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                                        Surmnlarv                                               -

      It is well  l<nown th"t the :I'?LdCP steel  relied  iri the ternperature  oi' auEteni. ±./-ferrite  region  has hig'h

    brittle craclc  arresta})iLity  (I<..). 1'ho cnuse  is generally  coiisidereti  
'to

 be rela･ tccl with  the generation of

    separations  ahead  just in advanee  the rnain  brittle cractk.

      IIewever it has been sometlmes  experiencec]  /haL  there  :vre  no  obse!'vatio"  of  appearance  of

    separations  vn  
'the

 brittle ft'acture snrfaeeS  for 
'E'llCI"

 sLee.] plate iwitti  high K.,,.
      ;n this paper.  the atithers  cavrled  out  not  only  ")e. d"uble tension  tests but ttlse  tha  C'FOI) tests andi
    the ()harpy impact tests with  vaT'ious  tesL directionh'/ b) Lising' t"'o 

'{'l'I(]l"
 $tee[  piates, "'hich  are

    prodllced  from sarne  s]ab  1)ut ewe  relled  at  the cli i'itu'en.t fiiiishing' 1.empc'ratui'e, thus  tcads to different
    maximum  sepurtition  index. }?,}, anulyzing  these  tebst/ results,  it is under.st'oed  t;'iat high K., value  eumes

    froni zigzas.  path of  brittle crac]t  which  is. causec]  hy ariisotropy  of  fruczure toughness  o]1 steel  p]ates.

l. Efttrodmuetioit

  ln rc･cent  years,  TMCI'  st/c.el plates  haN,e
ir]creasing't'y been us{'d  iar stee]  structures.

T' hc T)v{CP rnethed  corriprises  t'ELcC  QAccerela{e
Cooliiig) t>,pe and  Non･-i'is.eC' typei).  The
Non--i'NcC t.},pe 

'['ps'ICP
 mel.ho(1  ls, in gener'al,

employ･ecl  for produetion oi  steel  plates thi'nner
than  approximately  l ,5min  arid  AcC  t}ipe Tft,ICP
method  for steel  plates thicker than  approx-

imately I5nim. "Jhen controlle{a  rollillg'  in
auszenite--ferrite  region  Ctwo--phase reg.ion)

is employed  in T",'{CP tnethnd,  s.iich stee]  lolates
would  s,enerat.e numerous  eracks  parallel to

their rolled  sarfaces  as  
`'SE/paration"

 on  
'their

brittie ilracturecl surfn.ces  o.f Charp>, test
speeillien iii soine  ternperature rung,'c'.. A±

pi'esellt, a,lthough  it is not  cle.ar whethei'  the

occurrence  of  :.epara'.ic)ns  acttial!v  affects  thc
safety  of  steel  strttet.urc.s er  "et',  employmerit  of

control]ed  rolling  in two･-phase  re.cr.ion

l.austenite--ferrite region)  is generally  app]ic,d

so  as  to aveicl  separations  in the  TA･'ICE' n]othocl

for neither  Non-AcC  nor  AcC type.

  *

 ***s

 ,t.

Thc  IJnive.rsit.y of  Nagasakl

The  tJnii.,ersity ot  Kyns.hu

Mitsubishi  Hoavy lnclustries, i.tcl,

  r/vrt,,anNsfhi]e, there are  publishod reports  that

s"t.eel plates c.onin'ol--rolled  ir) t"xo--phase

regien  are  exee,1lent  ln their brittle crack

?u'restabi]it},i  
D
 wh{[-]n iiii'.cTht' dtte to tl'ie eccurr-

cn()e  of  $epara'/iell,･  and  that  its efT'ect can  bc
greater partieiila'rl,y if controlledi  rolling  is
rrE.ade nt 

'a
 1ower ten'LperatLire in tlie ani'ecrystal-                            '

lized/ .Lg'aniniar---;'/hase. region2/,  }"xn effeetix,c iise.

ot' the stee]  p]ates  with  an  excellent  brittle
c.'.rnck  arrestability  ivould  grcatl.v･ contribute  te

the iTnprox,cment  of  st/eel structure  int.egrity.
}{o"rever c'auses  of  thc iiMprovernent of  brittle
crat:k'  nrrest/abilit.t'  c.lue to coz,trolled  rolling  in
two-  p]yLse r'egion  have not  vet  bee.n clarifiecl                            t,
bacau/se gt. hati sowie  exparic/'nce that brittle
surfaeus  with  liig2', K,, have  no  separations.

E";ttrthc'rmore, ultheL[.crh it is 1{novL,n that such

bril.t],e cr'nek  prepagates  in a  zigzagging

behavior, its esuse,`  or  thc  relationship  to the

irnprovement of  briLt'le crack  avrestabi]itv  have
not  },et been established.

  The authors  pr{'.'i,iously investigatedPLi)':'i)

that the influei'ices o'f sel)aration  index on

tcnsi.le strengtl',,  fre.cture] to{!ghness  afid  fatiglle
streiigth  ill t.he rolling  or  thickness  clireetion  of

fsteel plates. Those researches  e]arified  that
steel  plates eontrol-rolled  in two-phase
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rc,g'ion have' v:.u'ious  characteristles  ecluivt','lent

tr} <)r bc:Lter thaii those of  convent,ional  proe.ess

type  steel  plates without  gencration  of  separa-

Lions, i[ zhe niaxiniLnM  separation  in[iex is less

tlitm about  O,i).

   in this paper, the rtascms  l/'() r irnpro s,, c,' ]neBt  oi

bri[tle craek  arrestaDjlib.'  ai't: irnLstil.g'aLcd bi,,

con/sideriiiny  the  propaga.tion path  of  1)rit'Llt-/

c.rac l{ in tho deuble tensien  tests. Thc  Lest  sLceiL

plcates  w･(.i'c eollti'el -/,ellecl 
',)f/

 cli'['fercnt

filnishing rolling  iemperattir(t  iising'  sk':b

 materials  wit.h  the sai"c  cherrAeal  coinpesitioii.

"I'hi

 ts pa, pcr' also  proposes  esti rnalj/.ion  ni. 
'et]'.,oc]

 s o  iF

thc generati  s,e direetion ft'om initial crnr:k  Emd/

 p･i'opEi･fintion pat,h ot  brittlie crack  by  i iking  the

 in--plaric b'aeture t,oughness (1'isL'ihution  
{,'nLo

 2),CCOU,,]t,

 IZ. },}-,4ogeEEg'atiove Beaxaviot' e, .S $' xgG,kge /g･ 
'.)･riwk

      11ff.･, li],vvo.-･･p},zfi,stt ttgeeggic･y 1){{}ll'･`-'c'I St'/,i,eg'

      .'laae

 2.1. ftelattg()nsit' ip 
Tteea'va-rtttn

 
Yg"e

 y.ifuas}i,iffiT"'"

      segeay.h't,:ien t/'rmdi.e.r,i aln'1ct //-,t'wat Xa'attae 
'}/,･'k'

¢

'K'

      tt. ti fc.sanlo"Uitl.,

    
'tf'o

 evaluate  quEmLlt[ativ,.,i},' thc i',lat,l/i,t.

 avount'  oii sc'pi,Lrat.ic/,i'i in st･ccl  plates, ('oi':'u'(.,1-･･-

 'roljed in tt･wo-phast  ro.gfiou, tircr sep.ar[Lticm

 incl･c,x CC.:.,I) definecl as  thc/ t.otal c)f s,t'.]]aration

 lengths divicled by th et frRctu･ i'e ai'{/n hE',s bL"n

 often  usecL  
r];he

 max;.muru  x,altie of  ISI 
'wiLl/,

 r'cspect.  to tempcr'atura  is c'aliled ･i]he maxirnum

 t}cpar'at'lon  index (t'･ll,,..O . iR.esearchc':s h'Lve
                                                    '
 clari=iictd  ihat.  S.l.l,,,... bocoincs iinrger

 as  ttie

  finish,ing rolling  tcnnpet'atur{/ in t!K,e--T)h[is/

 region  is lower, Thu S/{,,,.. is i'Llso L'on.sl/.dercci  1'o

  btt, ufi'ect'td  f.,r,reailLsr 
'not/

 onl}i  b),, the  f･inishing

  roll･i'ng teniperat',iy'e but a'lso by thc' ro,Uin.f.':

  i'{tduction  in 'two-pl'.nse
 regjon.  

'['herefor･
 u

                        Table 1 Cl:･c'micalc"mpositlo..
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'[hte
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   PLs, ,,',,,r)oi't.vd  

t.n
 ou  .' pre v, Lous  pai)et' ,it･.  ei ,s
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          t t t
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'fi
 Ii''L:,y. I. T. it･.a･ ,/,,,* in thc iigLire is
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'2
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'.','ab'4v

 .1. s,ho-is  t.he chemjcal  :oniposition  ;vid

 mechaniL'al  propert/ies ()f sLecl  I)lat,es b},
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Ana]ysis ol  Brittle Q'aek l?rol}agation in TMCP  Steel

for Steel C, two control  rolliri.g.s 
'were

 (:arried

out  in t"ro-phase  reg.ion.  SI.,.., and  tempera-
     t t
ture <Tsimaft.) to shoNiv' SIrnax. of  test steels

obtained  froni the rolling  directiofial (L
direction) Charp}, Lmpact tests are  shown  in
'rahlc

 2.

  Results of  cleuble  tension te' sts  in L direct.ion
are  shown  ln Fig. 2 

'for
 steets  iX and  C

respectively.  This  figure also  indicates that
steel  plate of a larg'er Stm... has a hix,her KcFi.

Table Z ST,.,,.. aad  Tsr,,,,... of  tc/st sL,t{/ls
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`
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x
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t.
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tttt '
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11Ttc(xlO-S.K-･1)

ur-.StW....lawu-g'
0  -20 -40 ･-60 -m80 --100

              T (ac)
            Temperature
Stamdard  c] ouble  tensjlc tcst results  i" f. cl ircct.ion

ofS'.ael  iX. ancl  C

2.2 triscussiout tfm  ¢ tiiuses  of  iiuaprreved
    brittle ernek  arrestakigity
                     IL.L2)
  Prevlovs researches                          cxplains  that  the

improvenient of  K,, in steel  plate cont/rol--･

rolied  in two--phase  region  would  be causecl  b},
refining  of  ferrite structures  and  the t.hiekness

affcct due to multip]ate  layers oi  shcets  brought
about  by separations  which  occur  ahead  oj' tlie

16i,

mai]i  propagating i')rit±ie erz･ck.

  r4Ls a resu]t  of  th･a mic:rostructural  examina-

tion of  stee]s  te:,;:,ed, grain size  of  ferritc
structures  iR Stec'.i C hacl beeome  some"Thal.

Iarge,r than  thai/ in Steel i'N.  It "'as  considered  to
be a  causc  for the fact that Steel C 1iad noL  beevi
c:ontroj-rolled  tL)L ;iroun(1  .iX,-r, transforination
terripcrat'i!re, all'ec'i i g,'e to refining  

'ferrite
 struc-

ttires, There.fore, it ls rather  difficult to regard

refinlng  of  k}rrite sj.rueturcs  ,ets the major  causc

ol' greaL, imprc},vemont o[  K,,,,.

  The  pub]isl]e(i /, eports  have clarified  that

fracture tougl'niess o'f multiple  ･-layet'ed plates
is･ excel]ent  in th('. Tl)eep Noteh 

'l'estti}

 or  the

Charr)y i:/npact Lest' 
ij,

 Thet'efore, tha thickness
ef.fec:t duc,i to niultjv)le  layers oi  sheets  brought
abc)ut  by･ occurrenc'e  of  separations  iiiin]ediate-
iy bofo]'e t/he mairj  k'acture has conventionallv

been prcsuTued as  one  of  t'he ma.lor  eauses  to
iinprove K.,. Ho",c'ver, separatlons  had  not.

o:rcut'recl  in the bT'i>kcn sut'face  c)f the double
t.c/nsion tesi/ spc'.citnen  for Stccl C control-

rollc,d in A･Kio-･//]hztse region.

  .iXccor(jing' to V.i' ES  300:1 
'{')
 the thickness

e't'fect. on  K,, fer tl/ic stt:el pl.ate thinner  than

1'l5mni in gk,･en bt,

  f(t) ==1･--  o.e ,r) (t --3o) ()
where,  L: thicl<ries.:s of  test steel  plate in mni

  I{ere, we  assume  that the eausc  of  K.. in L
direction of  Ste.ei C having beyond  Kc, in L
direc'tion of  Stcel iiX is attributable  onlv  to the

thickness eil'fect' cli/e tto occurrence  of  separa-

tjons. idtccording  to t.he test results  givvn in Fig.
2 and  equ  atien  (1. ) , K.. ill L ch' rection  of  Steel C
'woui!d

 becoine the  sanie  K,. 
'in

 L direction of
Steel .･a!. as  tl'ie case  ,AJhere  tha  thiekness  of  Stecl
A i$ divic/led into approximately  five sheets.

Thon, four separnt/i･ons  should  have  appeared

on  1.he fracttii'e surface  o.f specinien  in L
di]'eetion of  St.eel C, But, separations  c:ould  not

observe(1  on  the fractiire surtacc  of  the
s'peeimen,  and  thu･s, it ]s unreasonable  to

pr(tsllme that  the thickness effect  due t.a
occurrence  of  separ3tion  wottld  be the major

cause  of  irnproveTn./}nt of  K.. in l. direction of
Steel C.
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       tcst

               ] l,
               

/

 um-mu tt tttunN-t/-t- or t ti/.-
          - I

          il I

         L-Brv{i.tt'xe c-.ackm I
                                :1

                                i
                                /ii'                                s

krw---.･--･--･---'pmwuBbexr- '"'w"'wr-'''''!

     A < OgroE,s=',l6kgi'!umi2  )

 /"  Generat:Z/ ve  Direcsi.ov

s211?Z. f:7om l,.n't'i,al. Not'ch
               '
           tt.tttttttlUtla turwut--- tt'ttt"ttttttttl pm-t...nd
                 

'" yfi 2,3 "t mm  
.l

'l'oyos,u),1,
 l'Iir'oshi Y,･x.ITM,'L

   IIxainples of pi'opagation path of  br'ittle

cr'ack  i'dn the, double tension test  is shown  iii Fig.

 3. From  this t'igure. it is found Lhat thc'. brit.i,le

 ci'ack  propag. atccl straigb'L  along  the notch  jine

 in thc speciinen  in L clirection  of Steel A,

 whercas  thc britt.le crack  ]x'opagat,ed in the

 iLjrectjon of  approximately  30" t.o the notL'h

 1ine, and  pr()pagated  a  zigzagging  path at a]'iglcs

 of  10e" to 140"  i.n ri.he specimc'n  iri L divect'ion

 c)t' Steel C', It is also  found that  in uhe  speeimen

 ln L di),'ect.ion <)[ Steel C, the zig.rzag ;,i.inplitude

 becanie smaller  ",i'th  Ijropagatiei] of  the l)ritLle

 (ll' :.Lc'.k anca  thc crack  app' roachcd  t]]e noteh  line

 asyriLpt.oticall>,.  "ind test resllh'.s sho"r  the

 Lendaircy  thaL  the zi.u'lzag  arnpl.i'['ude of  britt.le

 crnek  I)(/c:anie smallc.'r, as  strcss  appliecl  on  the.

 sl)uciTlmn  becEL]]]ci {ll'ea'tcir.

   Sgbsc･qutntli', rusull.ts of  ctott,ble. tc/usion rest

 using  tcs't specinie,ns  in the  dii'[.ct.jen ai an  angle

 of  {i'i" Ci'･':,li5 clirectior･i,)  to Lhe. rolli.ng  dire./etion

 o]r St, :c,l C. ar{) shown  i'n/ I;ig. '1,
 tof.,t'c]tliier vL･'itli/ the

 
'!estresults

 of Fig. 2. Froin this iligu r'e, it cafg be

 iindersi/oocU.hat  
'K,.

 in R,/1 i5 cl:irectioc} oi Stc?el (-C.)

 ,,i･'at,,  nenrli."' equal  
't'o

 l'(,,,, in L dl/.ret:t'.ion of  Steel A
                                   r '
 ",bjeh  showed  al,]iost  none  oi se'parat/Tens,
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       Analysis -f  BrittLe Crnck I'ropagation in 
'I]rL'ICP

 Steel/

e.33, which  cLiffers  
.a.
 reatly  from  Sirnnx. (O,e5)

in I. direction o'f St.eel A. As,ain, aceerding  to

this result,  it was  eonsiclcred  that the occtirr-

ence  ol separations  would  not  cause  the
improvement  o[ K,,,. .J-Xlso. the  brittle crack  in

the  speeimeii  in R45  direction of  Stee] C

propagatecl straight  along  noteh  iine as  same  as

thu brittle crack  in L clirection  oi  Steel A.

  From  the above  results,  it js c:onsiclered  that

the zigzag  propagation of  brjt±le craek  may

k' t'feet a, certain  iinprovei"ent of  Kca.

  ITi--plane distribution of  transition  tc)mpera-

ture  (v'I',.･) "'ith  50%  brittiie. fracture by

ChELrpy impuct tests with  the various  direc-
tions  are  sho",n  in Fig. 5. As eL,ideneed  in this
figure. there  exl,sts an  anisotT'o.py, ",hich  sho",s

hig.'her toug'hness  i'n L direction or  in the

clirection  at n right  angle  (T ciirection)  to the
roBing  directjon aspeciaHy  for' Sto,el C. It is

infernble th･at. the in--pl:tiie toughness  anisot

rc>py  can  a'ffect the zigzagg'ing  l)ropagation of

brittle crack,  iXnd  it ean  be eons' idered thai/

since  this anisotropy  of  in--pl,ane toughnes$

distribution is greatly  e'fiected  b)' crystal

orientation,  as  steeL  plate Is control-rolleci'  ai

low()v tempel'Eltvl'e i]l twO-P}L('ase rEs,i()rl, E'111i-

sotropy  in the in--plane toughness distribution
become large.

  o."t.b,}

Fig. t"')

vae

et]t sxsst

ab"se

,' xSreelAx
io'7

,s'･'.Y.e

.r--
.e"e'l

'

' ee'ab' ")-"1
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toeSteelC
.NS /

, `".-ip//

btteosfetl%
"-t.cob

bo.tLbl""st"

3eh

to-

Oocg.p.)

       
et

 SpecAme"  ca v"1!S"S

.T,.  obLained  by Charpy  iml,]act testswith  s,arious

directions  of  tcst stecls

Relled at 
'['emperature

 in Austenite-Ferrite Region 167

:i. Nn-plane Afiasotropy of  Fracture

    Cg]uangkness ixe Steel Piates Rolged iR

    Wwe-pinase  g.Yegioil

,O,.l  Outaine of  testing
  The  CTOD  test "'as  carried  oiit  in accord-

ance  wjth  B.g--t.')"i' 6. 
',l9)'

 using  s' ub-sized-speci-

mens  in thc･ three directioi]s of  RO(L), R22
and  R･,l5 as  skown  

'ln
 Fig. 6 for the pllrpose  o'f

ol)taining  tlie in -plane fraeture tc)ughness
distributiens. 

'i'he
 zigzagging  propag'a'tion of

brittle crack  can  occitr  at  teniperature  higher
t.hnri '"IGC)OC in tho double tension  test, But in
this t.emperature  region,  fraeture surfaees  of

specim.ens  of  the' CTOD  tcst shewed  {iuctile

with  sepiirations,  therefore,  K. could  not  be.
obt.ained  from results  of  the  C[['OD tcst.

  A crcefding]y,  cxfvLati' on  (Z') proposed  b .v
Y:,i,iirn,'i et al.iO; t.e estiinate  valL!es  o.f K, from

,.'L･",,  ",as  usocl.  AIt'['tough equat.ion  (2) can  gjve
,an  es,tiinution  of  

't<,.
 at ar! t'u"bitrar>,  ten]pera-

ture, only  valu{)s  a{  Kc at .ffl".s  were  obtaineci

i]'om Irig, tt'J.

  K, 
.-.

 ]t" 
･
 E') .6O fJ iy,, 

'
 {]xp

       ila) ( 
'l
 /'a T'  ; /f 

xe(7'r)
 
a..='

 lo'-  1/Tit')i' [IZ)

  whc･rc,', F : Conva'r･ sion  ratio  of  noteh  acuit>,,

a{'fect,  on  fract,ure 'lzoughnass

   (i'"'= krc, faLtvJLue erault/･/1  it･ot  vh  ,t' Kl: in:LchinE･d  notc]t･  
--'

 O･68)

       ko :='  //i.7e 1" ... ,t,
 o,.CTiJ  a-4ol  
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lss Junichi K,x'rs'.･n", rv'tasahiro'

,r =-  
,L.
 crwi['l'i)  

,z-
 ･io=:'  <O.()O31'i1o,.+O,391)･ ll',.

      
'
 -f ?. 7･･ /t V'l' 

'+
 1'z:l

       ff). : \i()id strc}ss  tLt 1'oolll  telllper'EltUt'e

              (1<g'f./mmi')
        Ti< : 

'i'ested
 tenipera'[ut'e (.K.)

3.2 grmffaAeAx¢ ews o'ff 
'Ltrke

 t/,hini'sftiiBs. roiagimg

     
`teyzaperntkmwe

 {)wa t- g,ze irm-･pgairae f･"srthgrtix,.vee

     t(s/asghness diistrgbmutien

  Values of  criLical  cn'a:lc  tip opctninl,r  displace-

i'i'icmt ( (S ,)
 obtained  from C'1'OD test results  in

three  directions of' Ste.el/ 
,tN

 ancl  C Li,as cop,vc',i'tc/d

'Lo
 K,, i.isin.a.  equatioii  (1 [)) 

')
 
V),

 
Ti,Jt'./lues

 ofK.  ir,, eaeli

direc'rion are  .vivc/n  in Fig. 7 for Steel ,'x  ,'rnd  in

Fig. 8 for Stc,c:l C. 
'1'hese

 fi.c.ru't'es also s:/'iow

i'el',/Ltioris between  yalues  oi' }s:, whieh  wcre

estimatud  .groiii .T,,.  and  tcifipcn'aturo's.

  Kc =i=  t/l2  b'i･ii-Oci' (. 
'i-ml:"IJ'

 
i2)l

 (,3)
i,･vh(/i'e,  Oy  : Y･ ield sr.iress a't tt･st'in.t,}' ternperati.'rf.'

             of  C'i''C)l)･ tcst/ /Ckg-ir,'mmX)

         t") : tt'oimg's r･uocluls i[ks,tT,rmm'il/･

         V:  Poisson .ru･tio

  K, distribution in the nrbi,trar>･' til/.a.gollal

tiirection  to t'()llin,,?' cll/rccL'ion  i'or cacli  2<)'C'

interval are  sho. wn  in !;ig.. 9 for Sk./el A and  in

lsoo
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also  ebserved  that ther'e cxists  art anisotropy  of
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,'X,nalysls  ef Brittle

 {R.ts,) oe
       

      

       

       

             es

                  
simtteteit

    I'is,, 10

Steel A  which  "Tas

aroun[l  t'Xi-3

4. Estienat,IDno'l'

    BTittge Cvack
    -p}ame  gre"aetare
    tifOR
4.1 CoRsideration
    fberaetuure 

'-`

 
･

    with  im--plane

    teughness
  In CTOD  

'

agatecl  aiong  thc craelc
even  in L

may  be becaase the

t'he degr'E,'e of  normal

the  cracl<

sLirlace  effect

directions. Then the

eaeh  direction ean

ordinarv  stress  

'
       "

  On  the  otlier  hand,

xitrith large ligament

specimen,  the degree
along  the cratk  line

dominant, ancl  then

tendency  to generate
direction if the steel
ciS. fracture toughness.

  The  degree of

raclial  directiens from
can  be expressed  as

Ci'ack i'ropagatien in T]ECP Steel

90.

ti' (g.o.)

                 ae!""S              te

   I) istril)utinn of  in-plane  l<, in Steei C

           fina]]v centrol--rolled  at.

   t'ransformation  tfynperature.

           ('pa' ekaemnti'kre Virectgen off

             Collksirkergng the gwa-

              
rg'oughness

 Dist,toiben-

            fif criterEa  ef  bTittRe

     ingtiaei(}m fegy a steeg p'Aathe
           amiSsotr(}gey of  

'fraetuare

    specimens,  br'ittle c.rack  prop-
             ]ine from the not.cln t[p
direetionnl spec.imen  for Steel C, This

          ligament is siiiall and  then

            stress  distribution along

line becomes dominant due to bc/ back

     comparcd  with  t]iut to diagenal

             fracture toughriess  for

            be obtained  by  using

       lntellsiL'v fact;or.              tt

            in case  of  the specimen

           such  as  a doi.ible teiision

             of  Rormat  distr'ibution

           <0 ='="  O") does not  beeoine
            the  eraek  may  ha've a

            to tlie most  cleteriorat.ed

           plate has Iarge anisotropy

       normal  stress  distribution to

              a crack-tip  (Kk(e))

1{olLed at  Temperttture i:' Auf.tenite-F'errite Region 169

  Kk (O> L---
 k,, 

,,
 (0l･K C4)

where,  K  : Stress i.ntcnsity factor

  ko, (e > : Correctiog factor for radical  cl irec-
tion Cff )

  For  a steel  plat'c with  anisotrop>,  of  fracture
toughness,  1)ritLle llracture, may  be postulated to
rirs{/ approxiniatio/.i  to initiate when  Ki, (O)
first baco;ne chqual  to and  excess  K,.(e) and

i)ropagate  to the {tire.iction of  0 
,
 where  K, Cff )

is a fracture toughne.ss ±
'or

 a  clirection  ef  e,

  rk;orniai stress  uround  t.he eraek  tip was

calcLtlated  by the 1'ENil usjng･r censtant  strain

tr'iai'igulnr elen'LcntE,,. The. analysis  modc'/l was  a

i,]alf of  wjdth  of  finite si.rip with  a cei}ter  cruck

1{]adccl uniform  tensile strcss.  Also, length of

the initiai crack  (2n.) was  Eii/ 1O%  of the  finitc
fs1.rjp wiclt.h  (2X]V").

4.2 Estimaatg{)n uf  gemei"ntive ijiresctic)ru ef

    hritLle crack

  Bnsecl on  ari abot,'o  assumption,  br'ittle crEick

i,nitiates in the dk'e.ctjon w)rcrex  the value  of

K], (CY ) first/ reachges  the i, aluc/ of  I<,<d7 ). }/{erc,
the K,, (e) 'k,)r

 e]nal.ysis  was  Li.sed at the
i.'emperature of/ 

-
 160CC nearly  equal  to thc

'Lumperati.tre
 i"･ t.hc/ vjcinit),,' of  Lhe initial notch

tip oE. spee.imen  for the double tellsion test.
  Generative c.ISre,:ttion  of  brittle crack  in L
dli'ection of  SLeel ,'X  with･  aimost  isotrop}, in
}<.Cff) is shourn  in Fi'g. 1. 1, T}nis figure shows
Lhat the }<k(e) firsit reachus  the K, Cff ) in the
directioi'] oi  0 ･=:0", Thtis, the  brittle crnck  of

St.ee] ,"'L  (L clire.etion)  mav  be estiniated  to                           tt

 
SII
 rx={e).

 g

 f
L>

  
c'

 
"s

 ;gi;;it-tL 
f-istLi,,

 
,,

j be  
ico-,gf,-v;

Fig, 1 1. Crack'-- gcncrntive  clirection  frorn initial notch  in

        L  direction of, S'teel .iX
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170 ,jnn]ehi K,v]'sl'T,x, )Llasahn'e

initvata  m  the initiul tra'ek  direcLion

  ()c]nerative diroetion of  i)i'ittle cr2iclt in L

cl`krcction
 of  Steol C with  aniseLrnp.v  in  I<.CO )i

its sho"'n  in Fig,, ]2 From  Lhis f]gufe, :/i is

found thaL thc., KL  /(" 1) first b,c'coii'Les {'(:･u:" 
'to

ancl  excess  the l<,(O 11 in Lhe ciirc'etiien ol' fy 
--

2'i ot' 
-2ti'`. 

'1,'1]us,
 it niay  be csLlni2LLvd  that.

tlLe brittlp c"ack  oi' SLeel C ([, {iu'ec:ti{m)  wil[

in;/tiaLe i.o z direc'tion, el .'.PFt'' oi 
"'ZT･

 lo the,

initiai crack  clirect'ton  I･Tere, :･ lt.,, probe",.btiit},'
i.haL' cr,t{:k initial'es lp uitkc'.r  posit",(, oi'

nexraLl, vc.' dii'ee Lion

   K'os, llIL of  S' 'Leel  C ill I? '1 ,i} dk't':tion is g/io"･p  in

Fig 13. in Lhis cue,'u "']icrc  (lit Kk iCO"  Iirs,.

:'f:aches  tlLe I<, [. ti ) ;,c zhe  d'/fvotler, oi' L･i 
ve'3',

1'Liis irth'ek  iv:y  I)c t's±ioit･u.c'd Lo :t,'ti;Lt.' in 1/hc}

:/il'Lial crael<  dp'ectic/'･t.
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 "･c'  it",cstigaLu(l un  c'sLln]atioy  EnoLhor.[

i',J i)"op:Lgatic/i
 ]oatli of a hriUL: creLck  ir) s..

{Hreczioll  o(' Stuel C. 11t'ro. thc] K, 'l,
 LO  oJ Stv[S (/'

 at ',h(  Lo,npcra,,iive ol  
-l3()'C

 "'ns  ii,sed  )ot

 an  ,",lvsis

   S,tgg(' 1 o[  anv.lysis  exprosses  the  c'nse  whicn

 ,'hc
 eraek  [s piopaf.)nting str:･ti'ght i" thv

 du'eeti'on･ oE S - 2't- to lriitiai c:j'ack (tirec;tioll.

 iR 
`-1･tagt

 i ot c'uiaLygis,  Lhc  p･osit:,on :nd  angle

 wl'ich  the propa.(rai}ns, erac]x' i"ii'st t'urBs aftci'

 ',lt･ initiaLu iii thf clirerticll of  i,' 
'-

 27' are

 vl)x'ain.',.1.  
'Vhcn,

 the casv  i.o oL)tain  the sc}c:of]{a

 vurnins.s. 
'poir]L

 Kxrhilc thu erack  is 1)r"pngaLins.s 
'Ln

 i.ht/ socond  dirvet.iofi obtaJned  in  S,tagc. I' {s

 fivfinecl  :.s Stxge tTt er  aDalssis.  AnalF,,sis was

 Lai't"Led  {mt'  ti}1 S[a,v,c, I･V b>,, repeaLing  tlw game

 p:'oc['dvse  Ds  described above.

    Be)ctuisc propagalion of britL'ie erucks  is  a

 tLvnamie  phc'iionienoie,, ]t should  bv considcrL.d

 thAt. (1vnamic  effeets  on  t.he propagatiosi  patli ot'

 britLlc erack  eould  be large. {io"rctver, the

 propagat.ion paLLh v'es  f)sLiinatcd  on  tho basis of

 a sta'tzies in ('oi'iyiderxinon  of Lhe strc]ss  rdistribu
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tion around  the crack  tip was  obtained  by･
statieal  analysis  and  K, (G ) was  static  fi'acture

toughness.

5.2 EstEmation  of  the zggzaggi"g  propaga-
    tion patk  of  hrittle cra(:gs

  I,ength of  crael{s  and  trans--directiorial

ang}es  in each  stage  of  analysis  for the crack

propag.ation  path  were  estlmat.ed  })y fin{lillg

propagated  clk'ections  which  the I<L, Ce)
T'eaches  first tlie K,(e)  "nder  tbe propagating

crack  lcngth Ior l.OElf) oi  ao,  llowever, when  t,he

crEtck  turned in the first calcii]atien,  thcli

tut'njng  direction was  ca]culated  again  usi"g  a

sho.rter  lcn.crth.

  An  example  of  estimat.ed  propagaLion puth
whtch  anal).,zed  till Stage fV is sliown  in l･'ig.
I･1. 

'I'his
 figure irkdicates the respective

trarLs ･dir<'.ctional angles  and  the ratios  of

propagar'ed craek  ]en,,/,ths (.a) in eaeh  stas.,c to

ae, From  this fig,ure, it is observed  that t/he

tran/s-dircetion.al arif.rle.s i･ii lhe  respective

stages  nearly  agree  ",ith  i.he residts  of  douhl･e

tensiori test. i'Icnveve'r. est]niated  (.'rack  length ai

in each  stage  l)ropagated  extreniel.v  shorLl>,, as

eempared  witli  ao, which  varie.s  gre,at]y fr()tn

the･ doub]e tension  test re,sults,  
'l'

 ltis cause  rria'i･,

be considered  as  fol]o",･si In thct Stage I ot'

Static nllalysis,,the  {liiferenc."  1"etween o, in
thcdirecL･iono.i  tnriiing' for -Staf./ie II and  o,, i"

Lhe direetion of  propagation iri tlie Stag'e I wtis

on/ly  1Lit). BLit ln the SLage ll oi  c'louble  k]nsicm

te.sts, the 1)ritt]e eraek  propagatecl  straight  in
the dire{rt.ion of  t9 ='  29= to initial notel't

  

  
  

zax.ew.st

       -] LJ-

Fig'. ]4 Ilst]mated ptith oicrack  propnffation  in E.

   dir{/e'1/ien n i' Steel C;

Rel]ed at  lt'emperaturct in Austenite-･Ferrite Regien l7I

clirection  by dynami,t' efiecL  until  a  significant

dil'Cerenee of  if, l･n t.lie propagating ancl turning
clirections,

  lt is also infert'ecl t'hat once  the brjttlu craclc
under  propfkgatjoR ;tt a steady-state  spcecl

(i"it}i'tliillty, aboiit  500nils) t.ur[]s, speccl  of

propagation  slews  clo"Jn  cronsidetrably  as

tomparecl  with  sl)eec'1 of  propag.ation  before its
:urn.  [t has been verifiecl]i'  that in the case  of

lor:-u)ch-o'f'f {)f the 1/,rittle ct'ack,  a shear  li;)

appears  at that poi:･,t and  prepagation speecl

/s]oxvs  down  niornentarily,  ancl  that thc bran-
c.hed  brittlo crack  t' eLkas  a time  of  pt'opag'i.ition

1.S･ to 2,O tiines ats g.i.'catt as  the straight

propagal,e.d brit'L]e [:rack,  A{:cording.1'y･, con-

si(ieriyi,g that c]ynarnic  effeets  in Stag'e I are  far

larger tl]an dynan]i'e ef.fects  in subsequent

/stnges,  orie  ussun'tefs  he]'c/･ that  a: ii'i Stage I

propas.t'ates 2av r].]th",ngh  so"iewhat  uncertain.

[n Stag//e li and  sub,L,L･queiltl.v,  jengti'i ol' craeks

r,Lncl tr:ans-di･reetionnl anglcs  i4re.re estimated
',)y

 fincling. I;-i'opagEtteci dirc,ctions "･'1'vlch  tl'te

IE<Ii, (0 ) rcaehes  t･/h¢  l<,, (e ) under  prepagzktillg

ct'ack  Slor' t,aeh  LO`.%, or  :.io

'{
 

/3ev/
  t f

[ITt-j <xv/<
'

illl,i
           (a> EstEnt.ntc"1 Re!suJt

/i,-.,.g;k"ii/iir'

r))r.tli.il)lll,iills-,,i2',s

( 
,,,,.,C

"

,%x,

 Zvi.

    Flg. I ,i) Compari3oiL hetween  estimated  pnth  fmd

           experi  mtntnl  eiie  fer doublc tcnsien  test

           speciuiun  ol' Steel C
                                o

                  (a,....'r8kg'f,'nlin',Ldirectionll
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'Vhc

 analvzed  rc:sults  of propagation  path  arc'           '

giveii in Flg. i5. In this c'ase, the dilTer"nce

bc=ween  oo  iii the propa//.Jatif.,,ff.. dj.rection or

Stage I and  oti  in turning,  dii'ection was  a'L

1･IV(), This figut'e indieatcs trans-dire.ction:ti

angles  aiid  ratios  ef  :a, i'.o ae  estimat.cd  :.i,' Lhe

respective,  stag}'cs o.F una].i,･si$'  ancl  
'ilso,

 ri.'Iu

pro //)agatioll path  in tlie double ,1,ensiori  tesl in J,.

ctirectioii  of  Steel C, ]oaded wi:h  8.0kgi',,'mniZ.

I'/)roru this figur'e, i'Et is fonnd t'hgt.' t/he

trans-･ciirectiona! angles  in eaLh  of  estiTuati.ed

s,tages  ne,ar'ly  agree  with  tb.e test i'csult.s,,

Althoug.rh dircct cempar'ison  
ioe･two.en

 est'lmaLed

len.t,ith of propagation path ancl  exlx.rimental

one  in t'aeh  st/'ig,e- 
'Lnay

 be iiruis,:iilablL 1'i js

1i<nown that i/)ropag'at.ion pat.h ef  tlie 
'ori".le

ci'ack  ;/n the  estirnaLed  and  test results ar,'' ver)'

similar  to uac/h  oLher  in tlnat propag'atk>n  patl/L
", 
'as not  sx, imnetric  in t.ne i'ni t' ial not'ch  dircctic)n

ot' l'n that bot] lx'()'Lrag･'aLion pa[l'is. hc･canie

fsl'iorLcr fcr e;.',ch, stag,'t,

   In thc est'1･inatl/.oB ot' t/he ,;('.ncrutiN'e' dit'ec[.ioi)
of  brl'ttle ei.ack,  the gL' il (,'rutl/ic diy'c]ctj.on of Vic

erack  was  g,i'eatl.y affeete(l  bi' K, (.O). {)m i.ltc'

otlier  han{l, in Lh,.h e.stti, rn  :] Lion  oil zigzagi  prop;,t.g.u
i.l,-n pt,ith oi' the bri,.t.lv e.r:,Lek,  beca･uss tihe

(. LiL.r.gy  rele,ELsct  i'ai.e in 'thc ].')ost- Lai'n ci -'evLioiL

b･ctctui]e ] 7[,)6 gceater i'hall thu･t in t.he di.L'c.'et'/io ,

o.f O =-On  in the firsl. tE"'rxin.. poini' in Sti',p'v ! ,

zigzag  prepagation  paLh  was  af'F(eted 1i).x the,

 cr u distj'ibL]tign coLu.)lecl wit'/h anothc)r  iL,ill tiencft

of  the K,(0).  LJsing tine al)ovc: "tinnation

metthod,  it has aLmost  bccll ci.arified  th･at/ the'

cs･,u,se o'f zig//zagtt.Tins,  Ix.opagaLion of  brit L'le cr[-Lek

and  the propn/.,':'Ltion p[tth o'{' i'/ho bri/ t]e eracldn

st'{/el plate ",ath  ani$oti'ol.)],, el  in ptane frac-

txrc Totig,hness  dist.ribution.
   Oiie. can  not  assuTne  t.hat the t,his esi.irviazion

method  is sufficienL'  for i.ho quantita.'Live

evaltitjon  of excellent  x･,alues oi  K., in 
'.F
 IN4C)I"

steel,  "'hich  has an  anisotr'op.N  

'ni
 the in--plane

it'act.ure toughncss  distribution diie to eonLrol,-
rolling  in two-  phv,se region.  HoxL,evu'. in

analysis  rcsults  s'ne",ri  iri Fi,g. 
'i
 5, the. cncrgy

relcasc  rate  in the post--turn  direction ii] Stage
l became  about  10%  smaller  Lhan  that  oi" a

sLraight  cracli  ",･hlch  was  projected zi..,za.ff. .cr.ing

crack  along  the init'ial erack  dirc'.,etion. In Stage

i'oy-s,･u).i, I-liroshi li',･yJiM,･x

II ef  anali,'sis, Lhe Lncigy  raleas'e  rate  in th(:,

post-turn  (lircct'Lon  w'as  ubouL  15%  sm:'tl]cr

than that  of  a strai,.ght crack.  A.lgo, considerin:.T

th,ar. K,. ii'L L cl irectioll oJl Steel C ls inuch  .a. i'ea'tci'

thari K. in I. direction of Stecl .iX  and  thE',t the

zi,cg'za･g,tti'ng britt.le crack  g.radiraIly eonverg,{,'s

'F/ow'ard.
 the. direction of  a  greatei' i･'ahic  of  }<,,, lt

'/･s
 ob･.･iolisly  considLred  tha't the brittle erack

ayrestabi]it},  o[  steel  plate contvol  rollecl i/n

t",o--phgmsc region  i's improveciL.

i.  CormcS.zzsions

   
'l'his.

 paper diseussc･cl eauses  of  ts[ie irr}provL-
inezt,  of  the brittle crack  arrest,',ibiliL.),, by･
'inxLsti'gating

 tht propagaLion path  of  bri'tL'le

cr'ael{ in double tu･nsion test using  /t."Jo kiri.ds o.f

sttL[･ p,lates having  cli/fferc'iit. val/i,`)s of  SL,,,..,

which  wer('  eontrol-r'ollecl  i" t"･'o-pinase'

rc g.ion. ;'klse, .o.'cncrative  clircction  and  propas,a-
'l'/ic,.r,-

 p't IL ofbrlttl'e  cracl<  -,ere  cstini  [･Lted, taking

I'1･lto ll,i:eoun'tr. ill T/)l lTlcl frl)･cintex･) tol.Lghllcss

.lis'L'
 r'il]w[,lons  ol  Lcst steels.

   Ag a  result,  the foUo'wing wgrv  clarl/ii.ed,

  10 Tlw' inaior  f:ause  o[' 
'L/he

 lt'nproveci br'ittlt

     c:･'ack }irestal]i1iti,  isi no't atti'i'butub]c  to t.h･e

     
'{.hlckiiess

 effccL  due to ()･ct.:urrc.'nce ef

     sLpEv':iLiov  in b'Eic[.ure suria:c.

 tO.) ,･/ivi  .fmisoti'op>, of  in--plane :/'racturc toug,li-

     iitss  ",hieh  exhibits  cx{':ellent  fra.c'ture

     toushness  in t/'ne rollin.tg dir･ ecti'on  and  In

     perponciicuiar dirc}cticm 
'Lo

 Lhe rolling

     clii'ectjoil e.xists  in steel  phlates coiitrol

     rol'lc･d  in t'wo-phase  region.

  3) 
'l'he

 r.najor calisc/t of  initiatiori ol' the britt'le

     crack  au a cert.ain  ang.le  to '[he in.itial notch

     direetion in the {loable  Lc' nsion  test using  a

     spectnien  of L d]iveeLion olt'.est/ stct{t] plute

     cc)ntr'ol-rolled  
'Ln

 tw'o -phase 
'/'egion

 is clue

     to an  anisot'rop>,  i'n in-plane 'fractnre

     t,oug'hness dist,ribuLion.
  -1 

')
 The  briLLIe crack  in the doublc tension test

     us.iiig  a specimfv'n  of  L dirccLion of, test steel

     plaa/e control  rolled  in t"ro-phase  region

     pr()pagate  zig. zag  principally because  oi

     tbe normal  stresses  to radia]  directions

     1'rom erack  tip lurth(".r affeeted  by anisot-

     ropy  of  in-plane  fractiire toiighness

     distribution.
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5) It ls considereci,  that. the  knproverr}erit of

   brittle crack  arrcstabilitx,  in the  L clir'c:e-                          -

   t.ion of  tefst stccl  plate eontrol-rol]ed  ln

   twu-･ phase region  is causc･d  by ihe

   zigzagging  propaga'tion crack  which  has a

   smallcr  onergy  release  rate  than thut ii]

   straight  I.)ropagstioii crae.k,  However, it
   shollld  be added  that L'he suffieicnt

   quantitati've evaluation  was  difficult only

   on  the ])asis o'f the ctstirnation  incthod

   presented  in ".'his paper.
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