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Brittle Crack Initiation at the Elastic-Plastic Interface 

A. M. GARDE AND V. WEISS 

To study fracture initiation near notches experiments were conducted on polycarbonate at 
room temperature. It could be demonstrated conclusively that cracks are nucleated under 
the influence of a critical normal stress at the elastic-plastic boundary. Slip line field 
theory allows the determination of the critical normal fracture stress from the knowledge 
of the notch root radius and the location of the crack nucleation. For 0.5 in. thick speci- 
mens with root radii between 0.001 and 0.01 in. the calculated critical fracture stress of 
polycarbonate is nearly constant, 21.2 + 0.6 ksi. An analysis of the data in accordance with 
the theory developed by R. Beeuwkes, Jr. for parabolic notches resulted in critical fracture 
stress values of approximately 21.5 ksi. Specimens with central holes between 0.04 and 
0.05 in. diam also showed crack nucleation below the surface of the hole but the calculated 
critical fracture stress values were considerably lower, approximately 11.2 ksi. This may 
be attributed to the loss of plane strain conditions in these 0.5 in. thick specimens. The 
experimentally observed slip lines in polycarbonate are not orthogonal to each other but 
intersect at a lower (~80 deg) angle. This may be due to the relief of stresses on unloading 
and sectioning, and it may indicate that plane strain conditions were not present. Because 
of its flow characteristics, which are similar to those of metals, and because of its trans- 
parency, po lyca rbona t e  a p p e a r s  to be a good model  m a t e r i a l  for  the s tudy of p l a s t i c  flow 
in i t i a t ed  b r i t t l e  f r a c t u r e .  I t  could be used  to check the t h e o r e t i c a l  s l i p  l ine f ie ld  so lu t ions  
p r o p o s e d  for  a v a r i e t y  of loading condi t ions .  

S E V E R A L  au tho r s  1-u have pos tu l a t ed  the ex i s t ence  of 
a c r i t i c a l  n o r m a l  s t r e s s  c r i t e r i o n  for  b r i t t l e  f r a c t u r e .  
A c c o r d i n g l y  b r i t t l e  (often c leavage)  f r a c t u r e  o c c u r s  in 
a m a t e r i a l  when the n o r m a l  component  of the s t r e s s  
r e a c h e s  a c e r t a i n  c r i t i c a l  va lue .  Th is  condi t ion is 
s c h e m a t i c a l l y  i l l u s t r a t e d  by the s t r e s s  l imi t ed  l ine of 
the f r a c t u r e  envelope p r o p o s e d  by Beeuwkes  ~ in F ig .  1. 
The  value  of the l imi t ing  f r a c t u r e  s t r e s s ,  a ~ ,  c h a r -  
a c t e r i s t i c  of a m a t e r i a l  is  a s s u m e d  to be independent  
of t e m p e r a t u r e  and r a t e  of loading,  3'6 but  may  depend 
on the s t r a i n  h i s t o r y .  7'8 

In a t ens i l e  t e s t ,  n o r m a l  s l ip  u sua l ly  o c c u r s  at  s t r e s s  
l eve l s  c o n s i d e r a b l y  lower  than this  c r i t i c a l  s t r e s s  ~ 
and f r a c t u r e  is  s t r a i n  l im i t ed .  7's'~2 When the t e s t  t e m -  
p e r a t u r e  is  l o w e r e d ,  the o b s e r v e d  o c c u r r e n c e  of b r i t -  
t le  f r a c t u r e ,  p r e d o m i n a n t l y  in bcc m e t a l s  and a l l o y s ,  
can be a t t r i bu t ed  to the i n c r e a s e  of the y ie ld  s t r eng th .  
The  s t r e s s  t r i a x i a l i t y  p roduced  in the v ic in i ty  of 
no tches  and c r a c k s  a l so  c a u s e s  an i n c r e a s e  in the 
y i e ld  s t r e s s  due to p l a s t i c  c o n s t r a i n t .  Th i s  i n c r e a s e  
can be ca l cu la t ed  f rom H i l l ' s  s l ip  l ine f ie ld  t heo ry .  ~3 
Under  condi t ions  of p lane s t r a i n ,  neg lec t ing  s t r a i n  
ha rden ing ,  the y ie ld  s t r e s s  r i s e s  with i n c r e a s i n g  
d i s t a n c e  f r o m  the notch roo t  t owards  the e l a s t i c -  
p l a s t i c  i n t e r f a c e .  If that  i n t e r f ace  i s  a t  a d i s t ance  b 
f r o m  the notch r o o t  of r a d i u s  p a long the x a x i s ,  the 
m a x i m u m  n o r m a l  s t r e s s  in the y d i r e c t i o n  ( loading 
d i r ec t ion )  is  given by 

ay :2k[l+ln(l+b)l [1] 

Thus  the re  e x i s t s  a p o s s i b i l i t y  for  in i t ia t ion  of b r i t -  
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t le  f r a c t u r e  below the notch roo t  at  the e l a s t i c - p l a s t i c  
i n t e r f a c e .  The c r i t i c a l  f r a c t u r e  s t r e s s ,  (r~, could be 
c a l c u l a t e d  f r o m  Eq.  [1] if the y ie ld  s t r e n g t h  of the m a -  
t e r i a l ,  2k, the notch roo t  r a d i u s  and the d i s t ance  b 
f r o m  the notch roo t  of the f r a c t u r e  o r ig in  we re  a c -  
c u r a t e l y  known. 

This  is  i l l u s t r a t e d  in F ig .  2. However ,  the value  of 
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a~  was  found to depend on the notch roo t  r a d i u s ,  weakly  
for  mi ld  no tches  and quite s t rong ly  for  s h a r p  no tches  .5 

In o r d e r  to ca l cu la t e  the m a x i m u m  n o r m a l  s t r e s s ,  
r e s e a r c h e r s  in this  f ie ld  used  d i f fe ren t  methods  to 
d e t e r m i n e  the s t r e s s  d i s t r i bu t i on  below the notch roo t .  
Hend r i ckson ,  Wood,  and C l a r k  3 have sugges t ed  us ing 
Al len  and Southwel l ' s  r e l a x a t i o n  method ~4 to d e t e r m i n e  
the m a x i m u m  s t r e s s  for  a s p e c i a l  notch g e o m e t r y .  
Beeuwkes  7'8 has  i m p r o v e d  and extended s l ip  l ine s o l u -  
t ions  to p a r a b o l i c  and e l l i p t i c a l  notches  and c r a c k s .  
Hu ~5 has  eva lua ted  e x p e r i m e n t a l  r e s u l t s  on p r e s s u r e  
v e s s e l  s t e e l s  with Beeuwkes '  a n a l y s i s  and found good 
a g r e e m e n t .  G r e e n  and Hundy ~6 have obta ined p lane  
s t r a i n  s l ip  line so lu t ions  for  Izod and Cha rpy  impac t  
bend t e s t s .  T h e i r  e s t i m a t e s  of y ie ld  poin t  load a g r e e  
wel l  with e x p e r i m e n t a l  va lues .  Wilshaw and P r a t t  ~7 
have e x p e r i m e n t a l l y  d e t e r m i n e d  p lane  s t r a i n  s l ip  l ine 
f i e lds  a round  a Charpy  notch by e tching  techniques .  
Gr i f f i s  and Spre tnak  ~8 have used  an e tching technique 
to m e a s u r e  the p l a s t i c  zone s i ze  below the notch in 
p lane  s t r a i n  and c o m p a r e d  i t  with t heo ry .  

F r a c t u r e  o r ig in  s tud ies  we re  conducted by many 
w o r k e r s  both on f r a c t u r e d  s p e c i m e n s  and by m e t a l l o -  
g raph ic  examina t ion  of notched s p e c i m e n s  loaded to a 
l eve l  below the i r  f a i l u r e  load.  F r a c t o g r a p h i c  s tud ies  
of b roken  s p e c i m e n s  we re  c a r r i e d  out by Wi lshaw ~9 
on mi ld  s t e e l  Cha rpy  s p e c i m e n s .  He found a d i s c o n -  
t inui ty  in the f r a c t u r e  p ro f i l e  below the notch roo t  and 
sugges t ed  that  th is  d i scon t inu i ty  was due to o r ig ina l  
c l eavage  c r a c k s  blunted by p l a s t i c  d e f o r m a t i o n .  H e r -  
r od ,  Hengs t enbe rg ,  and Manjoine  2~ have o b s e r v e d  sub -  
s u r f a c e  c r a c k  nuc lea t ion  leading to f r a c t u r e  in b e r y l -  
l ium WOL (wedge-open ing- load)  s p e c i m e n s  on the 
m e t a l l o g r a p h i c a l l y  po l i shed  face  of the s p e c i m e n s .  

Knott  and C o t t r e l l  4 o b s e r v e d  c l eavage  c r a c k s  in 
unbroken  low ca rbon  s t e e l  notch bend s p e c i m e n s  in the 
p l a s t i c a l l y  d e f o r m e d  r eg ion  below the notch roo t .  
Recen t ly  Govi la  ~ obtained longi tudina l  subsu r f a c e  
c r a c k s  in 3 pc t  s i l i con  i ron  s ing le  c r y s t a l s .  T h e s e  
c r a c k s  we re  nuc lea ted  a t  s m a l l  s p h e r i c a l  nonmeta l l i c  
inc lus ions  and p r o p a g a t e d  along the c l eavage  p lane ,  
p a r a l l e l  to the loading d i r e c t i o n .  

The main  p r o b l e m  in f r a c t o g r a p h y  is  the d i f f icu l ty  
of pos i t i ve ly  ident i fying the f r a c t u r e  o r ig in .  Many 
t i m e s  f r a c t u r e  of b r i t t l e  p h a s e s  p r e c e d e  the f r a c t u r e  
of the m a t r i x  under  condi t ions  that  may  be qui te  d i f -  
f e r en t  f rom those  r e q u i r e d  for  nuc lea t ion  of the d o m i -  

Fig. 2--Shear s t ress  t ra jector ies  for a circular  notch show- 
ing anticipated locus of brittle fracture nucleus at the e las t ie-  
plastic interface. 

nant  f r a c t u r e .  L a r g e  s h e a r  d e f o r m a t i o n s ,  e.g., in the 
i m m e d i a t e  v ic in i ty  of the notch roo t ,  a r e  often su f f i -  
c i en t  to p roduce  m i c r o c r a c k s  in b r i t t l e  p h a s e s .  Thus  
for  inhomogeneous  m a t e r i a l s  a concen t r a t i on  of m i c r o -  
c r a c k s  in b r i t t l e  p h a s e s  may  not  r e p r e s e n t  the p r i n c i -  
pa l  f r a c t u r e  o r ig in .  

T h e r e f o r e  pos i t i ve  ev idence  for  b r i t t l e  c r a c k  i n i t i -  
a t ion  by s l ip  a t  the p l a s t i c - e l a s t i c i t y  boundary  below 
the notch roo t  is  s t i l l  l ack ing .  I t  was  the ob jec t ive  of 
the p r e s e n t  s tudy to d e m o n s t r a t e  the o c c u r r e n c e  of 
s l ip  in i t i a t ed  b r i t t l e  f r a c t u r e  in p o l y c a r b o n a t e .  

P o l y c a r b o n a t e  was chosen  as  a t e s t  m a t e r i a l  b e -  
c ause :  

1) The shape of i t s  s t r e s s - s t r a i n  cu rve  is  s i m i l a r  
to that  of a me ta l  22 though p o l y c a r b o n a t e  is  a non-  
c r y s t a l l i n e  p o l y m e r .  N e v e r t h e l e s s  p l a s t i c  flow occu r s  
a s  the r e s u l t  of the d e v i a t o r i c  componen t  of the s t r e s s  
t e n s o r .  

2) P o l y c a r b o n a t e  i s  t r a n s p a r e n t  and can r e a d i l y  be 
s ec t ioned  and r e p o l i s h e d  to r e s t o r e  t r a n s p a r e n c y  so 
that  s u b s u r f a c e  c r a c k s  can be o b s e r v e d  e a s i l y .  

3) P l a s t i c  d e f o r m a t i o n  r e d u c e s  the t r a n s p a r e n c y  of 
p o l y c a r b o n a t e  (due to the f o r m a t i o n  of craze~s which 
a r e  p l a s t i c  d e f o r m a t i o n  zones  in a m o r p h o u s  t h e r m o -  
p l a s t i c s ;  they a r e  spanned by s t r e t c h e d  mo lecu l e s )  22-24 
so  that  the m a c r o s c o p i c  p l a s t i c  zone and the e l a s t i c -  
p l a s t i c  boundary  in the v ic in i ty  of the s t r e s s  concen -  
t r a t i on  can be loca ted  e a s i l y .  

I t  i s ,  however ,  s t r o n g l y  e m p h a s i z e d  that  the m a t e r i a l  
was  chosen  only as  a mode l  m a t e r i a l  and that  i t  was  
not  the p u r p o s e  of the s tudy to e luc ida t e  the p l a s t i c  
flow behav io r  of p o l y c a r b o n a t e .  The  l a t t e r  has  been  
the sub j e c t  of n u m e r o u s  s t u d i e s .  22-24 The  f r a c t u r e  
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perature and -196~ (longitudinal strain based on diameter 
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e x p e r i m e n t s  d i s c u s s e d  he re  l ie  to ta l ly  in the s m a l l  
p l a s t i c  s t r a i n  r e g i m e ,  whe re  the analogy to me ta l  b e -  
hav io r  s e e m s  w a r r a n t e d .  

EXPERIMENTAL PROCEDURE AND RESULTS 

To d e t e r m i n e  the convent ional  m e c h a n i c a l  p r o p e r t i e s  
of po lyea rbona t e  at  d i f f e ren t  t e m p e r a t u r e s ,  smooth  
c y l i n d r i c a l  s p e c i m e n s ,  of gage length 0.75 in.  and gage 
d i a m e t e r  0.25 in.  w e r e  t e s t ed  in t ens ion  on a 10,000 lb.  
c apac i ty  I n s t ron  machine  at  a c r o s s h e a d  speed  of 0.02 
in. / /min.  Unlax ia l  t ens ion  t e s t s  w e r e  c a r r i e d  out at  
r o o m  t e m p e r a t u r e  (25~ and l iquid n i t rogen  t e m p e r a -  
tu re  (-196~ The s t r a i n  was  d e t e r m i n e d  by means  of 
a d i a m e t e r  gage a s s u m i n g  volume cons tancy .  At both 
t e m p e r a t u r e s  the f r a c t u r e  s u r f a c e s  w e r e  n o r m a l  to 
the d i r ec t i on  of the app l i ed  s t r e s s .  At  r o o m  t e m p e r a -  
tu re  the s t r e s s  s t r a i n  cu rve  of the s p e c i m e n  shows 
upper  and lower  y ie ld  po in t s ,  F ig .  3. A neck deve lops ,  
which on fu r the r  loading ,  s p r e a d s  ove r  en t i r e  gage 
length  un le s s  f r a c t u r e  i n t e r v e n e s .  F r a c t u r e  o c c u r r e d  
without  the deve lopmen t  of a second neck at  a t rue  
s t r e s s  of a p p r o x i m a t e l y  17,000 ps i  and a t rue  s t r a i n  of 
about  70 pe t .  At  the t e m p e r a t u r e  of -196~ f r a c t u r e  
o c c u r r e d  a t  a t rue  s t r e s s  of 24,000 ps i  and s t r a i n  of 
5 pe t ,  F i g .  4. 

The p r i n c i p a l  p a r t  of th is  inves t iga t ion  was  con-  
dueted  on double edge notched tens ion  s p e c i m e n s  of 
0.5 in .  t h i cknes s  a s  shown in F ig .  5. F r o m  a s e r i e s  of 
p r e l i m i n a r y  t e s t s ,  i t  was  e s t a b l i s h e d  that  loading could 
be s topped r a p i d l y  enough upon the f i r s t  a p p e a r a n c e  
of s u b s u r f a c e  c r a c k s ,  be fo re  comple t e  f a i l u r e  o c c u r -  
r e d .  I t  was  a l so  e s t a b l i s h e d  that  a s p e c i m e n  th i ckness  
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Fig. 4--Stress strain curve of polycarbonate at liquid nitrogen 
temperature (longitudinal strain based on diameter change 
measurement). 

of 0.5 in.  was n e c e s s a r y  to p r e v e n t  t h rough-y ie ld ing  
and to obtain p lane  s t r a i n  condi t ions  at  m id th i cknes s  
of the s p e c i m e n s .  F o r  the ma in  p r o g r a m ,  th ree  d i f -  
f e r e n t  notch roo t  r a d i i ,  0.01,  0.005,  and 0.001 in.  with 
a notch angle of 60 deg w e r e  s e l e c t e d .  To f ac i l i t a t e  
the obse rva t i on  of c r a c k  in i t ia t ion  below the notch roo t ,  
the midpor t ion  of each  s p e c i m e n  was  po l i shed  us ing 
s t a n d a r d  m e t a l l o g r a p h i c  po l i sh ing  t echn iques .  

T h e s e  po l i shed  s p e c i m e n s  we re  loaded in t ens ion  a t  
r o o m  t e m p e r a t u r e  (25~ on an In s t ron  machine  a t  a 
c r o s s h e a d  speed  of 0.02 in. / /min.  The load ex tens ion  
curve  was r e c o r d e d .  While  the s p e c i m e n  was  being 
loaded ,  the por t ion  i m m e d i a t e l y  below the notch roo t  
was cons tan t ly  o b s e r v e d  for  c r a c k  in i t ia t ion  d i r e c t l y  
and through a m i c r o s c o p e .  A high in tens i ty  m e r c u r y  
l amp  was  d i r e c t e d  to give suf f ic ien t  l ight  to  d e t e c t  the 
s u b s u r f a c e  c r a c k s .  As  soon as  the f i r s t  c r a c k  f o r -  
ma t ion  was  o b s e r v e d ,  the s p e c i m e n  was  unloaded.  Al l  
s p e c i m e n s  we re  t e s t ed  in th is  m a n n e r .  Cons tan t  o b s e r -  
va t ion  for  c r a c k  in i t ia t ion  was  n e c e s s a r y  as  once the 
c r a c k  was in i t i a t ed ,  r a p i d  c r a c k  growth and to ta l  f a i l -  
u r e  fol lowed quick ly .  

Each  unbroken s p e c i m e n  was sec t ioned  and po l i shed  
for  m i c r o s c o p i c  obse rva t ion  in an oblique d i r e c t i o n  as  
ind ica ted  in F i g .  5. A typ ica l  r e f l e c t e d  l ight  photo-  
g r aph ,  showing an oblique view of the notched sec t ion ,  
is  g iven in F ig .  6. The d a r k  spo ts  benea th  the p l a s t i c  
r e g ions  below the notch roo t ,  show the in i t i a l  c r a c k s  
a t  a p p r o x i m a t e l y  m i d t h i c k n e s s ,  a t  the e l a s t i c - p l a s t i c  
i n t e r f a c e .  

The s p e c i m e n  o r i en ta t ion  was changed for m i c r o -  
seop ic  obse rva t ion  in the n o r m a l  d i r e c t i o n  as  shown 
in F ig .  5. A typ ica l  photograph  of the n o r m a l  v iew,  
p a r a l l e l  to the t ens i l e  a x i s ,  cf. Fig .  5, us ing  mono-  
c h r o m a t i c  (orange)  p o l a r i z e d  l ight  is  shown in F ig .  7. 
Th is  f igure  shows c r a c k  in i t ia t ion  away f r o m  the notch 
roo t .  The Newton r i n g s  gene ra t ed  by r e f l e c t i on  f r o m  
the two c r a c k  s u r f a c e s  de l inea te  the r e s i d u a l  c r a c k  
opening a c r o s s  the plane p e r p e n d i c u l a r  to the d i r e c t i o n  
of v i s ion .  The speck led  reg ion  be tween the notch roo t  
and the c r a c k  is  the p l a s t i c  zone.  The ho r i zon ta l  l ine 
s e p a r a t i n g  b r i g h t  and d a r k  r e g ions  i s  the notch roo t .  

To examine  the p l a s t i c  zone in m o r e  de t a i l ,  a thin 
( th ickness  about  1 ram) longi tudina l  s l i ce  was cut  f rom 
each  s p e c i m e n  at  m id th i cknes s .  Each  s l i c e  was  e x -  
amined  m i c r o s c o p i c a l l y  in the t r a n s v e r s e  d i r e c t i o n  
(in the th i ckness  d i r ec t i on  of the o r ig ina l  spec imen)  a s  
shown in F ig .  5, p a r t i c u l a r l y  the a r e a  in the v ic in i ty  of 
the notch roo t .  T r a n s v e r s e  pho tographs  of s l i c e s  taken 

QOI I N  

i 
I ~ N  I I I 

, i I I1- ~ , : I 
T 

Fig. g--Geometry of notch tension specimens. O ~ direction 
of observation for fig. 6 (eblNue view), N ~- direction of 
observation for fig. 7 (normal view), T -= direction of obser-  
vation for figs. 8 and 9 (transverse view). 
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f rom spec imens  with d i f ferent  notch root  r ad i i  a re  
given in F igs .  8 and 9. These  p ic tu res  show sl ip l ines  
in the plas t ic  reg ion ,  and c rack  nuclea t ion  away f rom 
the notch root ,  at  the e l a s t i c -p l a s t i c  in te r face .  The 
locus of the ends of the sl ip l ines  gives an indica t ion  
of the boundary of the plas t ic  zone.  Fig .  8 shows a 
t r a n s v e r s e  view for a notch root  radius  of 0.005 in.  
Though plane s t r a in  condit ions appear  to have been 
sa t i s f ied  at the mid th ickness  below the notch (tfp > 50, 
t is  the th ickness) ,  the sl ip l ines  do not i n t e r s e c t  
or thogonal ly .  The average  angle of in t e r sec t ion  is 81 
deg. This  d i sc repancy  may be due to unloading and 

sec t ioning  of the spec imen .  Under  load,  the sl ip l ines  
may well  have been orthogonal  to each other and the 
observed  angle of i n t e r sec t ion  could be a r e s u l t  of the 
unloading s t r a i n s ,  including r e l e a s e  of r e s idua l  s t r e s s e s  
due to s l ic ing .  The angle of i n t e r s e c t i o n  of the s l ip  

l ines  observed by Wilshaw and P r a t t  17 was also l e s s  
than 90 deg. 

Fig .  9 shows a t r a n s v e r s e  view of a s l ice  with a 
notch root  rad ius  of 0.001 in.  Many off-axis  c racks  a re  
seen  to be ini t ia ted away f rom notch root ,  ins tead  of a 
s ingle  c rack  as observed for l a r g e r  root  rad i i .  This  
occu r r ence  supports  Beeuwkes '  ana ly s i s  of f r ac tu r e  

Fig. 6---Oblique view of fracture origins 
ahead of the notch, p = 0.005 in. 
Magnification 10 times. 

Fig. 7--Normal view of fracture origin 
ahead of the notch root, p = 0.01 in. 
polarized light. Magnification 85 times. 
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i n i t i a t i o n  n e a r  p a r a b o l i c  n o t c h e s  w h i c h  p r e d i c t s  n o r -  
m a l  s t r e s s  m a x i m a  a t  two p o i n t s  a w a y  f r o m  a x i s  
p a s s i n g  t h r o u g h  the  n o t c h  r o o t s .  

S i m i l a r  t e n s i o n  t e s t s  on s p e c i m e n s  w i t h  c e n t r a l  
h o l e s  of d i a m e t e r s  0 .04  a n d  0 .05 in .  c o n f i r m e d  t h e s e  
f i n d i n g s  an d  a l s o  s h o w e d  c r a c k  n u c l e a t i o n  a t  s o m e  
d i s t a n c e  f r o m  the  h o l e .  

Fig. 8 - - T r a n s v e r s e  view of midthickness  
s l ice  showing f r ac tu re  or igin at  e l a s t i c -  
p las t ic  boundary and slip l ines,  p = 0.005 
in. Magnificat ion 195 t imes .  

Fig. 9 - - T r a n s v e r s e  view of midthiekness  
s l ice showing many off axis c r acks  
ini t iated at  e l a s t i c -p l a s t i c  in ter face  and 
sl ip l ines,  p - 0.001 in. Magnificat ion 
270 t imes.  
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DISCUSSION 

It  is  now p o s s i b l e  to ca l cu la t e  the f r a c t u r e  s t r e s s  
cr~ f rom the y ie ld  s t r eng th  2k and the loca t ion  of the 
f r a c t u r e  o r ig in .  I t  i s  d i f f icul t  to def ine lower  y ie ld  
s t r e s s  in po lyca rbona t e  a s  the y ie ld  phenomenon e x -  
tends  over  a wide s t r a i n  i n t e r v a l  T h e r e f o r e  in the 
p r e s e n t  c a l cu l a t i ons ,  the s t r e s s  a t  the p s e u d o r p r o -  
p o r t i o n a l  l i m i t ,  8700 p s i ,  is  used  as  lower  y ie ld  s t r e s s .  
F r o m  Eq.  [1], us ing  the lower  y ie ld  s t r e s s  of the 
m a t e r i a l ,  the f r a c t u r e  s t r e s s  va lues  for  the v a r i o u s  
s p e c i m e n s  a r e  given below.  

Tab le  I I 

p in S N psi L a-Radlan a~ psi 

0.001 4660 0.23 1.35 23.500 
0.005 4320 0.38 1.08 20,800 
0.01 5920 0.41 1.03 20,300 

a = 0.3125 in. 
Y for polycarbonate = 1.15 • 8700 = 10,000 psi (Assuming yon Mlses yield 

criterion). 
E for polycarbonate = 160,000. 

Table I 

Root Radms pm.  Fracture Stress a~ psi 

0.001 a 21,800 
0.005 a 21,400 
0.01 a 20,600 
0.02 b 11,400 
0.025 b 11,100 

a Double edge notched specimens 
b Specimens with central holes. 

The r e s u l t s  for  the double edge notched s p e c i m e n s  
a r e  in c lo se  a g r e e m e n t  and c lo se  to the t ens i l e  s t r e n g t h  
of po lyca rbona t e  at  l iquid n i t rogen  t e m p e r a t u r e .  

Thus the r e s u l t s  c o n f i r m  the pos tu la t e  of a cons tan t  
n o r m a l  f r a c t u r e  s t r e s s .  F o r  the s p e c i m e n s  with ho le s ,  
0.02 and 0.025 in.  r a d i u s  the ca l cu l a t ed  f r a c t u r e  
s t r e s s e s  l ie  in the r ange  of l l , 1 0 0 t o  11,400 p s i .  T h e s e  
va lue s  a r e  c o n s i d e r a b l y  below those for  the notched 
s p e c i m e n s  having s m a l l e r  r oo t  r a d i i .  The d i s c r e p a n c y  
i s  a t t r i bu t ed  to the p o s s i b i l i t y  that  p lane s t r a i n  con-  
d i t ions  may  not  be s a t i s f i e d  for  these  l a r g e r  r oo t  
r a d i i .  

Another  method for  d e t e r m i n i n g  the c r i t i c a l  m i c r o -  
scop ic  f r a c t u r e  s t r e s s  o~ ,  b a s e d  on a p a r a b o l i c  c r a c k  
shape  has  been p r o p o s e d  by Beeuwkes .  8 In th is  t heo ry  
the m a x i m u m  s h e a r  s t r e s s  t r a j e c t o r y  angle  change is  
r e l a t e d  to a p a r a m e t e r  L which is  given by 

Y ~ f ~  Y L = ~N . -- + 2 ( 1 - 2 )  E- [2] 

w h e r e  SN is  nomina l  s t r e s s ;  a ,  the notch depth;  p/,-, 
the notch r o o t  r a d i u s  a t  f r a c t u r e ,  ~ ,  P o i s s o n ' s  r a t i o ;  
E ,  Young ' s  Modulus;  and Y, the y ie ld  s t r eng th .  The  
r e l a t i o n  be tween  L and m a x i m u m  angle  change ,  a ,  is  
t abu la ted  by Beeuwkes ,  and i t  is  a l so  p lo t ted ,  a 

A s s u m i n g  tha t  the roo t  r a d i u s  does  not change s i g -  
n i f ican t ly  a f t e r  c r a c k  in i t ia t ion  below the notch,  the 
va lue  of L can be ca l cu l a t ed  for  each  s p e c i m e n .  The 
va lue s  of cg a r e  obtained f r o m  Beeuwkes '  g raph ,  a Sub-  
s t i tu t ing  this  va lue  of m a x i m u m  angle  change c~ into 
(rmax = 2k (1 + or) the m a x i m u m  t ens i l e  s t r e s s  below 
the notch roo t  is  obta ined .  The r e s u l t s  a r e  shown in 
the table  below.  

A c c o r d i n g l y  the c r i t i c a l  t ens i l e  s t r e s s  va lues  v a r y  
f r o m  20,300 ps i  to 23,500 ps i .  The fac t  that  these  v a l -  
ues  a r e  h igher  than those  computed  for  c i r c u l a r  
no tches ,  Eq.  [1], is  not  s u r p r i s i n g ,  as  Beeuwkes '  
a n a l y s i s  app l i e s  to p a r a b o l i c  no tches .  F o r  s h a r p  no t -  
c h e s ,  the p a r a b o l i c  c r a c k  a p p r o x i m a t i o n  may  be m o r e  
a p p r o p r i a t e  a s  shown by the o c c u r r e n c e  of o f f - ax i s  
c r a c k s  in the s p e c i m e n  with p = 0.001 in . ,  F ig .  9. 

C ONC LUSIONS 

From the results of the study, the following conclu- 
sions can be drawn: 

I) Cracks nucleate at the elastic-plastic boundary. 
The l oca l  n o r m a l  s t r e s s e s  a t  c r a c k  nuc lea t ion  c a l c u -  
l a ted  f rom s l ip  l ine f ie ld  t heo ry  a r e  a p p r o x i m a t e l y  
cons tan t  and independent  of notch g e o m e t r y  for  notch 
r o o t  r a d i i  0.001, 0.005, and 0.01 in.  The ca l cu l a t ed  
va lue s  of the f r a c t u r e  s t r e s s  a r e  21.2 :L 0.6 ks i .  Th is  
v a r i a t i o n  is c o n s i d e r e d  wi thin  the e x p e r i m e n t a l  a c c u r -  
acy  and hence the c r i t i c a l  n o r m a l  s t r e s s  theo ry  for  
f r a c t u r e  a p p e a r s  a pp l i c a b l e  to p o l y e a r b o n a t e .  A s s u m -  
ing p a r a b o l i c  notch s h a p e s ,  the f r a c t u r e  s t r e s s e s  can 
be ca l cu l a t ed  f r o m  Beeuwkes '  t heo ry  and a r e  found to 
be 21.5 :~ 2.0 k s i .  The t rue  f r a c t u r e  s t r e s s  of a smooth  
t ens i l e  s p e c i m e n  a t  l iquid n i t rogen  t e m p e r a t u r e  is  24 
k s i .  The s t r e s s e s  for  c r a c k  nuc lea t ion  n e a r  c e n t r a l  
ho les  with 0.04 and 0.05 in.  d i a m  w e r e  found to be 
much l ower ,  11.2 + 0.2 k s i .  Th i s  is  p r o b a b l y  due to a 
l o s s  of p lane s t r a i n  cond i t ions .  

2) Single c r a c k s  a r e  nuc lea t ed  on the ax i s  p a s s i n g  
th rough  the notch roo t  for  the r o o t  r a d i i  0.01 in.  and 
0.005 in.  However ,  for  the s p e c i m e n  with notch r o o t  
r a d i u s  0.001 in.  many o f f - ax i s  c r a c k s  a r e  found. 
Beeuwkes '  t heo ry  of p a r a b o l i c  c r a c k s  p r e d i c t s  two 
s t r e s s  m a x i m a  away f r o m  the a x i s .  Hence the p a r a -  
bol ic  c r a c k  a p p r o x i m a t i o n  may  be m o r e  a p p r o p r i a t e  
for  notch roo t  r a d i i  l e s s  than 0.005 in.  

3) P o l y c a r b o n a t e  deve lops  s l ip  l ines  which can be 
used  to check the t h e o r e t i c a l  p r e d i c t i o n s .  The s l ip  
l ines  o b s e r v e d  on the m i d t h i c k n e s s  s l i c e s  do not  i n t e r -  
s e c t  o r thogona l ly .  Th i s  may  be due to a l o s s  of p lane  
s t r a i n  cond i t ions ,  p a r t i c u l a r l y  a f t e r  s l i c i n g ,  and a l so  
to s t r e s s  r e l a x a t i o n  on unloading and s l i c ing .  
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