 
T* at s i t e  3, i.e. @= - 3 5 O ,  not normal to  L i e  direction of @lmm at the 
same s i t e .  The average measured value of Nand 8 for 7 specimens worn 
- 3 8 O  and -lOTo, -respectively, which w e r e  basely consitenti with the cal- 
culation values .1(= - 3 5 O  a d  @ =  -110’. 
i n i t i a t e s  at the m a x i m u m  Wdrostatic stress s i t e  and is along the m a x i m u m  
shear stress direction at that  s i t e .  
solution under Node T I  loading is the same as SIC. 

The cracking in i t i a t ed  

It can l ~ ?  concluded that  HTC 

The in i t i a t ion  of SC’J i n  3.5% NaCP 

On the con t r aq ,  i f  the specimens am loaded to  fracture i n  a i r  
under Mode I1 loading the cracking i s  i n  the m a x i m u m  shear stmss sits 
around the notch t i p  and the cracking direct ion coincides with the dimc- 
t ion  coincides with the direction of the m a x i m u m  shoar stress, &e sho~m 
i n  Fig.3. Above facts indicate that  hydroL;en induced delayed p las t ic  
deformation is a necessary condition f o r  U C  and the nature o f  SCC f o r  
high-strength s t e c l  i n  3.5% Wac1 solution is X I C .  
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Fig.1. The s i t e s  and directions of the m a x i m u m  bydmstatic 
stress 0-b~~ m a x i m u m  principal stress d l m a ,  
m a x i m  shear stress ‘Cum on the whole notch SUI+ 

I t l  

Fig.2. The s i t e  and direct ion of 
HIC under Kode I1 loading. 
A B f o r  crack, B C f o r  
p l a s t i c  zone. (dark f i e l d  
xl60) 

Fig.3. Mode I1 specimene o v e p  
loaded i n  air. 
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FRACTO-EMISSION: PARTICLES FROM THE FRACTURE OF SOLIDS* 
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J. THOMAS DICKINSON, LES C. JENSEN, AND M. RANDY MCKAY 
Departnent of Physics, Washington State University, Pullman, WA 99164 

We have been investigating the emission of particles due to 
deformation and fracture of materials [l-3 and references therein]. We 
observe the emission of electrons, ions, neutral species, photons 
(triboluminesence), as well as long wavelength electromagnetic radiation; 
collectively we refer to these emissions as fracto-emission (EX). The 
goals of our research are to characterize the properties of FE, determine 
the mechanisms for each emission component, and relate the FE behavior to 
the physics and chemistry of deformation and fracture of interesting 
materials and systems. The properties of the emission we measure include 
identification of the emitted species, total intensities, time 
distributions relative to crack growth, energies, and correlations in time 
between various FE components. The dependence of these characteristics on 
the material properties, locus of fracture, crack velocity, and 
temperature have also been investigated. The emission effects can be 
observed over a wide range of materials. We have made a number of FE 
measurements on inorganic single crystals, ceramics, organic molecular 
cyrstals, polymers, campsites, and interfaces. A s  we continue to gain 
understanding of the mechanisms of FE, we hope to provide detailed 
information about crack propagation and failure mechanisms. In this 
presentation, we show recent results on specific FE components 
accompanying the fracture of inorganic single crystals, in particular, 
neutral species. 
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mss 58 (and 6 6 )  from molecular NaCl is observed; thus, these signals are 
from the emission of atom, An additional. intense mass peak from MC1 is 
mass 36 ( H C l ) ,  Similarly, from L i F  we observe Li, F, and HF' from LiF.  We 
have evidence that the HF and HCI observed are a result of fracturing E i F  
and NaC1 crystals that contain dissociated water molecules I Fracture 
drives a chemical reaction that f a v o r s  HX evolution over H 2 0  (gas) 
fornation, 

I eo ,- 

3'0 40 TiME (ins) 2 0  
MASS 

Fiq,  3, Difference mass spectrum Fiq.  4. Bnission of mass 16 
of-neutral emission from M ~ O .  frotn fracture of NO, 

Fig, 3 shows a difference curve between two mass scans taken 
hmediately before and after fracture of single crystal MgO (total 
tinae/scan = 80 ms) . Frequently observed emission peaks were masses 44, 
32, 28, 24, 16, 15, and 2. Figure 4 shows the mass 16 mission from Mg0 
vs the. Tentative assignment to the parent species released are CO2, 0 I 

CO, atomic Mq, CHq and I4 . Other hydrocarbons were frequently detected. 
Mass 16 is due to contgibutions from 0 , CHdP and perhaps some atomic 0. 
M(30 contains a wealth of impurities whlcg contribute to these emissions. 
The carbon containing compounds observed are due t o  chemical reactions 
accompanying and following fracture with bulk (impurity) carbon with 0 
type defects (e .g . ,  0-, a positive hole) and disso'lved hydrogen. It is 
important to note that these compounds do not exist in the crystal prior 
to fracture. The fracture surface is acting as a catalyst for 
recombination reactions of the reactive species in the crystal, The 
atomic Mg is more likely a product. inherent to bond breaking of t h e  
crystalline My0 itself. 

1. J. T, Dickinson, L. C. Jensen, and A. Jahan-latibari, J. Vac, Sci. 
Techno1.A - 2, 1112 (1984). 

2 .  J, T. Dickinson, W. D. Williaas, and L. C.  Jensen, J. Am. Ceramics 
SOC. I 68 235 (1985). 

3 .  L. A. K'Singam, J. T. Dickinson, and L. C. Jensen, "Electron and 
Photon Emission Accornpanying Failure of Metal/Glass Interfaces," to 
appar  i n  J, ~un. Ceramics S o c .  

"Work supported by National Science Foundation (DMR 8210406) and 
Office of Naval Research (Contract N0BB14-804-0213, NR 659-803). 
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THE INFLUENCE OF HYDROGE! ON DEFORMATION AND FRACTURE PROCESSES I N  HIGH- 
STRENGTH ALUMINUM ALLOYS 

G.M. BOND, I .M. ROBERTSON AND H.K. BIRNBAUM 
U n i v e r s i t y  o f  I l l i n o i s ,  Dept, o f  M e t a l l u r g y  and M i n i n g  Eng ineer ing  and 
t h e  M a t e r i a l s  Research Labora to ry ,  Urbana, IL 61801 

The e f f e c t s  t h a t  hydrogen i n  s o l i d  s o l u t i o n  and i n  t h e  environment 
has on t h e  d i s l o c a t i o n  m o b i l i t y  and f r a c t u r e  o f  age-hardened 7050 and 
7075 A1-Zn-Mg a l l o y s  have been i n v e s t i g a t e d  by t h e  i n - s i t u  TEM 
deformat ion technique.  The i n - s i t u  env i ronmenta l  c e l l  s t u d i e s  were 
performed i n  t h e  HVEM env i  ronmental cel l  f a c i  1 i t y  a t  Argoniie Mat i  onal  
Labora to ry .  Both peak-aged and over-aged m a t e r i a l s  were examined, some 
samples be ing  c a t h o d i c a l l y  charged p r i o r  t o  t e s t i n g .  

The l a r g e  s i l i c o n -  and i r o n - r i c h  c o n s t i t u e n t  p r e c i p i t a t e s  
i n f  1 uenced crack i n i t  i a t  i on and p ropaga t ion  i n charged sarnpl es f rom b o t h  
a l l o y s  i n  bo th  tempers, M ic roc racks  i n i t i a t e d  a t  t h e s e  p r e c i p i t a t e s ,  
F i g u r e  1, and t h e  pa th  o f  p ropaga t ing  cracks d e v i a t e d  towards t h e  
p r e c i p i t a t e s .  Cracks tended t o  pass th rough  t h e  m a t r i x  near t h e  
p r e c i p i t a t e s  r a t h e r  than  c u t t i n g  th rough  them o r  causing decohesion 
a l o n g  t h e  m a t r i x - p r e c i p i t a t e  i n t e r f a c p .  T h i s  t y p e  of i n t e r a c t i o n  
between t h e  crack and p r e c i p i t a t e  was o n l y  observed when hydrogen was 
p resen t .  A s i m l i a r  a s s o c i a t i o n  between c racks  and coarse p r e c i p i t a t e s  
was found by Pickens e t  a l .  [l] f o r  s t r z s s - c o r r o s i o n  cracks i n  A l -  
7075. They a t t r i b u t e d  t h i s  a s s o c i a t i o n  t o  g r e a t e r  hydrogen p e n e t r a t i o n  
of t h e  o x i d e  a t  sur face p r e c i p i t a t e s .  Th is  mechanism may account f o r  a 
h i g h  hydrogen i n t a k e  i n t o  t h e  sample b u t  cannot accoi int f o r  t h e  p resen t  
obse rva t i ons  s i n c e  t h e  p a r t i c l e s  observed by TEM were n o t  near t h e  
s u r f a c e  d u r i n g  charg ing.  

The d i s t r i b u t i o n  o f  hydrogen i n  t h e  sample was i n v e s t i g a t e d  by 
examinat ion o f  deuter ium-charged samples i n  t h e  SIMS. A step-scan 
p r o f i l e  o f  t h e  deuter ium d i s t r i b u t i o n  i n  an A1-7050 sample i s  shown i n  
F i g u r e  2. From t h e  f i g u r e ,  i t  can be seen t h a t  t h e  deu te r ium 
c o n c e n t r a t i o n  i s  s i g n i f i c a n t l y  h i g h e r  i n  t h e  v i c i n i t y  o f  i r o n -  and 
s i l i c o n - c o n t a i n i n g  p a r t i c l e s .  
d i s t r i b u t i o n  f o l l o w s  c l o s e l y  t h a t  o f  carbon, even i n  t h e  m a t r i x :  t h i s  
can be a t t r i b u t e d  t o  t h e  a s s o c i a t i o n  o f  deuter ium w i t h  i n t e r s t i t i a l  
carbon. These obse rva t i ons  suggest t h a t  hydrogen accumulates around t h e  
p r e c i p i t a t e s .  
p ropaga t ing  c racks  can then  be exp la ined  i n  terms of hydrogen causing a 
1 oca1 s o f t e n i n g  around t h e  p r e c i p i t a t e s  

The p r o f i l e  a l s o  shows t h a t  t h e  deu te r ium 

The i n i t i a t i o n  o f  m ic roc racks  and t h e  d e v i a t i o n  o f  

The i n t  roduc t  i o n  of  e i t h e r  d r y  o r  wa te r -sa tu ra ted  hydrogen 
atmospheres d u r i n g  i n - s i t u  HVEM de fo rma t ion  exper iments i nc reased  t h e  
d i s l o c a t i o n  m o b i l i t y  and crack p ropaga t ion  r a t e  i n  bo th  a l l o y s ;  s i m i l a r  

Work supported by DOE, D i v i s i o n  of M a t e r i a l s  Science th rough  c o n t r a c t  
DE AC02 76ER01198. 

* 
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r e s u l t s  were ob ta ined i n  pure  aluminum samples [2]. (The e f f e c t i v e n e s s  
o f  d r y  hydrogen r e s u l t s  f rom t h e  inc reased f u g a c i t y  caused by t h e  
d i s s o c i a t i o n  o f  mo lecu la r  hydrogen i n  t h e  e l e c t r o n  beam). I r r e s p e c t i v e  
o f  t h e  crack p a t h  ( i n t e r g r a n u l a r  o r  t r a n s g r a n u l a r ) ,  t h e  presence o f  
hydrogen reduced t h e  s t r e s s  r e q u i r e d  t o  cause crack propagat ion  and 
tended t o  l o c a l i z e  t h e  de format ion  ahead of t h e  crack;  t h i s  i s  s i m i l a r  
t o  t h e  e f f e c t  of hydrogen on o t h e r  m a t e r i a l s  (Ni  [31, Fe C41). There 
was no evidence t h a t  t h e  presence o f  hydrogen caused decohesion. When 
i n t e r g r a n u l a r  f r a c t u r e  occurred, t h e  crack propagated i n  t h e  v i c i n i t y  o f  
t h e  boundary r a t h e r  t h a n  a long t h e  boundary i n t e r f a c e ,  as has been 
observed p r e v i  o u s l y  i n  n i c k e l  131. 

FIG. 1. Mic rocracks  and p l a s t i c  
t h i n n i n g  near coarse p r e c i p i t a t e s  
i n hydrogen-charged A1 -7075 under 
tens ion .  
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FIG. 2. S I M S  step-scan p r o f i l e  
a long l i n e  of coarse p r e c i p i t a t e s  
i n d e u t e r i  um-charged A1 -7050. 
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Technology, B e i  jing, CHINA 

The calculation based Boltzmann dis t r ibut ion shows that  the s t r a i n  

Therefore, there i s  an e l a s t i c  interaction 
f i e l d  of Wdrogen ind-Fe is of  intensive tetragonal symmetly, e.g., 
e, 1 =0.1772, e22=C33=0.0026. 
between hydrogen and a screw dislocation and the m i n i m u m  o f  the interac- 
t ion  energy is about 28KJ/mol. 

Tfie equilibrium hydrogen concentrations around the screw dislocation 
under k l t z m a n n  dis t r ibut ion and Fermi-Dirac dis t r ibut ion can be represented 
as follows, respectively: 

* 
C . = C  e-(-u /kT), Ci=Co exp(-ui/kTj/(l+Co exp(-ui/kT)) (1 ) 

1 0  i 

where i=1 ,2 ,3  stands for that  the largest  s t r a i n  component 8 
[IOO), (010) and (0011 direction respectivelx. %e C i  or Ci 
tr igonal symmetry around the screw dislocation. 
Q i s  ap led along the (001) direction, the active s l i p  system w i l l  be 
[ I l l )  (772), i.e., the direct ion of the external force acting on the 
screw dislocation should be the (?IO). 

t ion  and the s t r a i n  f i e l d  of bdrogen with E l f  i n  the [-lOO], [OIO] and 
(001) directions are as folloxs, respectively: 

is d o n g  .I 1 
has the 

iben an exteimal s t r e s s  

The interaction energies between the s t r e s s  d along the [OOl] direc- 

Tflen, the interact ion energy u1 between wdrogen and the r e a u l b n t  
s t r e s s  f i e ld ,  wnich equals t o  the e i te rpa l  stress plus the stress f i e l d  
of the screw dislocation, is @iven by u i  = Ui+%i .  E i  does not have the 
tr igonal symmetry around the screw dislocation s o  does ui. Under the 
resultant stresz f i e ld ,  the hydrogen atoms i n  the atmosphen, have t o  be 
rearranged, because the ra te  of hydrogen diffusion is f a s t e r  than the 
motion speed of dislocation, only if  the temperature is not very low. 

The equilibrium hydrogen concentrations vznder the resultant s t r e s s  
f i e l d  for the Boltzmann and Femi-Xrac dis t r ibut ion are, respectivelyr 

1 *' 
Ci=Co e m (  -ui/kT) Ci =Co exp( -u l /H) / (  i 1 +Coexp( -ui/kT) ) ( 3 )  

1 * I  
Doth of  C .  and Ci are not of  the tr igonal symmetry around the screw 

dislocation. $herefore, where the interact ion energy ui has tne ninimum 
value there is  the m a x i m u m  concentration of hj.drogen, and then the screw 
dislocation w i l l  move towards the direction i n  order to  reduce the energy 
of the system. As a result, the asymmetrical atmosphere can produce an 
additional stress QI on the screw d is loc ia t im.  
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If the resist,mt force, i,e. the yield strength. Ts, t o  the motion 
of  dislocation is zzot effected bd7 the hydrogen a,torns, the scmw disloca- 
tions i n  the sanqles coiltajnlzlg kydmgeii can rnu1tipQ.r nnd move on a large 
scale and l e d  t o  rn,zcrwscopicrtl dcforrnation xhen the resu l tan t  fome 
o f  the external fo rce  and the additional Eome is equal to $. 

~ ~ 1 %  under various terilperstums and i n i t i a l  concentrations of 
h~~d.mgen h;ls been calculsted using the Pemi-l)irac distribution, aa shown 
in ' Ikible 1 e 

Table 1. Z,/Ts under various cond i t ions  

30Q 250 200 I I I 

4 I I I 

Table 1 shows tizat the apparent y ie ld  stress 2, is less than half 
of Xs at ~ o o m  tcmpemtwe and Co=10-5 (about 0,18 wppm). 
intliiced p las t ic  deformation m a y  occur wider s very l o w  external stress. 
If there ex is t s  a stress gradient$ e.g. ahead of  a crack o r  notch, the 
C, ohoidd be the loca l  concentration of hydorgen, which has a hi&er 
v,sPu€? m 

Thus, 5ydrogen 

iiccarding -bo this model, the relat ionship between apparent yield 

Besides this model predicts the 
stress and various %act;ors of  ternperature,stra.Fn rate, ini-t ; ial  hydrogen 
conteizt; w a s  yuan-titalivsly analyzed, 

am consistent with tne experimental obse?.='vation. 
. change of s l i p  plane i n  a charged speciman. All of the theoreticzal resul ts  
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HYDROGEN AND IMPURITY SEGREGATION INDUCED SUBCRITICAL CRACK GROWTH OF FE 
AND NI" 

R. H. JONES 
Pacif ic  Northwest Laboratory, P. 0, Box 999 
R i  chl and  Washi ng tm 99352 

I N TKODU C T  I ON 

Differences i n  crystal  s t ruc ture  , d i  sl ocaii  on dynanii cs and 
hydrogen permeation would be expected t o  cause the f r a c t u r e  properties 
&e and Ni t o  respond d i f fe ren t ly  t o  impurity segregation and hybvogen. 
However, t h i s  i s  not the case as  intergranular  f rac ture  o f  Fe and Ni has 
been induced separately by H [1,2] and S segregation [3,4-] a s  well by 
combinations of 9 - H  [4,5]. For the combined S-tW case,  the following 
processes could account f o r  t h i s  s imi la r i ty :  1) equal grain boundary 
permeation along S enriched grain boundaries, 2 )  equal bulk bl t ransport  
due t o  dis locat ion t ransport  of H i n  Ni and l a t t i c e  diffusion I n  Fe, and 
3 )  local (a few atoin distances where bulk diffusion processes are  not  i n  
e f f e c t )  crack t i p  in teract ion between S and H. 

RESULTS 

Intergranular subcr i t ica l  crack growth r a t e  measurements have been 
made on Fe and Ni samples a t  cathodic  po ten t ia l s  in 1N iii,SOL, a t  25°C. 
Samples w i t h  thicknesses of 2.5 msn, 5 imi and IO mm were tes ted.  Grain 
boundary s u l f u r  concentrations as rneasured by Auger Electron 
Spectroscopy were about  0.2 monolayers i n  both. P las t ic  zone s izes  were 
deterii i i  ned by el ectron channel i ng pattern analysi s and m i  crohardness , 
F i g .  1. Subcrit ical  intergranular  crack growth measurements a t  cathodic 
poten t ia l s  showed t h a t  Fe and N i  have s imilar  values o f  K 
comparable stage I a n d  I1  crack growth r a t e s ,  F i g .  2 ,  whif! the KT,, f o r  
Fe decreased w i t h  increasing thfckness and t h e  K f o r  Ni was 
independent o f  thickness u p  t o  10 my F i g .  3. 
the p l a s t i c  zone o f  both  materials develops a t  a s t r e s s  in tens i ty  equal 
t o  or l e s s  than the  K This suggests t h a t  crack t i p  d is locat ions may 
be important i n  the cJbck growth process of both Fe and N i .  

a n d  

Baged on calculat ions,  

SUMMARY 

The subcr i t ica l  crack growth behavior of Fe and Ni a t  cathodic 
potent ia ls  has been shown t o  be very s imilar .  
thought t a  r e s u l t  f r o m  an equal H permeation r a t e  along S enriched grain 
boundaries i n  Fe and Ni. 

T h i s  s i m i l a r i t y  i s  

*Research sponsored by the  Divis ion  o f  Materials Sciences o f  U.S. 
Department of Energy, under Contract DE-ACQ6-76RLO 1830 w i t h  Ba t te l le  
Meniori a1 I n  s t  i t u t e  . 
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FIG. 2 Subcrit ical  crack growth FIG. 3 K versus thickness 
o f  Fe and N i ,  f a r  ~e anJHNi. 
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I h - Y a n g  Chu, * Chi-Kei 1kiao"* and Jm-Non ;Jan@ 
*Dept. o f  Xetal Tbysics, sfiijing Univ. of Iron and  Ytsel Technology, 
China, 

Pmv-ious work showed that macroscopic ConpEssive stress w a s  able 

l k e  incubation period of the 
t o  induce stress corrosion cr,%king (SCC)  of '&ye 304 s ta in less  steel 
i n  a boiling 42 wt.$ ?&Cl, solation (1 ). 
SCC under compressive stress, however, was one to  IWO orders of magnitude 
longer than  that  under tensile stress (1). 
SCI: of  mild s t ea l s  i n  a boiling n i t r a t e  solution under compressive stmss 
could occur and the incubation period o f  SCC under compressive stxss 
was also ten t o  hundred t ines  longer than that  under tensi le  s t i -ss  (2) .  

Further wosk indicated that 

A thinned :-1OL notched specimen of  7075 al-ttinzlm alloy i s  used, 
Iphichiess o f  the specimen is  2.5 mm but the loading part is thickened t o  
20 mm. 
O.lmn, mspectiveljr. 
the notch open displacement V is posit ive and them is tensi le  stress a t  
the notch tip. If the specimen i s  loaded i n  the opposite disection by 
the bol t  thmugh a half  of  t h e  spocimen, the displacement V i s  negative 
and them is coii,pressive s t r e s s  at; the notch t ip .  This is confirmed 
qual i ta t ively bi the needle-compression method of photoelmtic experiment 
and quantitatively via the finito-element computation. 

The notch angle and the radius of the notch mot are 60' and about 
If tho specimen i s  loaded with a b o l t  and a spacer, 

A s e t  of specimens with various KI under compressive stress were 
%estea i n  3.5$ N a C l  aqueous solution and the times i n i t i a t i n g  scc with 
0.1 t o  0.2 mm length, desigiiated ti, were mcorded. '731s Xi v3 ti cum@ 
and. then the threshold valm nucleating s t r e s s  corrosion cracking from ~ 

tho notch under compressive stress can be obtained, i.e., K1~~~=27.61JPrzmz-, 
The corresponding tapsinold v d u e  under tens i le  stress i s  Klscc=8.3 14Pm> 
and ICIC is 43.2 I.IPmi, which corresponded t o  the openins displacement 
v-0.57 mm. 

bperiment showed that  t i e  incubation period for S C C  under the corn- 
pmssive s t r e s s  w a s  one o r d e r  of  magnitude longer than tha t  undeT the 
tens i le  stress i n  tne same HI and the threshold value for SCC under the 
compressive stmsu w a s  no= than-four times that under the tensi le  stress, 
In additinn, i f  the unlo&i.xy: displmsments a f t e r  SCC under comqnxsivcj 
stmss are la rger  than 0.57 mm which corresponds to  K1=43.2MJ?w-, the 
mechanical cracking would OOCUT i n  these specimen dur$ng miloading since 
the Kl during ~u?loadin.g was larger than K 1 ~ 4 3 . 2  l.lPa@". 
proves t ha t  them exists COi.1pmSSive stress close t o  the notch t i p  i n  
the compressive specimens throughout the SCC. 

'&is wain 

Xxperiment ind-icated that  a t y p i ~ a l  i n t e rganu la r  friU=tum was ob- 
tained f o r  s t r e s s  cor ros ion  cracking caused br terzeile stress. 
turn3 surfaces o f  SCC under the compreasive s t ress ,  however, were quite 

The frm- 
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different from those under the tensi le  stress. They were quasi-cleavage 
and parallel striation pattern w a s  often observed on the fracture  s u p  
face 
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OBSERVATIONS OF CREEP CAVITATION IN TYPE 304 STAINLESS STEEL 
* Jt. ** T.-S. Liu , Y.-W. Wu , R.J. Fields , D.G. Harlow*, and  P . J .  Delph* 

* k p t .  of Mech. Eng. & Mechanics, Lehigh Univ. , Bethlehem, PA 18015; 
**Fracture & Deformation Div. , N.B.S. Washington, D,C. 20234 

Reported herein are some recent measurments of creep cavities in type 
304 s ta inless  s tee l ,  The d a t a  were obtained t h r o u g h  the use o f  an auto- 
matic image analyzing computer, a device which i s  capable o f  making indi- 
vidual measurements of  large numbers of  creep cavi t ies .  
used, d s  well as some pre?iininary w s u l t s ,  are described in greater detail  
in [ I ] .  

The techniques 

The t e s t  program uti l ized f l a t ,  plane s t ress  tensi le  specimens fabri-  

All specimens were tested in a i r  a t  600°C under constant load cre- 
cated from s t r i p  stock o f  a commercial k a t  o f  A I S 1  type 304 s ta inless  
s tee l .  
ep conditions. Two ser ies  of t es t s  were conducted. The f i r s t  was a s e t  of 
replicate t e s t s  in which f o u r  groups of three specimens were tested under 
conditions identical for  each group. 
imens tested a t  various loads and t e s t  durations, analyzed, retested a t  the  
same load for an additional period of time, a n d  then reanalyzed. I n  a l l  
cases the central 3-4 cm. o f  the specimen test. section was carefully pol- 
ished prior t o  analyzis on thc image analyzing computer. With the magni- 
fication used in t he  present study ( 4 0 6 ~ ) ~  this  device i s  capable o f  mea- 
suring cavity areas down t o  l .  7 p d .  
examined so t h a t  a t  l eas t  1000 cavities were measured per specimen. 
results were corrected for the presence o f  inclusions by measuring the in- 
clusion s ize  dist,ri bution 011 an uncavitaLed syec-imen, and subtracting th i s  
distribution f r o m  the measured cross-sectional area distribution. 

The second involved a g r o u p  o f  spec- 

A suff ic ient  n u m l ~ r  o f  f ie lds  were 
The 

Figure 1 i s  a histogram showing the measured distribution o f  cavity 
cross-sectional areas on a typical specimen. A well-defined peak in the 
distribution may be seen in the neighborhood o f  1 %  pmz. Figure 2 shows 
the same distribution plotted on Weibull probability paper. 
seen t h a t  the prohabili ty distribution function for  the measured cavity 
cross-sectional a r e a  i s  reasonably we1 1 represented by a Weibull cumulative 
distribution function over mast of the  range. O f  interest  i s  the fac t  t h a t  
the slope of the distribution f la t tens  towards the upper end of t h e  curve, 
indicating a substantially greater degree o f  sca t te r  in the s i z e  variations 
o f  the largest cavit ies.  

I t  can be 

‘lke results indicate t h a t  the mean measured cavi ty area varies w?’t.h 
time a n d  applied s t ress  according t o  the relation A = C t 8 ,  where C and cx 
are constants. The rriean cavity areas obtained from the replicate t e s t s  
are  plotted according t o  th i s  relation i n  Figure 3. i h e  error  bars indi- 
cate the standard deviation o f  the measured values within each group o f  
t e s t s .  

I 

The correlation coef.ficient for the f i t  i s  greater t h a n  0.99. 
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Fig. 1. Cav i t y  area histogram Fig. 2. Weibull p l o t  o f  cavi ty  
area distribution 

LEAST-SQUARES FIT F i g .  3. F i t  o f  rnean 
c a v i t y  area for  r e -  
pl icate t e s t s  



186 

THE EFFECT OF SULPHUR SEGREGATION AND ALN PRECIP ITATION ON THE HOT 
FRACTIJRE OF ULTRA HIGH PURITY :!XIIN RASE A L L O Y S  

E. T A C I K O W S K I ,  G.A.  O S I N K O L I J  a n d  A. KOBYI-ANSKI: 
Ecole N a t i n n a l e  S u p h r i e u r e  d e s  M i n e s ,  F h p a r t e m e n t  M a t e r i a t i x ,  
1 5 6  c o u r s  F a u r i - e l ,  42023 S a j - n t - F t i e n n e  C6clcx 2, F r a n c e .  

Low a l l o y  c a r b u n  s t e e l  c a n  e x h i b i t  a l o s s  o f  h o t  w o r k a b i l i t y .  To 
u n d e r s t a n d  t h i s  phenomenon  a l l o y s  o f  u l t r a  h i g h  p u r i t y  i r o n  c o n t a i n l n g  
o n l y  s e l e c t e d  a d d i - t i o n s  o f  trace e l e m e n t s  were p r e p a r e d .  T h r e e  k i n d s  o-F 
a l l o y s  were u s e d  : i r o n - s u l p h u r  I O  t o  100 ppml ; i r o n - a l u m i n i u m  I150  t o  
1000 ppm) - n i t r o g e n  [ I f l o  pprnl , and i r o n  w i t h  a l u m i n i u m ,  n l t r o g e n  a n d  
s u l p h u r .  Hot d u c t i l i t y  was e x a m i n e d  b y  t e n s i l  t e s t  i.n t h e  t e m p e r a t u r e  
r a n g e  0 0 0  t o  1 2 1 3 0 ~ ~ :  a t  a s t r a i n  r a t e  i: -*: 2 x 1 r 3  s - ’ .  

50 ppm were  n e c e s s a r y  t a  p r o d u c e  i n t e r g r a n u l a r  b r i t t l e n e s s  a t  h i g h  
t e m p e r a t u r s s  [ f i g .  11. I n  t h e  h i g h  s u l p h u r  a l l o y s ,  f a i l u r e  occr~red a t  
t h e  g r a i n  b o u n d a r i e s  IG.S.1 i n  s p i t e  o f  t h e  o n e s t  o f  d y n a m i c  r e c r y s t a l -  
l i s a t l o n  I D . R . 1 .  A t  lower S c o n t e n t  IS < 50 ppinl t h e  T r a c t c r r e  was d u c t ? - l e  
a n d  t h e  v o i d s  w h l c h  . formed a t  austenitic G.B. d i d  n o t  propaga’ie  r a p i d l y .  
The 13.R. p r o c e s s  e n s u r e d  g o o d  d u c t i l i t y  be-Fcirx f l n a l  f a i l u r e .  

11-1 t h e  i r o n - s u l p h u r  a l l o y s  [ F S I  s u l p h u r  c o n t e n t s  g r ea t e r  t h a n  

YEMPSATIURE, ‘C TEMPERATITURE , ‘C 

r i g .  1 : Evolution of  h o t  d u c t i l i t y  F i g .  2 : E v o l u t i o n  o f  h o t  d u c t i l i t y  
w i t h  i n c r e a s i n g  S c o n t e n t .  w i t h  i n c r e a s i n g  A 1 N  and S c o n t e n t .  
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No l ack  o f  h o t  d u c t i l i t y  was found  i n  h i g h  p u r i t y  Fe-Al-N alloys. 'I'his 
i a  c o n t r a r y  t o  p r e v i o u s  o b s e r v a t i o n s .  I n  c o n t r a s t ,  when A l N  and S w r e  
b o t h  p r e s e n t ,  a pronounced  loss o f  h o t  d u c t i l i t y  was o b s e r v e d  f o r  S 
c o n t e n t  as low a s  1 0  ppm when combined w i t h  A l N  c o n t e n t s  [ A 1  f rom 150 
t u  '1000 ppm, f i g .  23. T h e s e  resu l t s  can  b e  u n d e r s t o o d  a s  a i-ornbinerj 
a f fec t  of  s t r e n g t h e n n i n g  by A l  N p r e c i p i t a t i o n  and  o f  weaksnning  o f  t h e  
G J 3 s  by S s e g r e g a t i o n s .  The p r e s e n c e  o f  A I N  p r e c i p i t a t e s  was c o n f i r m e d  
by c l . e c t r o n  mic roscopy .  The p r B s e n c e  o f  S s e g r e g a t i o n  was conf i r rned  
m e t a l l o g r a p h i c a l l y  and  by a u t o r a d i o g r a p h y  o f  quenched  s a m p l e s .  

The f r a c t u r e  mechanism c a n  b e  e x p l a i n e d  on t h e  b a s i s  o f  a shear 
stress TCiB, r e q u i r e d  t o  i n i c i a l e  G.B. c r a c k i n g .  Its v a l u e  depends  ma in ly  
on t h e  i n t e r g r a n u l a r  c o n c e n t r a t i o n  o f  S. The r o l e  o f  5 w i l l  be  t o  rediuce 
t h e  c o h e s i o n  s t r e n g t h  a c r o s s  t h e  G.B., w h i l e  t h e  r o l e  o f  N1N i s  t o  
i n c r e a s e  t h e  r e s i s t a n c e  t o  d e f o r m a t i o n  w h i c h  r e su l t s  i n  g r e a t e r  stress 
c o n c e n t r c t i o n  a t  t h e  a u s t e n i t i c  g r a i n  baundary .  

A! N 

s sqqat ion j  a 
rJ I j Duricg defisrrnatian 0efal-e fl-az?tirG 

F i g .  3 : H o t  f r a c t u r e  mechanism. 
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,RARE EARTH EFFECTS IN INTERGRAMUZAR FRACTURE 
F r e d e r i c  Cosandey 
Department of Mechanics and Materials Sc ience  
Ru tge r s  U n i v e r s i t y ,  1. 0. Box 909, P i sca t away ,  N J  08854 

The h igh  t e m p e r a t u r e  de fo rma t ion  and f r a c t u r e  b e h a v i o r  of poly-  
c r y s t a l l i n e  a l l o y s  i s  g r e a t l y  i n f l u e n c e d  by the presence  of trace e l emen t s .  
I n  n i c k e l  a l l o y s  minor c o n c e n t r a t i o n s  of 0 and S promote h i g h  t empera tu re  
i n t e r g r a n u l a r  c r a c k i n g  w i t h  d r a s t i c  r e d u c t i o n s  i n  d u c t i l i t y  [ 1 , 2 ] .  Such 
e m h r i t t l e m e n t  e f f e c t s  may be c o u n t e r a c t e d  by a d d i t i o n s  of: rare e a r t h  
e l e m e n t s ,  such as  La  and C e ,  even at t h e  ppm l e v e l  [ 1 , 3 ] .  I n  t h i s  pape r  
t e n s i l e  r e s u l t s  of Mi-Cr-Ce a l l o y s  and mechani s m s  by which rare e a r t h  
e f f e c t s  may be  accounted f o r  are p r e s e n t e d .  

T e n s i l e  tests a s  a f u n c t i o n  of s t r a i n - r a t e  and t e m p e r a t u r e  have been 
performed on t h r e e  N i - C r  a l l o y s  c o n t a i n i n g  r e s p e c t i v e l y  0 ,  66 and 180 ppm 
Ce. R e s u l t s  i n d i c a t e  1.41 t h a t  C e  a d d i t i o n s  have l i t t l e  e f f e c t s  on e i t h e r  
y i e l d  o r  u l t i m a t e  t e n s i l e  s t r e n g t h .  The m a x i m u m  v a r i a t i o n s  have been 
observed f o r  t h e  d u c t i l i t i e s  as  shown i n  F i g .  1 for  a nominal test. s t r a i n  
ra te  of 4.6 x 10-4s'- ' .  
s a m e  f o r  test t e m p e r a t u r e s  of up to 500°C, a f t e r  which v a r i a t i o n s  are 
observed.  A l l o y s  w i t h  C e  a d d i - t i o n s  show an i n c r e a s e  i n  d u c t i l i t y  w i t h  a 

0 
maximum a t  around 800 C w h i l e  t h e  one w i t h o u t  C e  e x p e r i e n c e s  a d r a s t i c  
d u c t i l i t y  l o s s .  These v a r i a t i o n s  a re  accompanied by changes i n  f r a c t u r e  
mode from t r a n s g r a n u l a r  t o  i n t e r g r a n u l a r  a s  shown i n  F i g .  2 .  I n  a d d i t i o n ,  
o p t i c a l  obse rva t i -ons  on t r a n s v e r s e  s e c t i o n s  r e v e a l  e x t e n s i v e  c a v i t a t i o n  
and secondary c r a c k s  fo r  specimens withoixt C e  w h i l e  v e r y  few c a v i t i e s  and 
pronounced g r a i n  de fo rma t ion  are obse rved  f o r  Ce c o n t a i n i n g  a l l o y s .  These 
v a r i a t i o n s  are  t h e  most pronounced f o r  t h e  slowest s t r a i n  and f o x  tempera- 
t u r e  between 700 t o  85OoC. These r e s u l t s  i n d i c a t e t h a t &  a d d i t i o n s  
p r e v e n t  i n t e r g r a n u l a r  f racturre w i t h  a r e s u l t i n g  increase i n  d u c t i l i t y .  

The e l o n g a t i o n s  of a l l  t h r e e  a l I . oys  remain t h e  

The b e n e f i c i a l  e f f e c t s  of @e a d d i t i o n s  on c a v i t a t i o n  and f r a c t u r e  may 
be t h e  r e s u l t  of t h r e e  b a s i c  p r o c e s s e s .  F i r s t ,  r e f i n i n g  of g r a i n  boundary 
embri t t l .ement  e l emen t s  such a s  0 and S d u r i n g  m e l t i n g  p rocedure  a s  a r e s u l t  
of t h e  low ene rgy  of  fo rma t ion  of rare e a r t h  o x i d e s  and s u l f i d e s  [SI. 
Second, p r e v e n t i o n  o f  env i ronmen ta l  a t t a c k s  as a r e s u l t  of t h e  reduced 
o x i d a t i o n  ra te  f o r  rare e a r t h  con ta i -n ing  a l l o y s  [ 61. T h i r d ,  m o d i f i c a t i o n  
of i n t r i n s i c  g r a i n  boundary p r o p e r t i e s  such as an increase i n  i - n t e r f a c i a l  
ene rgy  or  a r e d u c t i o n  i n  d i f f u s i v i t y  r e s u l t i n g  i n  a d e c r e a s e  i.n c a v i t y  
fo rma t ion  and growth. These i n t r i n s i c  v a r i a t i o n s  caused e i t h e r  d i r e c t l y  
by C e  a d d i t i o n s  or  from t h e  r e d u c t i o n  i n  0 and S c o n t e n t  ha-ve indeed  
been observed [ 7 ] ,  where a 20% i n c r e a s e  i n  g r a i n  boundary ene rgy  have been 
measured for a l l o y s  c o n t a i n i n g  500 ppm rare e a r t h .  
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TEMPERATURE (*C) 

Fig.  1 Frac tu re  e longat ion (AL/Lo) of Ni-20 C r  a l l o y s  as a func t ion  
of temperature  f o r  t h r e e  C e  concent ra t ions :  0 ,  66 and 180 ppm. 

Fig.  2 F rac tu re  s u r f a c e s  of Ni-20 C r  a l l o y s  con ta in ing  a )  0 ppm, and 
b )  66 ppm C e .  T e s t  temperature  T = 70O0c. 
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INTERGRANULAR CRACKING I N  HYDROGENATED ALLOY STEELS 

JUN KAMEDA* 
*Ames Laboratory, Iowa State University,  Ames I A  50011 

In t h i s  s tudy,  by means of f r a c t u r e  mechanics analyses ,  acous t i c  
emission (AE) techniques,  and f r a c t u r e  su r face  analyses  by scanning 
Auger microscopy (SAM) and x-rays, it has been determined how segregated 
phosphorus (PI, y i e l d  s t r e n g t h  and g ra in  s i z e  a f f e c t  t h e  equi l ibr ium and 
growth c h a r a c t e r i s t i c s  of hydrogen-induced in t e rg ranu la r  cracking ( H I I C )  
i n  high s t r eng th  steels. This work w i l l  be repor ted  i n  d e t a i l  elsewhere 
[ l ] .  
r ecen t ly  developed microscopic model for  equi l ibr ium 121 and s teady 
state [3J growth f o r  H I I C .  

The r e s u l t s  are b r i e f l y  presented and discussed along with a 

The materials used i n  t h i s  study w e r e  P-doped and undoped I and I1 
a l l o y  (3.5Ni-1.7Cr) steels with var ious a u s t e n i t e  g ra in  s i z e s .  Re- 
cracked compact tens ion  specimens of t hese  steels w e r e  hydrogenated a t  
3OOOC for 0.5 h r  using 1 atm of high p u r i t y  hydrogen, w a t e r  quenched and 
then loaded. Hydrogenated specimens of t h e  P-doped and undoped I steels, 
and the  undoped I1 steel showed y i e l d  s t r eng th  of 1275 and 1450 ma, 
respec t ive ly .  
da/dt,  t h e  average AE count r a t e  N, and t h e  appl ied  stress i n t e n s i t y ,  K, 
were e s t ab l i shed  by means of compliance and AE measurements. 

The r e l a t ionsh ips  Getween t h e  average crack growth rate, 

The SAM ana lys i s  has  ind ica ted  clear evidence of i n t e rg ranu la r  P 
segrega t ion  i n  t h e  P-doped steel and i t s  neg l ig ib l e  presence i n  t h e  high 

Kth '  p u r i t y  steels. The dependences of t h e  threshold  stress i n t e n s i t y ,  
and da/dt a t  K, - 25 M P a 6  on gra in  size i n  t h e  t h r e e  types of steel are 
shown i n  Fig. l (a )  and ( b ) ,  respec t ive ly .  The e f f e c t  of  y i e l d  s t r eng th  
on Kth yas Xound t o  be g rea t e r  than those of P segregat ion and gra in  
s i z e .  'The in t e rg ranu la r  P segregat ion g r e a t l y  acce le ra t ed  da /d t  while 
t he  ef*fect of y i e l d  s t r eng th  on da/dt was not  observed i n  t h e  high 
p u r i t y  stee&s. Changing gra in  s i z e  s u b s t a n t i a l l y  aLfected da/dt; da/dt 
increased i n  the  P-doped steel  and decreased i n  t h e  high p u r i t y  steels 
with increas ing  g ra in  s i ze .  

The r e l a t i o n s h i p  between N and da/dt obtained from a l l  t h e  tests i s  
shown i n  Fig. 2 i n  order t o  demonstrate t w o  d i f f e r e n t  modes of t h e  
microscopic growth of HICC: mode (i) assoc ia ted  with a l a r g e  amount of  
AE and mode (ii) accompanied by only occasional  AE. It i s  clear t h a t  
i nc reas ing  P segregat ion s t rongly  a f f e c t s  t h e  growth mode t r a n s i t i o n  of  
H I I C .  Fracture sur face  analyses  by scanning e l ec t ron  microscopy and 
x-ray have ind ica t ed  more f e a t u r e l e s s  i n t e rg ranu la r  f r a c t u r e  f a c e t s  and 
higher l e v e l s  of r e s idua l  s t r a i n  i n  t h e  la t t i ce  ad jacent  t o  t h e  f r a c t u r e  
su r face  i n  t h e  P-doped steel than i n  t h e  high p u r i t y  steels. 
r e s u l t s  are cons i s t en t  with those obtained from t h e  microscopic model 
for  equi l ibr ium crack growth for  H I I C  [21; while i n  steels with segre- 
gated impur i t ies  t h e  microcrack tends t o  grow by d i s c r e t e l y  r a p i d  for -  

These 
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ination o f  i n t e rg ranu la r  microcracking (mode (i) 1 which gives  rise t o  
d i s loca t ion  emissions a t  t he  growing crack t i p ,  i n  high p u r i t y  steels 
slow growth of in t e rg ranu la r  microcracking (mode (ii? 1 proceeds which i s  
not accompanied by t h e  generation of d i s loca t ions  a t  t h e  crack tip. 

Conf l ic t ing  e f f e c t s  of grain s i z e  on da/dt between t h e  tests on t h e  
P-doped and high p u r i t y  steels appear t o  b e  c lose ly  rekated t o  the t w o  
microscopic growth modes (i) and (ii) of H I I C .  It is unequivocal t h a t  
mode (i) can proceed more favorably with increas ing  gra in  s i z e  because 
of increas ing  growkh uni t  size of microcracking. On the  other hand, 
mode (ii) conkrolled by t h e  hydrogen f l u x  presumably along gra in  bounda- 
ries e m  be f a c i l i t a t e d  by decreasing gra in  s ize  because a higher amount 
of  t h e  hydrogen f l u x  can be maintained a t  t he  s t e a d i l y  moving crack t i p  
region i n  the  fine-grained steel than i n  t h e  coarse-grained steel  [ 3 ] ,  

This wark was performed f o r  t he  [Jess Department of Ptlergy, by Iowa 
S t a t e  Univexsity, under con t r ac t  no. W-74057Cng-82, 

1. J. Kameda, submitted to Acta *tall. for publ ica t ion .  
2, J. Kameda, Acta Metal.l., i n  press .  
3. J. Kameda, A c t a  Metall., i n  press. 

Fig. 1. Dependences of (a) Kth 

and ( b )  da/dt a t  K = 25 m a 6  
on gra in  s i z e .  

10-8 10-7 10-6 IO- 5 
C R A C K  GROWTH RATE I m /seci 

d t  

Fig. 2. & l a t i o n s h i p  of N 
t o  da/dt. 
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TEMPERATURE VARIATIONS AROUND THE CRACK TIP DURING A 
FRACTURE TEST 

M.G.BEGHI,* C.E.BOTTANI,*+ AND G.CAGLIOTI*+ 

*Istituto di Inejegneria Nucleare, CESNEF, Polit.ecnico di 
Milano, via Ponzio 3 4 / 3 ,  E 20133 Milano, Italy; 
cGruppo Nazionale di Struttura della Materia, CNR, Unita' di 
Ricerca 7, Milana 

INTRODUCTION 

The obiective o f  this contribution is to offer indica- 
tions on the possibility of obtaininq relevant information 
on the fracture process from temperature variations measured 
r3n the sample sur face  durinq mechanical tests. Theoretical 
analysis and experimental knowledcre accumulated on tensile 
specimens are exploited to interpret the temperature behavi- 
our of a compact tension specimen during a fracture test. 

THERMODYNAMICS OF STRAINED METALS AND FRACTURE TESTS 

Elastic deformations of metals generate temperature var. 
iations, which are negative when the relative volume varia- 
tion is positive (thermoelastic effect). The associated 
equivalent heat source is proportional, via the GrCZneisen 
parameter, to the rate of the elastic volume chancre C17. 

Plastic deformations are always accompanied by siqnifi- 
cant heat seneration, due to mechanical energy deTradation, 
via e . g .  dislocation creation and motion. A plastically de- 
formed metal absorbs irreversibly a mechanical power w; a 
fraction f of this power is at once converted into heat, re- 
sultinq in an equivalent positive heat source of strength fW 
("thermal emission")C23. f is a function of the microstruc-- 
ture, the stress. the strain rate and the temperature C37. 

The above effects are evident in t e n s i l e  tests (Fiq.1 
reports r e s u l t s  from an AIS1 316 steel sample tested at con- 
stant stress rate). The elastic deformation I s  accompanied 
by a continuos coolinu; at the onset of plastic flow the 
temperature exhibits a sudden rise. The temperature kink can 
be used to pinpoint the 'phvsical' v ie ld  point, or thermoe- 
lastic-plastic instability C27. 

Preliminary results are reported (Fia.2) of measurements 
performed on a fatisue pre-cracked compact tension specimen 
Qf AIS1 31.6, loaded at constant cross-head speed C 4 3 .  The 
temperature variations in the reorions surroundinq the crack 
t i p  are sensed by three point-like thermistors. 

At the th~rmoelastic-plastic instability the load vs. 
time characteristic exhibits a barely perceptible k i n k .  Can- 
versely, the initial thermoelastic coolinq is fallowed by a 
sudden temperature rise near the crack tip while at cqreater 
distances. instead. the coolinq rate increases. A smoother 
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temperature rise is cventuallv reached everywhere. 

CONCLUSIONS 

In metals under stress, sites where coolinq occurs are di- 
lated elastically, while sites where thermal emission is 
produced are plastically flowins, Thus the experimental pro- 
cedure presented above allows to identify with precision the 
nucleation of the plastic zone and, in principle, to map the 
evolution of its dimensions and shape. 

1. L.D.Landau and E.M.Lifshitz, Theory of Elasticitv (Per- 
cxamon Press. 1 9 6 0 ) .  

2. C.E.Bottani and G.Caglioti, Mechanical Instabilities of 
Metals, Eurcsphys. News 14, (12) 10 (19831, and refer- 
ences therein. 

3 .  M.G.Beshi, C.E.Bottani and G.Gaqlioti, to be published 
in Res Mechanica (1985). 

4, M.C.Beghi, C.E.Bottani and G.Cagliati, Metallurg. Sc. 
and Tecnal .. 2, 1 0 2  11984) 

.... ..... 
T I M E  [ s  1 4 0  0 

Fig. 1 

Fis. 2 
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