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   IO. COD  and  Stretched Zone  as  the  Criterion for Fracture

       Initiation from  a  Precrack at  Various Temperatures

                Aklo OTsuKA', Mlamber, Takashi  MIyATA', A(fember,

                   Seiji NIsHIMuRA*, Member,  Makoto OHAsHI"',

                             Yoichiro KASHIWAGI"*

                 (From J.S.N.A. JaPan, Vol. 135,  J"ne 1974;  Vol, 136,  Dec. 1974)

                                  Summary

       This paper  consists  of part I and  part II.

       In part  I, "Fracture  Initiatien from  a  Precrack  and  COD-Ctiterion'', the  effects  of

    plastic constraint  and  temperatures  en  fracture initiation from  a  notch  were  investigated

    by using  various  ty･pes of  notched  specimens,  at  the temperatures  ranging  from room  tem-

    perature  to liquid nitrogen  temperature.

        The  results  show  that, when  fracture initiates by  fibrous crack,  the COD  at fibrous

    crack  initiation is almost  independent of  plastic constraint  of  the specimens  or  of  the test

    ternperatures,  while  the COD  at  maximum  load or  at  final fracture is largely dependent on

    thern.  When  fracture initiates by  cleavage  crack,  the  critical  COD  also  shows  considerable

    dependence o"  those parameters  above  mentioned.  These behaviors oi  critical  COD  are

    explained  by the fracture mechanism  in each  mode  of  fracture.

        In part  II, "COD-Criterion
 and  Stretched Zone'', the  behavior  of  the stretched  zone  and

    fracture initiation at  the notch  root  with  increase of  the applied  load has been investigated

    at  varlous  temperatures.

        The  stretched  zone  width  is almost  censtant  regardless  of  test temperatures  when  crack

     initiates by fibrous crack,  while,  in the  case  of  cleavage  initiation, it takes various  values

     between  the above-mentioned  value  and  zero  depending  on  temperature  and  plastic

     constralnt.

        When  fracture eccurs  with  plastic  COD,  the  critical  COD  at  fracture is reduced  by the

     amount  of  stretched  zone  given  by  the  preloading,  while  the  effect  oi  preloading  on  the

     critical  COD  is srnall  when  the COD  mainly  consists  of  elastic  deformation.

        The  process of  fracture initiation from the tip of  450 crack  has also  been  investigated

     and  it is found  that  the  stretched  zone  width  oi  450 crack  specimen  is about  the  same  as

     that  in mode  I.

    Part  l. Fracture lnitiation from  have  already  been  confirmed  in many

      a  ?recraek  and  COD  Criterien respects,'n'`) there  are  still some  problems left

                                        before this concept  can  be used  in practlcal
I.1 Introduction appllcations.

 Although  the effectiveness  and  the  validity  One  problem  arises  from the  fact that a

of  the COD-criterion, as  the  design concept  critical  COD  value  is not  a  material  constant

which  is based on  the  prevention  of  failure, in the strict  sense  but rather  a  variable
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that  the  analytical  expression  of  COD  as  a

function of  defect size  and  applied  load has
nQt  been obtained  in the general  yield regien

in which  the COD  concept  will  be the  most

appropriate  fracture criterion.

  Part I relates  to the former problems  where

some  experimental  investigations were  made

on  the  effects  of  plastic constraint  around  the

crack  tip as well  as the  validity  and  the

limitation of  the  COD  criterion  with  relation

to the  fracture mechanism.

I.2 Materials, Specirnells and  Experimental

    Details.

  Chemical cornpositions  and  mechanical

properties of  the  five steels  used  in this
investigation are  shown  in Table  1 and  2,

respectively.

  Steel C  is the  50kgfmmZ  class  steel  (JIS
SM50C)  and  all the other  steels  are  mild  steel

(JIS SS41). Steels A, C, D, and  E  are  rolled

plates of  22mm  thick, 25mrn  thick, l2mm
thick  ancl  3mm  thick, respectively.  Steel B
is a  60 mm  diameter round  bar.

  The  following four series  of  experimental

                           Table  1 Chernical
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 investigations were  conducted:

   a) Effect of  plastic constraint  on  the  critical

 COD  value  was  investigated in center-notched

 tension plates  of  various  thickness,  side-

 grooved  tension plates  and  circumferentially-

Fig. 1
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notched  round  bars. Specimen  details are

specimen  diameter  were  tested  for investigat-
ing the  effect  of  notch  depth on  the  plastic
constraint.  Specimen  details are  shown  in
Fig. 2 and  Steel B was  used  in this series  of

tests.

 c) As  a  standard  test on  the  Steels A  and

C, three-point notched  bend tests were  made

with  specimens  shown  in Figs. 1 ancl  3.

 d) Effect of  notch  acuity  was  studied  by
testing circumferentially-notched  round  bar
specimens  with  dlfferent notch  root  radius.

Specimen details are  shown  in Fig. 3 and

Steel C  was  used  in this series  of tests.

  COD  values  were  measured  by using  a clip

gage  in all  tests.

  The  COD  values  measured  by clip  gages
were  converted  te  the  notch  tip valves  by

using  calculation  obtained  by  finite elernent

method,  for all types of  the  specimens  other

than  the  slow  bend  tests.

 Better agreements  were  obtained  between
the  measured  COD  and  the  calculated  COD

                       O,1 R
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Fig. 2 Test  specimens  for Steel-B, dimensions  in

      mm

                           R

       :dillt l IIil!ll l
ircumferentiziiysuet:hed+

 
iflltilfiIL-L

       Round  Bar  Tension  Test  ]tsO.1, O,!5, 1.0

                        D.1R

        L"iEz' Lnyigg---S'11,.',,,.ItU,Rr

                          -b

       
(b]

 
Three

 
point

 
Bend

 
Test

 
iiOtCh

 FL::{/t
                      Fatiguo  CracL

Fig. 3 Test  specimens  for Steel-C, dimensions  in
      mm

       3 .--

     -z

                     .  dln!O.357
     v y

     p N./     '

     s  de

     
-E
 l･-E

     :

     =1  Z
     u           v

     g' itf  :SPelt:1":t. o,3s7  , G,L, ! 24onn

        4 e:  !O.41fi,                           = 16imTn
                A  rO.714, !10dm
          'a -

             
4
 EC,)E/cBD-d).T  

12
 

16

Fig. 4 Comparison  between  measured  COD
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Fig. 5 Variatien of  rotational  factor with  clip

      gage COD  for bend test

by FEM  when  comparison  was  made  at  the

same  specimen  elongation  than  at  the  same

load. Some  examples  of  the Comparison at

the  same  specimen  elongation  are  shown  in
Fig. 4.

  In slow  bend  tests, the  notch  tlp COD  for
a  range  of  Iow  stress  leyel was  calculated

from the fracture load using  the FEM  results

by T. Kanazawa  et  al.`' For  the  range  of

high stress level, the notch  tip COD  was

calculated  frQm the clip  gage  COD  measured

at  notch  end  using  the  rotational  factor,'r.

The  values  of  measured  rotational  factor r

are  shown  in Fig. 5 as  the function of  clip

gage  COD.  Although Fig. 5 shows  the  values

for O.lmm  mechanica]-notched  speclmens,

the  same  values  were  used  for fatigue-cracked
specimens.  The  notch  tip COD  is given by

the  following equation,
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                   lv
                                  (1)          6==
             1+(g+a)fr(d-a)

where  ti==notch tip COD,  Vg  =clip  gage  COD,
d==specimen  depth, a=notch  depth and  z=the

distance above  the specimen  surface  at  whi ¢ h
the measurement  is macle.  The  notch  tip

COD  values  obtained  by this method  agreed

Fig.
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well  with  those  obtained  by using  the Wells'
formula5' in a  wide  range  of  stress  levels.

 The  COD  values  at  fibrous crack  initiation,
fii, were  obtained  by the off-load  method

described Iater.

I.3 Results and  Discussion

(1) COD  at  maximum  load

  Critical COD,  6,, at  the  rriaximurn  load of
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Steel A  is shown  in Figs. 6 and  7, and  those

of  Steels B and  C  are  shown  in Figs. 8 and  9
respectively.

  Unstable brittle fracture initlation occurred

at the maximum  load regardless  of the steel

tested, with  the exception  of  the circumferenti-
ally-notched  round  bar tested  in the  high
temperature  region.

  Critical COD  values  used  in the  present
study  are  the  values  at  the  original  notch  tip

positiop, in other  words,  the subcritical  crack

growth  before unstable  growth  is not  con-

sidered  in converting  the  measured  clip  gage
COD  to "notch

 tip'' value.

  From  Figs. 6 and  7, it is obvious  that

critical  COD  at  maximum  load, ti,, takes
widely  different values  according  to the
specimen  geometly, as  already  shown  by
TerryE' and  Fearnehough.7) The  dependence

of  fi, on  specimen  geometry  will  be explained
by the  plastic constraint  around  the notch  tip
of  the  specimens  as  will  be shown  later in 1.3

(3).
  To  show  the intensity of  plastic constraint

accurately,  a  three-dimensional analysis  will

be necessary.  Figure  10 shows  some  examples

of  the  relation  between critical  COD,  fi., and
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Flg. 10 Relation between  critical  COD  and  general

       yield stress  of  the  various  types of

       specrmens

  Makoto OHAsm  and  Yoichiro  KAsmwAGI

the  ratio  of  general  yield stress  to uniaxial

yield stress  which  expresses  indirectly the

intensity of  the plastic constraint.  It is seen

that 6. decreases with  lncreasing plastic con-
straint  (aGy!av).

(2) COD  at  1Vbrous Cracle initiation

  It js reported  that  COD  at  the  instant of

fibrous crack  initiation, 6i, takes  almost  a

constant  value,  regardless  of  specimen

geometry  such  as  specirnen  width,6'"  specimen

thickness,8' and  the ratiQ  of  notch  depth to

specimen  depth,6i while  the  COD  at  rnaximum

load varies  with  these parameters. Also  S.
Kanazawa  et  al.9' recently  reported  that  6i is
not  affected  even  by  strain  rate  ancl  test

temperatures.  If 6i can  be proven  to bea

general characteristic  pararneter or if condi-

tions  for its existence  can  be determined, 6i

will  be a  very  good fracture criterion  from

the points of  view  of  design application  and

study  of  fracture mechanism.

  In this report,  the'values  of  Oi were  obtained

by  off-load  method,  which  is explained  later,
at  various  ternperatures  on  circumferentially-

notched  round  bar and  bend specimens  of

Steels A  and  C, and  circurnferentially-notched

round  bar oi  Steel B  with  three different
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values  of  Oi is as  follows: specimens  were  off-

notch  depths. The  method  used  to obtain  the
]oaded'during  loading, broken  in liquid
nitrogen,  and  the fibrous crack  lengths on  the
fracture surfaces  were  measured  by Profile

projector. By  plotting the data, as  shown  in

Fig. 11 and  by extrapolating  the curves  to zero
fibrous crack  length, we  obtained  the  values  of

COD  for zero  crack  length. This  value  thus

obtained  is used  as  6e in this report.  The
values  of  6i of  Steels A, B and  C  are  shown

in Fig. 12. Plots of  COD  at  fibrous-cleavage
transition are  also  included in these  figures.
These values  are  obtained  by piotting the
values  of  6. for each  fibrous crack  length
from  the  data obtained  at  various  test tem-

peratures and  extrapolating  the 6, vs.  fibreus
crack  length curve  obtained  from the above

plot (Fig. 13). The  COD  value  at  the
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 intersecting point, namely  the point of  zere

 fibrous crack  length, represents  the  COD

 value  at  fibrous-cleavage transition. This

 value  is 6i at  the lowest temperature  where

 fibrous crack  occurs,  but it may  also  be used

 as  a  representative  value  of  Ei for this

 material  since  6i hardly varies  with  tempera-
 ture  as  rrientioned  before. This  method  will

 be referred  to as  the  
``transition

 point method"

 since  the other  method  was  described as  the
 

"off-load
 method".

   What  is most  remarkable  in Fig. 12 is that

 ii of  different specimens  shows  about  the

 sarne  value  regardless  of  specimen  geometries

 and  that  only  a  slight  increase with  increase

 in test temperature  is noted  as  long as  the

 temperature  is in the fibrous crack  initiation

 region.  This  characteristic  of  6i that  it is

 almost  independent  of  specimen  geometry  and

 temperature  is very  desirable property as  a

 criterioh  for design which  is based on  fracture

 initiation. This  design principle which  is

 based  on  fii is also  desirable from  the view  of

 safety  of  ,structures because this design

 principle ,means  the  prevention of  fracture

 initiation. The  temperature  71i, at  which  the

 transltion  from  fibrous to cleavage  in fracture

 initiation occurs,  will  be another  important

 parameter  along  with  ei. TL varies  largely

 according  to the degree of  plastic constraint  as

 will  be seen  in Fig. 6. Then,  an  important

 problem  is what  value  should  be taken as  Ti

 for the  actual  structures. Because fii is a

 value  which  represepts  ductility and  Ti is a

Table 3

 by  COD

   tional

Comparison  between  the  results  obtained

 test  (fii and  Ti) and  those  by  conven-

test  (reduction of area  and  Charpy

   transition  temperature)
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ductile-cleavage transition temperature, the
cornparison  of  these values  with  reduction  of

area  obtained  from  usual  tensile tests and

Charpy  transition temperature  is made  in Table
3. It is seen  that some  qualitative agreement

is observed  between the  evaluation  oi  tough-

ness  by tii and  Tla and  that by reduction  of

area  and  Charpy transition  temperature.

  Figure 14 shows  some  examples  oi  clip  gage

CODNLoad  relation  curves,  It wM  be noticed

that fibrous crack  initiation occurs  in relative-
ly early  stage  of  loading. Figures 15 and  16
show  the effects  of notch  root  radius  on  clip

gage  COD  and  fibrous crack  initiation COD,

respectively.  It is seen  in these figures that
both  clip  gage  COD  and  6i vary  linear]y with

notch  root  radius.  Although  the data by

Smith and  KnottE' show  that COD  at  fibrous
crack  initiation is proportional to the slot

width  (COD is zero  when  slot  width  is zero),
the present results  that  finite amount  of  fii

are  observed  even  in the case  of  iracture
initiatlon from fatigue precrack  seem  to be

rnore  reasonable,  because the stretchecl zone

is always  observed  at  the notch  tip before

fibrous crack  initiation.

(3) Critical COD  and  Fvactasre Condition

  Fracture  mode  transition- has a  signlficant

effect,  as  Barsom  and  RolfeiO' pointed out  on

the  fracture toughness of  medium  strength

steel  and  low strength  steel.  Fracture condi-

tion  and  critical  COD  at various  temperatures

will  thus  be discussed with  particular atten-

tion  to fracture mode.

  Figure 17 is a  schematic  illustratlon of  the

relation  between  critical  COD  and  fracture

NI.I7E.le.qtronic  .L;brary..Se. 
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    COD  and  Stretchecl Zone  as  the

                   Ji2
                  TempErature

Fig. 17 Schematic relations  between COD  and

       fracture mode  transition

mode.  Because a  detailed study  of  fracture
behavlor at various  temperatures  is given for
smooth  round  bars by Hahn  et  al.,`t' the

analyses  of  the  present results  described in
(1) and  (2) are  made  in reference  to their
results.

  Fracture initiation mode  is divided by  line
BD;  above  this line or  at  highcr temperature

than  Ti fracture occurs  by  fibrous type  crack,

and  by cleavage  below this line or  at  lower
temperature  than  Tt. In the temperature
region  higher than  Ti fibrous crack  occurs

when  COD  reaches  the value  BD  and  unstable

fracture occurs  at  the curve  BC.  For  low

constraint  and  high temperature,  unstable

fracture could  occur  in fibrous or  shear  type,

but usually  in notched  low strength  steel

specimens  the initiaticn of  unstable  fracture
coincides  with  the transition from  fibrous
crack  growth  te cleavage  crack  propagation.
The  former and  the  latter cases  are  narned

regions  A  and  B, respectively  by  Hahn  et  al.,

and  we  call  both regions  region  I as  shown

in Fig. 17. It has already  been shown  that

the  fibrous initiation curve  BD  shows  little
dependence  on  temperature  and  specimen

geometry.

  It is well  known  that fibr'ous crack  occurs

by void  coalescence.  McC]intocki2i showed,  at

least in principle, that  void  growth  is
enhanced  by  both shearing  stress  and

hydrostatic tension.  However, the present
experimental  results  which  showed  that  ai has
little dependence  on  specimen  ge6metry  in
spite  oi  the variation  in plastic constraint,

seem  to imply  that  hydrostatic tension has

Criterion for Fracture Initiation

O,1

Ev
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  O,OOI
              ODI O.1

                 StTain

Fig. 18 Relation between  COD  and  strain  at  notch

       tip calculated  by FEM

little influence on  fibrous crack  initiati6n at
the notch  tip, as  Iong as  the variation  of  the
hydrostatic tension is in the  degree that is
induced by the  variation  of the specimen

geometry  given in the  present  test.

  In Fig. ･18, cornparison  is made  between  the

strain  at the notch  tip and  COD.  Although
it is usual  to take tensile strain  E, as  the  strain

which  corresponds  to COD,  the  effective  strain

effff (= V713[(ei -  e2)2 +  (a2 -  E3)2  -F- (e3 -  et)21ti2,

where  si, e2 and  s3  are  the  principal  strains)

around  the  notch  tip (region of  O.1mmxO.1
mm  as  shown  in Fig. 18) was  taken. It is
shown  in this figure that the relation  between
COD  and  s, COD  and  E,ff  for notched-round-

bar tension specimen,  and  it is also  noticed

that  the COD-je,ff relation  for nbtched-plate

tension  specimen  is very  similar  te the  one  for
notched-round-bar  tension  specimen.  These
facts seem  to  imply that  the  behavior of  COD
is the  refiection  of  that  of e,ff  (or T,ff).

Furthermore, it will  be reasonable  to consider

that COD-criterion physically implies a,ff-

criterion  for fibrous fracture initiation and

T,ff-criterion  for cleavage  fracture initiation.
Further  consideration  wM  be made  relating

to the  condition  of  fracture initiation in the

following discussion.

 In the  intermediate temperature  region,

region  II and  III, fracture occurs  by cleavage
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Crack with  considerabre  amount  of  COD.

These regions,  where  cleavage  occurs  after

plastic deformation, correspond  to Hahn's
regions  C  and  D. These regions  are  charact-

erized,  as  already  mentioned  in (1), by the
                           .
Iarge dependence of  a. on  specimen  geometry
(or plastlc constraint  of  the  specimen).  Hahn

et  al. also reported  that  many  micro-cracks  are

observed  in regions  C  and  D, and  thus the

theory  by T. Yokoborii3i appears  appropriate

to explain  this case.  Yokobori  considers  the

propagation of  micro-crack  in ene  grain by

traversing the grain boundary as  the critical

event  in fracture in this temperature  regiQn.

The  condition  of  the  fracture is given by

             Aa+B(T-T`)==R  (2)

where  A, B  and  R  are  the constants  which

depend on  the material  and  geometry  of  the
     '    -sp
  eclmen.

  In the lower temperature  part of  region  III,
however,  the mechanism  given by Strohi`'
and  Cottrelli5', in which  the  critical  stage  is
considerecl  to be initial growth  of  the  first

micro-crack,  seems  to be more  appropriate.

The  fracture condition  is given  as

               a(T-T`)=C  (3)

where  Ti==frictional  stress,  C=material con-

stant.  In eqs.  (2) and  (3), a  and  T  is the local

tensile and  shearing  stresses  in the element  at

the notch  root  induced by  applied  load. The
rnost  interesting fact in the above  discussion

is that  fracture condition  involves both a  ancl

T, whether  the  fracture condition  is given  by

eq.  (2) or  by (3). This  means  that if the  ratio

of  alT  in the element  at  the  notch  root  varies,

the values  of  T  and  a  at  fracture must  also

vary.  In other  words,  the  larger the  constraint

(the larger o!r),  the smaller  the  T  at  fracture.

This  explains  the present  results  related  to the

effects  of  constraint  on  5. in that  the larger

the  constraint,  the  smaller  6. becomes  since

COD  is determined by the  amount  of  plastic
deformation at  the notch  root.  If the  condition

of  fracture is further clarified to gether with

the critical  parameters, the estimation  of  b.

for a given constraint  will  be possible.

  Makoto  OHAsm  and  Yoichtro KAsmwAGI

  In the region  of relatively  low temperature
and  high  constraint,  Fig. 6 shows  that COD  at

fracture approaches  some  limiting value  which

depends on  temperature.  In the  region  where

the value  of  COD  attains  this limiting value,

the  condition  of  plane strain  is satisfied  and

thus  this limiting value,  as  shown  in Fig. 1'7,
would  correspond  to Kic. Kic approach  would

thus  be preferable to COD  approach  in such  a
   .reglon.

  The  fracture condition  in region  IV  ls

considered  to be T=constant  because this

region  corresponds  to Hahn's  reglon  E  where

fracture occurs  at  the instant of  initiation of

yielding. In this region,  the COD  at  fracture

takes an  almost  constant  value  regardless  of

specimen  geometry  and  temperature.

I.4 Conclusiolls

  Condition oi  fracture initiation trom  a  notch

was  investigated using  low  strength  steels

with  particular attention  to the fracture after

large scale  yielding.
  Main  conclusions  are  as  foilows:

  a) The  present  results  show  that COD  at

fibrous crack  initiation, fii, is a  very  important
and  effective  criterion  of  ductile iracture initia-

tlon, due to its early  initiation and  little depen-
dence on  temperature  and  specimen  geomery.

From  the practical view  point, the value  of

Si can  be obtained  easily, without  any  special

technique, trom the  data of  cQnventional

fracture tests at  various  temperatures  by

adding  only  the  measurement  of  COD.

  b) When  fracture initiates as  cleavage

cracks  after  plastic straining,  the value  of

COD  at  fracture shows  a  large variation

clependlng on  the degree of  plastic constraint

and  temperature.  Therefore, great care  is
requlred  in evaluating  crack-like  defects in
such  a  region,

Part II. COD-Criterion  and  Stretched Zone

II.1 Introduction

  It is already  pointed out  by  several

authors6tT'8'i6]  that  COD  at  the fibrous or

ductile crack  initiation, not  at  the maximum

NII-Electronic  
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COD  and  Stretched Zope as the

  Table  4 Dimensions  of  three

Criterion for Fracture Initiation

point bend  specimens,  in mm
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Steell/s

Steel-ASteel-CSteel-Di176200120

B

/

222512

tt-
45030

.!.
 

.-.Ia

    22

    25

    15

Notch  Tip

Fatl'gue-precrack, o.iR

Fatigue-precrack, O.1R

Fatigue-precrack, O,05 R, O.1 R

a

load or  unstable  fracture, is
criterion  for fracture initiation from  a  sharp

notch.  Sorne ambiguities,  however, still seem
to exist  concerning  the behavior of  the ``crack

tlp COD"  during the  fracture process.
  In the  present study,  the  deformation

behavior pf the notch  tip under  the  increasing
load until  fracture was  investigated by
microscopic  observations  by  SEM.

  The  stretched  zone  observed  at  the  fatigue

precrack tip of. fractured specimen,  firstly
noticed  by SpitzigiT', is considered  to be an

important parameter  whlch  represents  the

behavior of  the precrack tip of  the specimen

subjected  to increasing load leacling to frac-
turei8-"2i'. In part  II, the  development of  the
stretched  zone  at the notch  tip with  increase
of  COD  due to loqd increase was  investigated
at  various  temperatures  with  special  attention

to fibrous and  cleavage  crack  initiatien. The
effects  of  .preloading on  the  behavior of

stretched  zone  at  the  crack  initiation were

also  investigated. Sorne preliminary tests on

the  stretched  zone  in mixed  mode  conditions

were  also  made.

II.2 Materials and  Experiments

  Chemical  compositions  and  mechanical

properties of  steels  used  in the  experiments

are  shown  in Tables 1 and  2, respectively.

Three  point bend  specimens  are  malnly  used

in order  to investigate the deformation be-
havior of  the notCh  tip under  increasing load.
The  dimensions of  the  specimens  used  for

F-  s ---H

a  very  effective

z
  l
  ldi

 B

7
  W--!-

-

                          /

         Illi.il･J

.l::

･Eg2i
         F-- 4o ---g iF

 4o --H

Fig. 19 900 and  450 Fatigue-precracked  specimen,

       Steel-E, dimensions  in rnm

this purpose  are  shown  in Table 4. In order
to investigate the effects  of  the  loading mode

on  stretched  zone,  450 oblique  fatigue-pre-
cracked  specimens  and  900 fatigue-precracked
specimens  shown  in Fig. 19 were  used.

Measurements  of  the  stretched  zone  width

were  made  by SEM.  The  tilt angle  for Mode
I specimens  were  450, and  for 450 oblique

cracked  specimens,  the  tilt angle  were  chosen

in ･which the stretched  zone  width  appears  to

be the largest. This  angle  was  about  300.

II.3 Results and  Discussion

(1) StretchedZbneandFibrousCvackIibrma-

     tion at  the Arbtch TiP  with  increase of
     COD  uncier  increasing Load
  The  stretched  zone  fermation with  increase
of  applied  load was  investigated by fracturing
the specimens  in liquid nitrogen  after  off-

loading at  various  loads before fracture. An
example  of  the  stretched  region  of  Steel D  is
shown  in Fig. 20. The  COD  was  measured

by  elip  gages attached  at  the  end  of  the  slit.

  In Fig. 21, the  results  of  fatigue-precracked
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Fig. 20 Stretched zone  oi  fatigue precracked
       specirnen,  Steel-D

     [Es;JEiJil-teel,''' 

-
 24"c .]o"c

      
Fstlgue-pvecracltea

 str.tchEel  zone  U[dith e  O

      speCiJnen

                  Ubious  CTa:k  Lensth  i a

   1.sr

                     L-Ed  (-3oec) E2oo. 4 S
      F±b=ous Cta[k  lnitiation  .....-'r .. 

W
 .=

             Cllp Gage COD [mm}

Fig. 21 Variation of  load, stretched  zone  width  and

       fibrotis crack  length with  clip  gage  COD,

       Steel-D, fatigue-precrackecl specimen,

       three  point  bend  test

specimens,  the  data obtained  from the tests

at  24"C and  -300C  are  plotted. It ls seen

in this figure that  the  stretched  zone  is formed
when  COD  attains  to a  certain  value,  and  the

size  of  the  stretched  zone  increases with

increase of  COD  until  the size  reaches  a

cri,tical value  at  which  fibrous crack  initiates.
After the initiation of  fibrous crack,  the  size

of  the stretched  zone  does not  change.

  It is also  interesting to notice  that the
relations  between the  stretched  zone  width

and  COD  are  independent of  temperature,  and

that  their values  at  fibrous crack  lnitiation

are  almost  independent of  temperature, too.

  The  results  of  the mechanical-notched

specimens  shown  in Figs. 22 and  23 show  the

similar  situation  to those of  fatigue-precracked
specimens  shown  in Fig. 21. In the ca$e  of

NISHIMuRA, Makote  OHASEI and  Yoichiro  KASHIWAGI

               steai-D,  o[.osi Nol[lea  speeimel,  -3oDc"
          1,5
                                      r. t'.
                                      E E
                                      =200  4E

            O 1 2 S

                    CIjp Gage COD Cffan)
 bend
       Fig. 22 Variatien of  load, stretched  zone  width

              and  fibrous crack  Iength with  clip  gage

              COD,  Steel-D, O,05R-notched specimen,

              three point bend  test
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Fig. 24 Stretched zone  of  mechanical  netched

       specimen,  notch  tip  radius  is O.1mm

mechanical-notched  specimens,  it will  be
noticed,  however, that  the critical  sizes  of  the

stretched  zones  for fibrous crack  initiation

and  the value  of  the COD  at which  stretched
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COD  and  Stretched Zone  as  the

zone  initiates at  the  notch  root  are  a  little

larger than  in the case  of  fatigue-precracked
specimens.  The  stretched  zone  in. mechanlcal-
notched  specimens  is usually  divided into'
seyeral  somewhat  irregular bands by inltially
machined  notch  surface  as  shovvrn  in Fig. 24.
In such  a  case,  the  sum  of  the  width  of  the
individual bands  is used  for the  stretched  zone

width.(2)

 Stretched Zbne  PV'idth and  Fibrous Cracfe

     Length at  Vkerious 71emPeratures
  Because the stretched  zone  width  dees not

alter  after  the  crack  initiation as  stated  in
the previous section,  the stretched  zone  width

at  the instant of  fracture initiation can  be

!OO
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25 Variation oi  stretched  zone  width  and

    fihrous crack  length with  temperature,

    Steel-D, fatigue-precracked specimen,

    three  point bend  test
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Steel-A, fatigue-precracked  specimen,
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measured  on  the iracture surface  after  the

iracture tests. The  stretched  zone  width  at

the  fracture initiation obtained  by this method

at  various  temperatures  are  shown  in Figs.
25, 26 and  27, for Steels D, A  and  C, respec-

tively.

  It is seen  that  the  notch  tip behavior until

fracture initiation is divided into three regions
according  to test temperatures, as  shown  in

these figures.

  In the region  1 fracture occurs  by fibrous
crack  with  stretched  zone;  in the  region  2
fracture occurs  by cleavage  with  stretched

zone;  ancl in the  region  3 fracture occurs  by

cleavage  without  stretched  zone.

  It is evident  from these figures that in the
region  1 the  S.Z.W. is almost  constant  regard-

less of  test temperatures and  almost  zero  in

the  region  3, while  in the region  2 it takes
various  values  between the value  in the  region

1 and  zero,

  In other  words,  the sizes  of  the stretched

zone  followed by  fibrous crack  (denoted by Si
in Flg. 25) are  almost  constant  regardless  of

test temperatures, although  those of the S.Z.
followed by cleavage  crack  vary  largely with
test temperatures. It should  also  be noticed

that the stretched  zone  width  oi  this case  is
affected  not  only  by temperature  but also  by

plastic constraint,  because the temperature of

the fibrous-cleavage transition  in fracture
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initiation depends on  plastic constraint.

  The  results  on  Steels A  and  C  shown  in
Figs. 26 and  27, respectively,  show  the similar

situations  to the  case  of  the  Steel D  shown

before. Some  differences, however, are

observed  in the ternperatures of  the fibrous-
cleavage  transition at  the crack  initiatiQn ( l';i)
and  in the amounts  of  S.Z.W.  at  which  fibrous
crack  initiation occurs.  The  Ti of  the Steels
A  and  C  are -500C  and  -98"C  respectively.

The  S.Z.W.  of  these  steels  are  shown  in
Fig. 28.

(3) The  Stnetched Zbne  VVidth and  COD  at

     ]FVbrous  Crack init'iation
  The  relation  between  COD  obtained  from
S.Z.W.  and  that  from  clip  gage  COD  at

various  notch  acuity  is shown  in'Fig. 28.

Stretched zone  width  was  converted  to notch
tip COD  by multiplying  Vn2L. To  convert

the clip gage  COD  into the  notch  tip value,

the  rotational  factor shown  in eq.  (1) in part I
was  used.  The  value  of  the rotational  factor
is shown  in Fig. 5.

  It is seen  that  the  effect  of  notch  sharpness

on  the  COD  from  clip  gage  and  that  on  the

COD  from  S.Z. are  similar,  although  the

former  is a  little larger than  the Iatter. It
should  be noticed  that  the  notch  tip COD  at

fibrous crack  initiation and  the stretched  zone

width  observed  on  the  fracture surface  of  the

speciMen  will  be physically  the same  para-

meters.  Because, it seems  to be appropriate

to consider  that some  differences observecl in
Fig. 28 between the notch  tip COD  obtained

from  cllp  gages and  Vr2-xS.Z.W. come  mainly

NISHIMURA,

sv:Ue"sN8`vstsen

Fig.
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28 The  effects  of  notch  sharpness  on  notch

   tip  COD  and  stretched  zone  wiclth

  Makoto  OHAsHI  and  Yoichiro  KAsHIwAGI
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from  the  method  to cQnvert  the  measured

value  of  COD  and  stretched  zene  width  to the
"crack

 tip displacement".

  It has been pointed out  by several  authors

and  also  in part  I of  this paper that  the  notch

tip COD  at  fibrous crack  initiation, 6i, is
independent of  temperature"', specimen

geometry6'T'S}, strain  rate9]  and  so on, although

the COD  at  rnaximum  load or  unstable  frac-
ture  ,varies largely according  to the parameters
cited  above.  Although  the  measurements  of

S.Z.W.  have  not  been  made  in these  experi-

ments,  the  characteristics  reported  on  6i seem

to be the consequence  of  the  behavior oi

S.Z.W. It is usual,  however,  that some

differences between S.Z.W. and  COD  exist.

These differences, as  mentioned  above,  mainly

come  from  the procedure to convert  

'the

measured  COD  to notch  tip value.

(4) The liffects of Preleading
 Before entering  into the discussion on  the

effects  of preloading on  critical  COD,  the
relation  between  the  notch  tip behavior and

critical  COD  wM  be considered.

  Fracture behaviors are  divided into three

temperature  regions  as  already  shown  in

Figs. 25-or. In the  region  1 frac'ture occurs

by fibrous crack,  and  the  critical  COD

(rneasured at  initial notch  tip) at  unstable

fracture will  be given  by  the  sum  of  the

V'2T× S.Z,W., displacement due to the opening
by fibrous crack  and  elastic  deformation as

   E
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Fig. 30 Effects of  preloading  on  notch  tip COD  and

        stretched  zene  width  at  fracture at  -196:C

        (cleavage fracture without  stretched  zone),

        -700C  (cleavage fracture with  stretched

        zone),  and  
-500C

 (fibrous fracture),

        Steel-D, fatigue:precracked specimen

shown  in Fig. 29. In the region  2 fracture
occurs  by cleavage  with  stretched  zone,  and

COD  consists  of  Vr2'xS.Z.W. and  elastic

deformation. In the region  3 fracture occurs
by cleavage  without  stretched  zone.  In this

region  the critical  COD  mainly  consists  oi

elastic  deformation.

  Figure 30 shows  the effects  of  preloading
on  the  fracture initiation. In this figure, the
critical  COD  at  unstable  fracture, stretched

zone  wldth  observed  on  the fractured
specimens  and  the estimated  values  of

stretched  zone  width  given by preloading are
shown  as  the functions of  the  amount  of

preload COD.  Preloading was  given at  room

temperature,  and  the fracture tests of  the
preloaded speclmens  were  made  at  -1960C,
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-700C

 and  
-500C

 which  correspond  to the
                .

 temperature  regions  3, 2 and  1, respectively,

 in Fig. 29. .･

  In the  case  of the tests at  
-196eC,

 the

 critical  COD  rnainly  consists  of elastic

 sdmefaOlrlM. 
atiOn

 
and

 
the

 
effects

 
of
 
preloading

 
are

   At 
-70eC,

 in the  region  of  smaller  preload
 COD  than that of  fibrous crack  initiation, the
 critical  COD  decreases with  increase of  the

preload  COD  by the  amount  of  stretched  zone

given by preloading. In the region  of  a  larger
preload COD  than  that  of  fibreus crack  initia-
tion, the  critical  COD  seems  to take a  larger
value  with  increase of the preloacl COD,
prebably because of  the  displacement due  to

the opening  of  fibrous crack.

  At  -5eOC,  in the region  of  a  smaller

preload  COD  than  that  of  fibrous crack

initiation, the  critical  COD  decreases with

increase of  the  stretched  zone  by the amount

larger than  the  stretched  zone  width  give.n by

preloacling. In the case  of  larger preloading
than  the fibrous crack  initiation, the effect  of

preleadtng is almost  constant  regardless  of

the amount  of  preloading. It should  be noticed
that  ,the stretched  zone  widths  observed  on

the fracture surface  (shown by open  circles)

show  constant  values  regardless  of  the
amounts  of  preloading. In other  words,  if
the stretched  zone  induced by preloading is
smaller  than  the  stretched  zone  width  neces-

sary  to induce fibrous fracture (Si), the  total

stretched  zone  width  (preload S.Z.W. plus
increase of  S.Z.W. during fracture test) ls
constant.

  This result  seems  to be reasonable  because
fibrous crack  initiation will  occur  when  the
total amount  of  plastic strain  at the notch

tip, which  corresponds  to total stretched  zone

width,  reaches  a  critica]  value  which  will

depend on  the spacings  of  particles as

suggested  by  Rice22'23). If the  preload S.Z.VT.
is larger than  the Si, the  stretched  zone

width does not  show  any  further increase  in
fracture tests. It should  also  be noticed  that

such  special  region  as  stretched  zone  was  not

observed  between fibrous crack  which  occurred

'
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 Fig. 31 Fracture  loads  of  preloaded  specimens

in preleading and  which  occured  in fracture

tests.

  The  effects  of  preloading on  the fracture

load at  various  test temperatures  are  shown

in Fig. 31. It is noticed  that  fracture load

at  -1960C  increases with  increase of  the

amount  oi  preloading in the region  of  smaller

preloading than  fibrous crack  initiation. In

the  region  of  larger prelead  than  this, the

  Makoto  OHAsm  and  Yoichiro  KAsmwAGI

fracture load decreases with  increase of

preloading. The  increase of  fracture load in
the  smaller  preload region  will  be explained
by the blunting of crack  tip by the  formation
of  stretched  zone,  and  the reduction  in
strength  in larger preload region  will  be
explained  by the occurrence  of  fibrous crack

at  the notch  root.

  In the case  of  the tests at -500C  and  -70DC,

the  relation  between fracture load and  preload
is not  so  clear.  But the strengthening  in the

larger preload region  will  be the  results  of

work  hardening which  occurred  during

Preleading. The  effects  of  this type seemed

to occur,because  of  the  three  point bend tests

used  in the present  experiment,  because in the
bend  tests severe  plastic deformation occurs

in net  section  of  the specimens  when  fibrous
fracture occurs. In !arge tensile specimens  or

in actual  structures  this type of  strengthening

effect  by preloading  would  not  be expected.

( 5 ) Stntched  Zbne and  COD  in Mixed  Mode

     Condit'ion
  Some  examples  of  electron  fractographs and

Fig.
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32 Fractographs  of  the  areas  near  the notch  tip of  the 450

   (a) Schematic illustration 
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COD  and  Stretched Zone as  the

Fig. 33 Stretched zone  of  900 fatigtte-precracked
       specimen,  Steel-E

schematic  sketch  near  the  notch  tip oi  45a-
precracked specimen  are  shown  in Figs, 32
and  33, The  stretched  zone  width  of  45'-

precracked specimen  is about  the  same  as

that of  90a-precracked specimen.  In the case
of  Steel E, they are  about  50N60ym  for one

side of fracture surface.  And  it is neticed

that  the fracture surface  of  the upper  side

(in the  figure) mainly  consists  of  equiaxed

dimples as  shown  in Fig. 32(b), while  the
mating'fracture  surface  of  the lower side

consists  of  elongated  dimples as  shown  in
Fig. 32(c). The  process of  the formation of

such  type of  fractographs in mating  fracture
surfaces  under  combined  shearing-and-tearing

fracture has been  explained  by Beachem2`'.

 The  appearances  of  the stretched  zone  in

                          /t

Fig.

     
si

     S

Tetal  S,Z,". ± si +  s2
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        >9
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 45"-precracked specimens  are  similar  to those

 in 900-precracked specirnens  as  shown  in

 Figs. 32(d) and  Fig. 33.

  The  process to incluce fracture at  the  tip of

 450-precracked specimens  is considered  to be

 as  shown  in Fig. 34 which  is essentially

 similar  to the case  of  Model I speclmen.  The
 COD  and  the stretched  zone  width  for oblique
 cracked  specimen  may  be defined as  shown  in
 this figure. The  value  of  COD  at  fibrous

 crack  initiation defined in this way  seems  to

 be independent of  slit angle.

 (6) The Relation between Fiucture  Me-

     chanism  and  Stretched Zbne  V7idth
  Because the  stretched  zone  width  observed

on  the  fracture surface  corresponds  to the
COD  at  fracture initiation as  discussed before,
the  discussion made  in part I section  1.3 (3)
on  the relation  between  fracture mechanism

and  COD-criterion will  be applicable  to the

results  on  the stretched  zone  width  shown

in Figs. 25N27.  It should  be noticed  that the
region  I in Fig. 17 corresponds  to region  1 in
Figs. 25-J27, region  II and  III to region  2
and  region  IV  to region  3, respectively.

(7) Fvacture  Tbughness Evaluation of Steel
     by Oi and  Ti

  It is obvious  that  there  are  many  cases
where  toughness  evaluation  based on  fracture
initiation is preferable to that  based on

unstable  fracture. In those  cases,  toughness
evaluation  by 71 and  6i seems  to be very

profitable, because 6i seerns  to be a  material

constant  as  shown  in section  1.3 (2) and  7}
may  be assumed  to correspond  directly to the
lowest temperature at  which  the structure

may  be used,  provided that  the appropriate
test specimens  with  equivalent  plastic con-

straint  to that  of the actual  structures  could

be found. 6di will  be obtained  frorn the
stretched  zone  width  without  the measure-

ment  of  COD,

II.4 Conclusions

  1) The  stretched  zone  width  observed  on

the  fractured surface  shows  the  notch  tip COD
at the  fracture initiation.
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 2) In the case  of  fibrous crack  initiation,

the notch  tip COD  (ai) and  S.Z.W.  (Si) are

constants  regardless  of  test temperature,

specimen  geometries, preloading (if the total

6i is taken), slit angle,  strain  rate9]  and  so

on.  COD  will  be most  appropriate  criterion

for this case.

  3) In the case  of  cleavage  fracture initia-
tion, stretched  zone  width  and  COD  take

various  values  between the  value  at  the

fibrous crack  initiation (o"i or  Si) and  almost

zero.

  4) Toughness of  steels,  based on  the

fracture initiation from a  precrack, will  be

defined by 6i (orVr2L Se) and  Ti, where  Ti is

the temperature  at  which  the  transition  from

fibreus to cleavage  initiation occurs.  Ti varies

largely according  to the parameters  cited  in

(2).
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