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FRACTURE ANALYSIS OF VARIOUS CEUCKED CONFIGURATIONS 

I N  SHEET AND PLATE MATERIALS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 .  C. Newman, Jr. 

NASA Langley Research Center 

Hampton, V i r g i n i a  23665, U.S.A. 

ABSTRACT 

A two-parameter f r a c t u r e  c r i t e r i o n  has  been der ived  which relates t h e  

l i n e a r - e l a s t i c  s t r e s s - i n t e n s i t y  f a c t o r  a t  f a i l u r e ,  t h e  e las t ic  nominal f a i l u r e  

stress, and two material parameters. 

o u s l y  t o  ana lyze  f r a c t u r e  d a t a  f o r  su r face -  and through-cracked s h e e t  and 

p l a t e  .specimens under tens i le  l oad ing .  I n  t h e  p resen t  paper t h e  f r a c t u r e  

c r i t e r i o n  w a s  app l i ed .  t o  center -c rack  t e n s i o n ,  compact, and notch-bend f r a c -  

The f r a c t u r e  c r i t e r i o n  was used previ-  

t u r e  specimens made of steel,  t i t an ium,  o r  aluminum a l l o y  materials t e s t e d  a t  

room temperature.  

specimen w id ths ,  and th i cknesses .  

The f r a c t u r e  d a t a  inc luded a wide range of c r a c k  l e n g t h s ,  

The materials analyzed had a wide range of 

t ens i l e  p r o p e r t i e s .  F a i l u r e  stresses c a l c u l a t e d  us ing  t h e  c r i t e r i o n  agreed 

wel l  (+lo zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- percen t )  w i t h  exper imenta l  f a i l u r e  stresses. The c r i t e r i o n  was a l s o  

found t o  c o r r e l a t e  f r a c t u r e  d a t a  from d i f f e r e n t  specimen t ypes  (such zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA;is c e n t e r -  

c r a c k  t e n s i o n  and compact specimens),  w i t h i n  +10 percent  f o r  t h e  same material, - 

t h i ckness ,  and test  temperature.  

KEY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAWORDS: F r a c t u r e ,  F r a c t u r e  Mechanics, S t r e s s  I n t e n s i t y  Factor ,  Cracks, 

Materials. 
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INTRODUCTION 

The concepts  of L inear -E las t i c  F r a c t u r e  Mechanics have been v e r y  u s e f u l  

i n  c o r r e l a t i n g  f r a c t u r e  d a t a  f o r  cracked plates and s t r u c t u r a l  components i n  

which t h e  c rack - t i p  p l a s t i c  de format ions  are cons t ra ined  t o  s m a l l  r e g i o n s  

(p lane -s t ra in  f r a c t u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[l I ) .  However, f o r  high-toughness shcct mater ioJ  s 

where l a r g e  amoiints of p l a s t i c  deformat ion occur near  the  c rack  t i p  a t  f r a c -  

t u r e ,  t h e  e las t i c  s t r e s s - i n t e n s i t y  f a c t o r  a t  f a i l u r e  (K zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) v a r i e s  w i t h  p lanar  

dimensions, such as c r a c k  l e n g t h  and specimen w id th .  (See [ 2 ] - [  51 .) To 

account f o r  t h e  v a r i a t i o n  i n  

e l a s t i c - p l a s t i c  s t r e s s - s t r a i n  behavior ncar  t h e  c r a c k  t i p  m u s t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhc. c o n s i d e r t d .  

Severa l  equa t ions  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor ca lc .u la t  ing the elast i c -p las  t i c  s t rcbss-str;iin 

Ie  

w i t h  crack lengt l i  and specimco w id th ,  t h e  
K l e  

behav io r  a t  notches  o r  c r a c k s  have been proposed. Among these zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~ I T C  q u a t i o i l s  

d e r i v e d  f o r  no tches  by Hardra th  and Ohman [ 6 ] ,  and by Neuber [ 7 ] .  For cracks ,  

equa t ions  have been de r i ved  by Hutchinson IS] and by Rice and Iiosengr 

The Hardrath-Ohman equa t ion  w a s  l a te r  genera l i zed  f o r  a cracked p l a t e  

a p p l i e d  as a f r a c t u r e  c r i t e r i o n  by Kuhn and Figge [ lO] .  I n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi1 s i m i l a r  

Newnian zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 4 ,  5 1 ,  us ing  t h e  Neuber r e l a t i o n  and t h e  elast ic-stress d i s t r  

n [91.  

and was 

way, 

b u t  ion 

i n  t h e  c rack - t i p  reg ion ,  de r i ved  a fracture c r i t e r i o n  f o r  a cracked p l a t e  

which r e l a t e d  t h e  e las t i c  s t r e s s - i n t e n s i t y  f a c t o r  a t  f a i l u r c ,  t l i c  c l a s t i c  

nominal f a i l u r e  stress, and two mater ia l  parameters.  The two-parmeter  f rac-  

t u r e  c r i t e r i o n  w a s  used i n  [ 4 ]  t o  a n a l y z e  E a i l u r e  o f  sur face-  a n d  through- 

cracked s h e e t  and p l a t e  specimcns under t c n s i l e  Loading. l’liis c r i t e r i o n  w a s  

rede r i ved  i n  a more g e n e r a l  form i n  [5] and w a s  used t o  ana lyzc  f a i l u r e  of 

compact and notch-bend s h e e t  specimens. 

I n  t h e  p r e s e n t  paper,  t h e  cr i ter ,  .TI was app l i ed  t o  center -c rack  tens ion ,  

compact, and notch-bend s h e e t  and p l a t e  specimens (F ig.  1 )  made of  s t e e l ,  
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t i t an ium,  or aluminum a l l o y  materials t e s t e d  a t  room temperature.  The f rac -  

t u r e  d a t a  included a wide range of crack  l eng ths ,  specimen w id ths ,  and th ick -  

nesses .  

SYMBOLS 

C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
F zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 
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W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Y zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

U zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
G 

Y S  

9 

The materials analyzed had a wide range of t e n s i l e  p r o p e r t i e s .  

I n i t i a l  l e n g t h  of c r a c k  defincltl i n  F igu re  1, m 

Boundary c o r r e c t i o n  on t h e  s t r e s s - i n t e n s i t y  f a c t o r  

F r a c t u r e  toughness computed from Equat ion (2)  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN/m 

Elastic s t r e s s - i n t e n s i t y  f a c t o r ,  N/m 

Elast ic s t r e s s - i n t e n s i t y  f a c t o r  a t  f a i l u r e ,  N/m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 / 2  

3 / 2  

312  

Major span l e n g t h  f o r  notch-bend specimen, m 

Frac ture-  toughness parameter 

Applied load a t  f a i l u r e ,  N 

Gross f a i l u r e  stress, N/m2 

Elast ic nominal stress (ne t  s e c t i o n )  a t  f a i l u r e ,  N/m 

Ultimate v a l u e  of elastic nominal stress, N/m 

2 

2 

Specimen th i ckness ,  m 

Specimen width,  m 

Function d e f i n e d  by Equation (6 )  

Crack-length-to-specimen width r a t i o  (def ined i n  F ig .  1 )  e 

U l t i m a t e  t e n s i l e  s t r e n g t h ,  N/m 
2 

L Uniax ia l  y i e l d  stress, N/m 

Rat io  of K to  K 
F Ie  

TWO-PAMTER FRACTURE CRITERION 

The elastic-stress d i s t r i b u t i o n  near  a c rack  t i p  i n  a n  e las t ic  material 

which con ta ins  t h e  s t r e s s - i n t e n s i t y  f a c t o r ,  KI, and t h e  square-root  s i n g u l a r i t y  

is w e l l  known [ 2 ] .  The de te rm ina t ion  of K 1  is t h e  b a s i s  f o r  L inear-Elast ic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 



F r a c t u r e  Mechanics. The s t r e s s - i n t e n s i t y  f a c t o r  is a f unc t i on  of t h e  l oad ,  

t h e  c o n f i g u r a t i o n ,  and t h e  s i z e  and l o c a t i o n  of t h e  c rack .  In  g e n e r a l ,  t h e  

e las t i c  s t r e s s - i n t e n s i t y  f a c t o r  a t  f a i l u r e  €o r  any cracked (Mode I)  conf igu- 

r a t i o n  can be 

where S is 

f a i l u r e )  and 

n 

expressed as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
= S  P F  

KIe n 

t h e  nominal, f a i l u r e  stress (computed from the  maximum load a t  

c is t h e  i n i t i a l  c r a c k  l e n g t h .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe boundary-correct ion f a c t o r ,  

F, accounts  f o r '  t h e  i n f l u e n c e  of v a r i o u s  boundar ies  on stress i n r e n s i t y .  

(Appendix zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA g i v e s  t h e  equa t ions  € o r  S and F f o r  t h e  centc r -c rack ,  compact, 

and notch-bend specimens.) The u s e  of thc l i n e a r - e l a s t i c  c ( ~ u ; ~ L ~ o I ~  is 

n 

r e s t r i c t e d  t o  c o n d i t i o n s  i n  which t h e  p l a s t i c  zone a t  t h e  cr ; i ck  t i p  is v e r y  

s m a l l  compared t o  o t h e r  dimensions of tlie body ( b r i t t l e  f ra r - tu rc  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[I]). Conse- 

q u e n t l y ,  t o  ana lyze  d u c t i l e  materials, t h e  e las t i c -p las t i c :  hc>hav io r  o f  tlie 

stresses and s t r a i n s  near  t h e  c r a c k  t i p  ntust be cons idered.  

A f r a c t u r e  c r i t e r i o n  w a s  der i ved  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 4 ,  51 t h a t  accounts  for tlic e l n s t i c -  

p l a s t i c  behav io r  of t h e  material.  T h i s  c r i t e r i o n  i s  

where KF and m are  t h e  two material parameters.  The stress S ( t l w  

ult imate v a l u e  of e las t i c  nominal s t r e s s )  w a s  computed from t h e  load requ i red  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11 

t o  produce a f u l l y  p l a s t i c  r e g i o n  or  hjnge 1111 on the n e t  sec t i on  (I)ased on 

t h e  u l t i m a t e  t e n s i l e  s t r e n g t h ,  o u ) .  

i s  equa l  t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. For t h e  th ree-po in t  notch-bend specimen S is 1 . 5  (1 . 

For t h e  compact specimen S i s  a f u n c t i o n  of load e c c e n t r i c i t y ,  and i s  

1.62  0 for a c/W r a t i o  of 0.5. (See Appendix A . )  

For thc center -c rack  t cns ion  specimen zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS 
U 

U I1 U 

U 

U 
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The f r a c t u r e  parameters KF and m are assumed to  be c o n s t a n t  i n  t h e  

same s e n s e  as t h e  u l t i m a t e  t e n s i l e  s t r e n g t h ;  t h a t  is, t h e  parameters  may v a r y  

w i th  material t h i ckness ,  state of stress, temperature,  and ra te  of load ing .  

To o b t a i n  f r a c t u r e  c o n s t a n t s  t h a t  are r e p r e s e n t a t i v e  f o r  a g iven material and 

test temperature,  t h e  nominal f a i l u r e  stress must be  less than o t h e  

f r a c t u r e  d a t a  should be  from a s i n g l e  batch of m a t e r i a l  of t h e  same th i ckness ,  

and from tests t h a t  encompass a wide range of specimen width o r  c r a c k  l eng th .  

Y S  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, 

I f  m is e q u a l  to  ze ro  i n  Equat ion ( 2 )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 is equal  t o  t h e  e l a s t i c  stress- 

i n t e n s i t y  f a c t o r  a t  f a i l u r e ,  and t h e  equat ion  r e p r e s e n t s  behavior  of low- 

toughness materials (p lane -s t ra in  f r a c t u r e ) .  I f  m is equa l  t o  u n i t y  t h e  

equa t ion  r e p r e s e n t s  behavior  of high-toughness materials (p lane -s t ress  f r a c -  

t u r e )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 4 ,  51.  Thus, t h e  f rac tu re- toughness  parameters,  % and m,  d e s c r i b e  

the  c r a c k  s e n s i t i v i t y  o f  t h e  material. 

The denominator i n  Equat ion (2 )  r e f l e c t s  t h e  i n f l uence  of t h e  nominal 

f a i l u r e  stress on f r a c t u r e  toughness. The v a r i a t i o n  of t h e  denominator w i t h  

nominal stress f o r  a t y p i c a l  material is shown i n  F igure  2. When t h e  nominal 

stress i s  less than  t h e  u n i a x i a l  y i e l d  stress, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACT , t h e  f u n c t i o n  $ ( r a t i o  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
YS 

t o  5) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis a l i n e a r  f u n c t i o n  of nominal stress ( s o l i d  l i n e ) .  The l i n e  KIe 

has a nega t i ve  s l o p e ,  m. However, when t h e  nominal f a i l u r e  stress is g r e a t e r  

than t h e  y i e l d  stress, t h e  f u n c t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 becomes non l i nea r  and i s  dependent 

upon t h e  s t r e s s - s t r a i n  curve  of t h e  material and t h e  state of stress i n  t h e  

c rack- t ip  reg ion ,  as d iscussed  i n  [ 4 ] .  For t h i n  materials, wherc t h e  statc of 

stress i n  t he  c rack - t i p  reg ion  is b i a x i a l ,  t h e  expected behavior  is es t imated 

by t h e  dash-dot curve.  An equat ion  w a s  chosen t o  g i v e  a s imp le  approx imat ion 

t o  t h e  dash-dot curve  and is g iven by 

5 



for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS < Su and is shown by t h e  dashed curve.  The v e r t i c a l  dashed 

l i n e  t r u n c a t e s  t h e  nominal stress a t  S . For t h i c k  m a t e r i a l s ,  where t h e  

s t a t e  of stress i n  t h e  c r a c k - t i p  reg ion  is t r iaxial ,  t h e  f r a c t u r e  behavior  

Y S  n 

U 

for S > 0 is  expected to  l i e  c l o s e r  to  t h e  s o l i d  l i n e .  The s o l i d  v e r t i -  

c a l  l i n e  t r u n c a t e s  t h e  nominal stress a t  S . The func t i on  +, descr ibed by 

t h e  s o l i d  l i n e s ,  was used i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[4, 51. I n  o r d e r  t o  show t h e  expected range of 

behavior  f o r  t h i ckness ,  bo th  t h e  solid and dashed curves  were used for 

S > 0 

FAILURE PREDICTIONS 

n Y S  

U 

i n  t h e  s e c t i o n  on "Analysis of T e s t  Data.'' 
n YS 

Af te r  t h e  f r a c t u r e  toughness parameters and m have been determined 

from f r a c t u r e  tests on a g iven material and t e s t  temperature,  Equat ions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2)  and 

(3) can be  used t o  p r e d i c t  f a i l u r e  stresses f o r  o t h e r  cracked c o n f i g u r a t i o n s .  

The f a i l u r e  stresses were c a l c u l a t e d  by s u b s t i t u t i n g  Equat ion (1) i n t o  Equa- 

t i o n s  (2) and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3 ) ,  and were g iven by 

f o r  Sn 5 0  KF 

F F + -  

s =  
n m %  YS 

U 
S 

and 

where 

Y =  KF 'ys 

2 S u f i  F 

Figure  3 shows t h e  Computed nominal f a i l u r e  stresses from Equat ions (4) and 

(5) normal ized t o  S for a t y p i c a l  material as a f u n c t i o n  of c rock  l e n g t h  
U zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

6 



i n  an  i n f i n i t e  p l a t e  sub jec ted  t o  t e n s i l e  loading.  The t e n s i l e  and f r a c t u r e  

p r o p e r t i e s  f o r  t h i s  material are g iven i n  F igure  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  The s o l i d  curve shows t h e  

c a l c u l a t i o n s  from Equat ion ( 4 )  f o r  nominal f a i l u r e  stresses zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAless than and 

g r e a t e r  than t h e  y i e l d  stress of t h e  material.  For s m a l l  c rack  l e n g t h s  ( l e s s  

than about 1 mm f o r  t h i s  m a t e r i a l ) ,  Equat ion ( 4 )  p r e d i c t s  nominal f a i l u r e  

stresses g r e a t e r  than 

dash-dot curve i n  F igure  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 ,  which shows the expected behavior  f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa t h i n  mate- 

r ia l  (Sn > zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 

dash-dot curve  i n  F igure  2. The clashed curve shows t h e  c a l c u l a t i o n s  from 

Equat ion (5) f o r  Sn > 0 . For stress l e v e l s  greater than t h e  y i e l d  stress, 

Equat ion ( 4 )  ( s o l i d  curve)  p r e d i c t s  f a i l u r e  stresses h igher  than expected f o r  

t h i n  center -c rack  tens ion ,  compact, and notch-bend specimens macle of d u c t i l e  

materials, bu t  c l o s e l y  approximates t h e  f a i l u r e  stresses f o r  sur face-cracked 

specimens [ 4 ] .  Because t h e  f u n c t i o n  cb, g iven by Equat ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 ) ,  is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn s i m p l e  

approximat ion to  t h e  expected behavior ,  Equat ions ( 3 )  and (5) should be  used . 

only  t o  estimate f a i l u r e  stresses f o r  S i U and no t  t o  o b t a i n  I$ and m 

from nominal f a i l u r e  stresses i n  t h a t  range.  

ANALYSIS OF TEST DATA 

but  i n  t h e s e  c a s e s  S was set e q u a l  t o  S . The 
sU , n U 

), was calculated by us ing  t h e  f u n c t i o n  $, descr ibed by t h e  
Y S  

YS 

n Y S  

F r a c t u r e  d a t a  from t h e  l i te ra tu re  on center -c rack  tens ion ,  compact, and 

notch-bend specimens made of s tee l ,  t i t an ium,  o r  aluminum a l l o y  s h e e t  and 

p l a t e  material were analyzed us ing  t h e  two-parameter f r a c t u r e  c r i t e r i o n .  The 

f r a c t u r e  cons tan ts ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 
Equat ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2)  arid a b e s t - f i t  procedure 141. I n  some c a s e s ,  t o  i l l us t ra te  t h a t  

KF and m are material parameters,  they were determined from one type of 

and m ,  were determined from t h e  f r a c t u r e  d a t a  us ing  

specimen and were then used t o  p r e d i c t  t h e  f a i l u r e  stresses f o r  o the r  types  of 

specimens. I n  t h e  fo l lowing s e c t i o n s  a l l  of t h e  f racture d a t a  are presented 

7 



i n  terms of t h e  e l a s t i c  s t r e s s - i n t e n s i t y  f a c t o r  a t  f a i l u r e ,  KIe. 

mental  

as a f unc t i on  of c rack  l e n g t h  o r  specimen width. T h e  ca lcu la ted  o r  p red ic ted  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe exper i -  

KIe 
va lues  are compared w i th  e i t h e r  ca lcu la ted  o r  p red ic ted  v a l u e s  

values were obta ined by s u b s t i t u t i n g  the  f a i l u r e  stresses computed from 'I e 

Equat ions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4 )  o r  ( 5 )  ' i n to  Equat ion (1) and were given by 

1 +  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL' 

and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
= S  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ G F  f o r  s = S  (9)  u n U 

The "ca lcu la ted"  

(8) t o  t h e  exper imenta l  d a t a .  

Equat ion (7) o r  (8) where K and m were determined from f r a c t u r e  tests 

conducted on a d i f f e r e n t  specimen type. Equat ion (7 )  w a s  a l s o  used f o r  

Sn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 YS 

d iscussed  p rev ious l y .  

Aluminum Al loy Specimens 

KIe v a l u e s  were obta ined by a b e s t  f i t  of Equat ion (7 )  o r  

The "predic ted"  va lues  were obta ined from 

F 

i n  o r d e r  t o  show t h e  expected range of behavior  f o r  t h i ckness  as 

Tests on 7075-T6 and 2024-T3-Fracture tests were conducted on cen te r -  

c rack  tens ion  specimens (Fig.  l ( a ) )  made of 7075-T6 o r  2024-T3 material (NASA 

Langley d a t a ,  Tab le  I) t o  demonstrate t h a t  the f r a c t u r e  c r i t e r i o n  a p p l i e s  over 

a wide range of material f r a c t u r e  toughness. 

f o r  7075-T6 and c i r c u l a r  f o r  2024-T3) are shown i n  F igure  4 as 

a g a i n s t  crack-length-to-width r a t i o .  The s o l i d  symbols denote  tests f o r  which 

S was g r e a t e r  than CT . The KIe va lues  f o r  t h e  7075-T6 were near l y  

The f r a c t u r e  d a t a  (square  symbols 

p l o t t e d  

n YS 

8 



cons tan t ,  as expected, f o r  a low-toughness material zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(J$ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 31 MN/rn3I2). I n  

c o n t r a s t  t o  t h e  low-toughness behavior  of t h e  7075-T6, the  2024-T3 s h e e t  

material exh ib i ted  a h igh- f rac tu re  toughness (% = 267 MN/m 3/2) .  Because t h e  

f a i l u r e  stresses f o r  t h e  2024-T3 specimens were n e a r l y  equa l  t o  t h e  y i e l d  

stress of t h e  material, KIe The 

s o l i d  curves show t h e  c a l c u l a t e d  r e s u l t s  from t h e  f r a c t u r e  c r i t e r i o n  (Eq. (7 ) )  

us ing  t h e  va lues  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAKF and m determined from a b e s t  f i t  of t h e s e  d a t a .  

The dashed curves  (at crack-length-to-width r a t i o s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAless than 0.15 and g r e a t e r  

than 0.85 f o r  t h e  2024-T3 a l l o y )  show t h e  ca l cu la ted  behavior f o r  

us ing  Equat ion (8). The c a l c u l a t i o n s  from Equat ion (7) f o r  Sn > zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACT (no t  

shown) n e a r l y  over lapped t h e  dashed curve. For both m a t e r i a l s ,  t h e  c a l c u l a t e d  

r e s u l t s  were i n  good agreement w i th  t h e  exper imenta l  r e s u l t s .  

va r ied  s i g n i f i c a n t l y  w i t h  c rack  l eng th .  

Sn > CJ 

YS 

Y S  

Tests on 2219-T851-Kaufman and Nelson [12]  conducted f r a c t u r e  tests on 

compact specimens (Fig. l ( b ) )  made of 2219-T851 p l a t e  material f o r  v a r i o u s  

specimen th icknesses ,  widths,  and c r a c k  l eng ths .  The p l a t e  th i ckness  analyzed 

w a s  25.4 mm and t h e  c/W r a t i o  w a s  0.5. Figure  5 shows t h e  exper imenta l  

(symbols) and c a l c u l a t e d  (curves)  K va lues  p l o t t e d  a g a i n s t  specimen width.  
I e  

T h e  fracture constants, I$ and m, w e r e  d e t e r m i n e d  f r o m  these data zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( S  < U ). 

The s o l i d  symbols denote  f r a c t u r e  tests f o r  which S w a s  g r e a t e r  than 0 

The s o l i d  and dashed curves  were c a l c u l a t e d  us ing  Equat ions (7) and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 8 ) ,  

r e s p e c t i v e l y .  Equat ion (7) w a s  app l i ed  over  t h e  complete range of specimen 

widths,  even though Sn w a s  g r e a t e r  than CJ t o  show t h a t  tlic two equat ions  

g i v e  about  t h e  same r e s u l t s  (w i th in  10 percent )  f o r  W 100 mm. For wide 

KF specimens, t h e  ca l cu la ted  

( i nd i ca ted  by t h e  dash-dot l i n e ) .  

n YS 

n YS' 

YS' 

v a l u e s  approach t h e  f r a c t u r e  toughness 
KIe 
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The r e s u l t s  of f r a c t u r e  tests conducted on 38-mm-thick compact specimens 

[12] a t  v a r i o u s  c/W r a t i o s  for  a cons tan t  specimen w id th  (150 mm) are shown 

i n  F igu re  6 ( a ) .  The f r a c t u r e  c o n s t a n t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 65.8 MN/m3j2 and m = 0.89 

were obta ined from d a t a  (not shown) on t h e  same material and th i ckness  where 

t h e  c/W rat io was held c o n s t a n t  a t  0.5 and t h e  specimen width w a s  v a r i e d  

between 75 and 150 mm. Since  t h e s e  f r a c t u r e  p r o p e r t i e s  w e r e  obta ined f r o m  

tests w i t h  a c o n s t a n t  c/W, they  do no t  i n h e r e n t l y  account  f o r  v a r i a t i o n s  i n  

KIe w i t h  c/W. The curve  i n  F i g u r e  6 (a )  shows t h e  p r e d i c t i o n s  us ing  Equa- 

t i o n  (7 ) .  The agreement between t h e  exper imenta l  and p red ic ted  r e s u l t s  i s  

cons idered good. F igu re  6(b) shows how t h e  pin-loaded ho les  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin t h e  compact 

specimen i n f l u e n c e s  nominal f a i l u r e  stresses. The symbols show t h e  exper inen- 

t a l  f a i l u r e  stresses p l o t t e d  a g a i n s t  c/W f o r  t h e  same d a t a  shown i n  Fig-  

u r e  6 ( a ) .  The s o l i d  and dashed cu rves  show t h e  p r e d i c t i o n s  us ing  Equat ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4 )  

and t h e  boundary-correct ion f a c t o r s  ob ta ined w i t h  [13]  and w i thout  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(ASTM 

E399-74) t h e  pin-loaded ho les .  The good agreement between t h e  exper imenta l  

and p red ic ted  r e s u l t s  ( s o l i d  curve)  a t  t h e  small 

to  i nc lud ing  t h e  i n f l u e n c e  of  t h e  pin- loaded h o l e s  on stress i n t e n s i t y .  

c/W r a t i o s  can be  a t t r i b u t e d  

Tests on Hiduminium-48-Adams and Munro [14] conducted f r a c t u r e  tests on 

center -c rack  t e n s i o n  specimens made of Hiduminium-48, a n  aluminum a l l o y  s h e e t  

material,  over  a wide range of c r a c k  l e n g t h s  and specimen w id ths .  The m a t e r i a l  

t h i ckness  f o r  a l l  specimens w a s  3.2 mm. The exper imenta l  r e s u l t s  (symbols) are 

presented  i n  F i g u r e  7 (a )  as KIe p l o t t e d  a g a i n s t  2c/W f o r  specimen w id ths  

rang ing  from 50 t o  200 mm. The curves  w e r e  c a l c u l a t e d  us ing  Equat ion ( 7 )  or 

= 405 MN/m 3/2 and m = 0.95 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-i? 

(8) depending on nominal stress l e v e l s ,  w i t h  ' 

( b e s t  f i t  t o  t h e s e  d a t a ) .  The two-parameter f r a c t u r e  c r i t e r i o n  c o r r e l a t e d  t h e  

d a t a  w i t h i n  - +4 percen t  f o r  a l l  c r a c k  l e n g t h s  and specimen widths.  (The s o l i d  
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curves  f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 near l y  over lapped t h e  dashed curves  and were no t  shown 

t o  s imp l i f y  t h e  p l o t . )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn YS 

Adams and Munro [14] a l s o  conducted f r a c t u r e  tests on compact specimens 

made of t h e  same Hiduminium-48 s h e e t  material prev ious ly  descr ibed.  

pac t  specimen f r a c t u r e  d a t a  were analyzed us ing  t h e  f r a c t u r e  cons tan ts ,  

and m ,  determined from t h e  center -c rack  tens ion  specimens. F igu re  7(b)  shows 

t h e  exper imenta l  (symbols) and pred ic ted  (dashed curve)  K va lues  p l o t t e d  

The com- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
KF 

Ie 

v a l u e s  f e l l  w i th in  +10 percen t  of a g a i n s t  specimen width.  The pred ic ted  KIe - 

t h e  exper imenta l  resul ts ,  even though t h e  nominal f a i l u r e  stresses were 20 t o  

50 percent  h igher  than t h e  y i e l d  stress of t h e  material. The s o l i d  curve ,  

p red ic ted  from Equat ion (7 ) ,  is about 1 5  percent  h igher  than t h e  exper imenta l  

KIe values.  These p r e d i c t i o n s  a l s o  i n d i c a t e  t h a t  specimen widths much l a r g e r  

than 250 mm would be requ i red  t o  o b t a i n  f a i l u r e s  w i th  S c o . 
n Y S  

Tests on 7075-T6 Clad and 2014-T3--Bradshaw and Wheeler I151 conducted 

f r a c t u r e  tests on center-crack t e n s i o n  and compact specimens made of f o u r  d i f -  

f e r e n t  aluminum a l l o y  s h e e t  materials. Only 

t h e  a n a l y s i s  of t h e  materials w i t h  t h e  h i g h e s t  and lowest  y i e l d  stress 

(7075-T6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc l a d  and  2014-T3, respectively) are shown.  

A l l  specimens were 1.6 mm t h i ck .  

The f r a c t u r e  cons tan ts ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 and m, f o r  t h e  two aluminum alloys w e r e  

determined from an  a n a l y s i s  of t h e  center -c rack  specimen d a t a  (no t  sliown). The 

center -c rack  specimens were e i t h e r  250 o r  750 m wide and t h e  crack- length-to- 

width r a t i o  ranged from 0.1 t o  0.5. 

and m = 0.43 were obta ined from t h e  7075-T6 d a t a  and % = 273 MN/m 3/2  and 

m = 1 from t h e  2014-T3 d a t a .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA312 The f r a c t u r e  p r o p e r t i e s  % = 77.6 MN/m 

The f r a c t u r e  

were then used t o  

p r o p e r t i e s  determined from t h e  center-crack tens ion  specimens 

p r e d i c t  t h e  f a i l u r e  of t h e  compact specimens. The elast ic  
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I 

s t r e s s - i n t e n s i t y  f a c t o r  f o r  t h e  compact specimens used i n  [15], which were n o t  

s tandard  ASTM (E399-74) specimens, w a s  

C 
3.7 f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- = 0.17 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP 

W 

v a l u e s  (symbols) p l o t t e d  a g a i n s t  spec i -  
KIe F i g u r e  8 shows the exper imenta l  

men w id th  f o r  t h e  7075-T6 c l a d  material. The s o l i d  and dashed curves  show t h e  

p red ic ted  KIe v a l u e s  u s i n g  Equat ions ( 7 )  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 8 ) ,  r e s p e c t i v e l y .  The pre- 

d i c t e d  behavior  w a s  w i t h i n  - +7 percent  of t h e  exper imenta l  r e s u l t s .  

F i g u r e  9 shows t h e  exper imenta l  (symbols) and p red ic ted  (dashed curve)  

v a l u e s  p l o t t e d  a g a i n s t  specimen width f o r  t h e  2014-T3 compact specimens. 

The nominal f a i l u r e  stresses f o r  a l l  of t h e  specimens were g r e a t e r  than zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 . 
The dashed curve  shows t h e  p red ic ted  behavior  u s i n g  Equat ion (8) w i t h  t h e  

KIe 

YS 

v a l u e s  of % and m t h a t  w e r e  determined from t h e  center -c rack  specimen 

f r a c t u r e  d a t a .  

ta l  r e s u l t s .  Again, t h e  s o l i d  curve  shows how Equat ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 7 )  o v e r p r e d i c t s  

t h e  exper imenta l  f a i l u r e  stresses f o r  t h i n  materials when t h e  nominal f a i l u r e  

The p red ic ted  behavior  w a s  w i t h i n  +5 percen t  of t h e  experimen- 

stresses are g r e a t e r  t han  0 

Ti-6A1-4V Ti tanium A l loy  Specimens 

YS' 

Gunderson ( A i r  Force  Materials Laboratory ,  AFML-MXE 73-3) conducted 

f r a c t u r e  tests on compact specimens made of a beta-processed mi l l -annealed 

p l a t e  of Ti-6A1-4V (25.4 mm t h i c k ) .  F igu re  10 shows t h e  exper imenta l  (symbols) 

and c a l c u l a t e d  (curves)  K v a l u e s  p l o t t e d  a g a i n s t  specimen width.  The c/W 

r a t i o  f o r  t h e s e  d a t a  w a s  0.5. The v a l u e s  of KF and m used i n  t h e  ca l cu la -  

t i o n s  were determined from an a n a l y s i s  of t h e s e  d a t a .  The c a l c u l a t e d  r e s u l t s  

( s o l i d  and dashed curves)  f o r  c/W = 0.5 agreed w e l l  w i t h  t h e  exper imenta l  

r e s u l t s .  The curves  f o r  c/W = 0.2 and 0.8 show how 

Ie  

v a r i e s  as a 
KIe 
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. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf u n c t i o n  of c/W. These r e s u l t s  i n d i c a t e  t h a t  f o r  l a r g e r  c/W r a t i o s  wider 

specimens are requ i red  t o  o b t a i n  ( i n t e r s e c t i o n  of s o l i d  and dashed 

curves  denote  where S = U ). A l l  t h r e e  curves approach t h e  f r a c t u r e  tough- 
n Y S  

ness ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 (dash-dot l i n e ) ,  f o r  ve ry  wide specimens. 

4340 Steel  Specimens 

Sn < (5 
Y S  

Jones and Brown [ 161 ,conducted f r a c t u r e  tests on three-point  no tch-bend 

specimens (Fig. l ( c ) )  made of 4340 s tee l  wi th  s e v e r a l  s t r e n g t h  l e v e l s .  These 

tests were conducted t o  determine t h e  i n f l u e n c e  of th ickness ,  c rack  l e n g t h ,  

and specimen width on f r a c t u r e  toughness. 

f r a c t u r e  tests (symbols) conducted on 1 .3  and 25.4 mm t h i c k  specimens w i t h  

c/W = 0.5 

e i t h e r  Equat ion (7) o r  (8) wi th  % and m determined by a b e s t  f i t  f o r  each 

material t h i ckness .  For t h e  t h i n  material, a l l  of t h e  test d a t a  had nominal 

f a i l u r e  stresses g r e a t e r  than t h e  y i e l d  stress of t h e  material. There fore ,  

t h e  va lues  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI$ and m were determined us ing  Equat ion (8). (The v a l u e s  of 

I$ and m should have been obta ined from t e s t i n g  specimens w i th  w id ths  

g r e a t e r  than 75  mm where t h e  nom’inal f a i l u r e  stresses would have been less 

t han  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 bu t  no f r a c t u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdata w e r e  avai lable wi th  w i d t h s  greater than 75 mm.) 

For t h e  t h i c k e r  material, KF 

toughness, and 

F igure  11 shows t h e  r e s u l t s  of 

f o r  v a r i o u s  specimen widths.  The curves  were ca lcu la ted  us ing  

Y S ’  

t h e  plane-s t r a i n  f r a c t u r e  
5 c  , w a s  equa l  to 

va lues  w e r e  independent of specimen width.  
e 

PLANE-STRESS AND PLANE-STRAIN FRACTURE 

The two-parameter f r a c t u r e  c r i t e r i o n  der ived  i n  References [4 ]  and [5 ]  

and t h e  nominal f a i l u r e  stress, Sn, 
K~ e 

gave a l i n e a r  r e l a t i o n s h i p  between 

f o r  Sn 0 . The three-dimensional  d iagram i n  F igu re  1 2  shows how t h e  exper i -  

menta l  v a l u e s  of K (square symbols) v a r y  as a f u n c t i o n  of nominal f a i l u r e  

stress (normalized t o  S ) and p l a t e  th i ckness  f o r  compact specimens made of 

YS 

Ie 

U 
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2219-T851 aluminum a l l o y  [12]. The exper imenta l  r e l a t i o n s h i p  between KIe 

and Sn is, a l s o ,  approx imate ly  l i n e a r .  The three-dimensional  s u r f a c e ,  

formed by t h e  s t r a i g h t - l i n e  g e n e r a t o r s  ( s o l i d  l i n e s ) ,  is t h e  l o c u s  of KIe 

v a l u e s  f o r  v a r i o u s  combinat ions of specimen dimensions. The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAASTM s tandard  

test procedure (E399-74) is in tended t o  produce a cons tan t  v a l u e  of plane- 

s t r a i n  f r a c t u r e  toughness, 

t h e  l e f t  ex t rem i t y  of t h e  s u r f a c e  shown (w i th  m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0). For many materials of 

p r a c t i c a l  i n t e r e s t  t h e  specimens requ i red  t o  produce p l a n e - s t r a i n  f r a c t u r e  are 

so l a r g e  t h a t  t e s t i n g  i s  v e r y  d i f f i c u l t ,  i f  no t  impossib le .  Thus, t h e  two- 

parameter  f r a c t u r e  c r i t e r i o n  can  be  u s e f u l  f o r  computing f r a c t u r e  toughness 

and p r e d i c t i n g  f a i l u r e  stresses f o r  s t r u c t u r a l  materials which f r a c t u r e  under 

e i t h e r  p l a n e - s t r e s s  or  p lane-s t ra in  cond i t i ons .  

CONCLUDING REMARKS 

. Such behavior  would produce a p la teau  near  
KIc 

A two-parameter f r a c t u r e  c r i t e r i o n  t h a t  relates t h e  e l a s t i c  stress- 

i n t e n s i t y  f a c t o r  a t  f a i l u r e ,  t h e  e l a s t i c  nominal f a i l u r e  stress, and two 

material parameters zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwas used t o  ana lyze  f r a c t u r e  d a t a  on center -c rack  tens ion ,  

compact, and notch-bend specimens made of  s tee l ,  t i t an ium,  o r  aluminum a l l o y  

materials t e s t e d  a t  room temperature.  The specimens had a wide range of c rack  

l e n g t h s ,  specimen w id ths ,  specimen th i cknesses ,  and material p r o p e r t i e s .  The 

f r a c t u r e  c r i t e r i o n  c o r r e l a t e d  t h e  d a t a  w e l l  ( g e n e r a l l y  w i t h i n  210 percent  of 

t h e  exper imenta l  f a i l u r e  s t r e s s e s )  f o r  a broad range of materials, i nc lud ing  

some regarded as very  d u c t i l e .  The f r a c t u r e  c r i t e r i o n  w a s  a l s o  found t o  

c o r r e l a t e  f r a c t u r e  d a t a  from d i f f e r e n t  specimen t ypes  (such as center -c rack  

t e n s i o n  and compact specimens),  w i t h i n  - +10 percent  f o r  t h e  same material,  

t h i ckness ,  and test temperature.  

14 
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APPENDIX A. 

FOR THE CENTER-CRACK TENSION, COMPACT, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND NOTCH-BEND SPECIMENS 

ELASTIC STRESS-INTENSITY FACTORS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND NOMINAL STRESS DEFINITIONS 

I n  t h e  a p p l i c a t i o n  of Equat ions (2 )  and (3) t o  center -c rack  tens ion ,  t o  

compact, and t o  notch-bend specimens, t h e  s t r e s s - i n t e n s i t y  f a c t o r ,  t h e  nominal 

stress, and must be determined as a f u n c t i o n  of c r a c k  l e n g t h  and specimen 

width. The fo l l ow ing  s e c t i o n s  g i v e  t h e s e  equat ions .  

Center-Crack Tension Specimen 

Su 

For t h e  cen te r -c rack  specimen (Fig. l ( a ) ) ,  t h e  elast ic s t r e s s - i n t e n s i t y  

f a c t o r  is g iven  by Equat ion (1) where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
S zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 

s* - 

and 

F = ( 1  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA)$- 

f o r  0 - < A < 1.0 where A is t h e  crack-length-to-width r a t i o .  The secan t  

term is t h e  f i n i t e - w i d t h  c o r r e c t i o n  on stress i n t e n s i t y  and w a s  obta ined from 

[I1 * 

The u l t i m a t e  v a l u e  of elastic nominal stress, Su, f o r  t h e  center -c rack  

specimen is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 . 
Notch-Bend Specimen 

U 

For t h e  notch-bend specimen (Fig.  l ( c ) ) ,  t h e  elast ic  s t r e s s - i n t e n s i t y  

f a c t o r  is g i v e n  by Equat ion (1) where 

(A3 1 3PL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t(W - c )  

2 s =  
n 

and 

2 f o  

fi 
F (1 - A) 

1 7  



The func t i on  f (X) ,  ob ta ined from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[l], w a s  g iven by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 3 4 

f (X) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= A + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA1 A + A2 + A3 + A4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

L/W *O A2 A3 

4 1 . 9 3  - 3 . 0 7  1 4 . 5 3  - 2 5 . 1 1  2 5 . 8 0  

8 1 . 9 6  - 2 . 7 5  13 .66  - 2 3 . 9 8  2 5 . 2 2  

A4 

~~ 

f o r  0 A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 0.6. Equat ion ( A 5 )  is w i th in  0 . 2  percent  of t h e  more a c c u r a t e  

v a l u e s  1171 f o r  c/W r a t i o s  ( A )  up t o  0.6 and is 3 . 5  percent  lower than  t h e  

c o r r e c t  v a l u e  a t  a c/W r a t i o  of 0 . 7 .  

The u l t i m a t e  v a l u e  of elast ic  nominal stress, Su, f o r  t h e  notch-bend 

specimens zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis 1.5 0 . 
f u l l y  p l a s t i c  h inge  on t h e  n e t  s e c t i o n  us ing  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h .  

Compact Specimen 

Th is  w a s  computed from t h e  load requ i red  t o  produce a 
U 

For t he  compact specimen (Fig.  l ( b ) ) ,  t h e  e l a s t i c  s t r e s s - i n t e n s i t y  f a c t o r  

is, aga in ,  g iven  by Equat ion (1) where 

s =  n t(W P - c )  f + 3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(%;I 
and 

The f u n c t i o n  f ( X ) ,  obta ined from [ 1 3 ] ,  w a s  given by 

3 
f (X) = 4 . 5 5  - 4 0 . 3 2  X + 4 1 4 . 7  X2 - 1 6 9 8  X 

+ 3 7 8 1  X 4  - 4287 A 5  + 2017 A b  (A8 1 

f o r  0.2 5 A 5 0 . 8 .  Equat ion ( A 8 )  i nc ludes  t h e  i n f l u e n c e  of t h e  pin-loaded 

ho les  i n  t h e  compact specimen. 

1 8  



* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The u l t ima te  va lue  of e last ic  nominal stress, Su, f o r  t h e  compact spec i- 

men zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis a func t ion  of load e c c e n t r i c i t y  and is given by 

For zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa range of X between 0.2 and 0.8, 

S = 1.61 u 
U U 

agrees t o  w i th in  4 percent of t h a t  g iven by Equation (A9). 

TABLE I. NOMINAL FAILURE STRESSES FOR CENTER-CRACK TENSION SPECIMENS 

OF 7075-T6 PLATE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND 2024-T3 SHEET MATERIAL 

7075-T6 20 24-T3 
t = 12.7 mm t = 2.3 mm 
W = 300 mm W = 300 mm 

2 

2 
u = 600 MN/m 

u = 496 MN/m 
YS 

U 

2 

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo = 490 MN/m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
o = 356 MN/m 

Y S  

U zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
m/m2 2 mm 

8.5 170.6 6.4 364.4 

13.0 142.3 12.7 356.1 

13.2 135.7 25.4 344.2 

17.3 135.3 50.8 329.4 

51.4 111.1 76.2 321.3 

73.9 92.3 101.5 321.8 

m/m mm 

101.3 93.0 
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S zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ttt zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2c I+ 

- w -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(a) Center-crack tension 

(A = 2C/W) 

P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( c )  Notch zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbend zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

( A  = c/W) 

’b 
k - c - 4  

P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0”” 
(b) Compact 

(A = c/’w) 

Figure 1. Center-crack tens ion,  compact, and notch-bend specimen 
configurations.  



/ - - - - - -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA_.C*- 

/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE 

/ -8. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C 

m 
\ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
m 

Q 
C 
(d 

aJ 

a 
.rl 
-c 

n 

2 
0 

0 



k zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.a 
ii c 
0 
P 

G & B  w w w  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I !  
I !  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I I  

cv 
2 

E 

iii 
0 
ua 
II 

cv 

II I1 II 

' .  

E 
E 

h zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

5 

0 

W 
0 

c 
0 

.I4 
u 
t) 
E: 
3 

w 

3 
a 

U zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
cl 

aJ 
k 
3 
M 

la 
'r( 

, 



n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
co 
W 

63 

9 
4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
II 

\ 
m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

bh 

E: 
A 

rn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
rn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz 
E 

2 

h 
m 

4 
0 
rn 

m 
bh 

c: 
v/ 
M 

m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 

5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 

E 
h 
m 

1 I 

El 

1 

n 
c- 
W 

& 
w 

0 
0 
7-4 

rn 
P- 

rn 
cu 0 

Lo 
0 

E 

m 
e .  

U M  
a c  
L a l  
u r l  
I I  

ur l  
v r l  
cda 
IL1 

E 
h /  
U G  
.r-i .d 

U N  
cn 

a 
u t :  

-74 a 



0 
00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
II I1 

0 
cu 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

d( 

cil zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
\ 
m 

E zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ti 

I ’  

, .  

I .; 



V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

p' N 
\ 
m 

E 

8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I I  II 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I 

m 
b 

In 
N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 

kc[ l  
a 

ir, 
* c  

nQJ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 
\ D u  ' 

a, 

, 



n n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
G c +  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw w  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
M M  
5 .El 
9 3  

n 
N 
4 

Y 

r( 
m 
a3 
Ei 
I 

Q, 
rl 

N 
N 

v1 

bh 

V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 
0 
dr 

0 
0 
c3 

0 
0 
cu 

0 
0 
4 

rcI 
0 

a, 

a 
E 

m 3  e e  

h 

v 
0 

\o 

a, 
&I 
3 
bo 
-d 



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 co 

0 cv 
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

C 
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
.d zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
m 

$ 
U 

24 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
u 
(d 
k zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
V 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

F1 
a, 

r-l 
W 



(r3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
II zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

\ 

c v e u  
E E  
\ \  

n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
PI 
v 

c;( 
W 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

n 
00 
U 

0 

3 
U 
0 
rp a 
ti 
0 
U 

0 
0 

E 
E 
s 

0 
0 
cu 

0 
0 
?4 

0 
aJ 
k 



n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 -E 

I "  

% E  

u a-  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAll 

X c ,  

C O N  

E E  
\ \  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
S S  rn 

bh 

A 

m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

E: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 

El 
0 
In 

3 
n 
N 

3 
3 
N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 
Lo 
4 

0 

2 

0 
Ln 

0 



0 
0 
cv 

co zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E 

0 
0 
4 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
n 

3 
3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r) 

0 
0 
cv 

0 
0 
d 

0 



II zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

09 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

h zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm 

& zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
W 

0 
0 
r( 

0 
ln 

0 
rn 
N 

0 
0 
cu 

5: 
d 

0 
2 

0 
Ln 

0 

0 
d 



? zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 

n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
00 
v 

I3 w 

0 
0 
d zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5: 

0 
0 
l-l zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

m 
c- 

o E  m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3- 

Ln 
cu 

0’ 

U 
0) 
Q. 
m 

z .  

U 

& 

O E  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
u2d 



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 

I 


